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ABSTRACT: Lead halide perovskites suffer from uncontrolled -

ion migration and the interactions at the external contacts play a =1 Ag (~1 nm)— Agl
fundamental role in the hysteretic response and performance 20 /

degradation kinetics. In this work, we passivate the external <

interfaces by a reaction of migrating iodide ions with a silver buffer E 151

layer placed between Spiro-OMeTAD and Au layers. In the g |

presence of an electrical field, iodine migration occurs and ions <10t

that are close to the perovskite/contact interface irreversibly form a -

layer of Agl. Overall, the interfacial reaction of iodide ions totally 5r Au

suppresses hysteresis and leads to more stable devices. A new

sample preparation method unburies the reactive interface, which T o5 50 Y 10
is then probed by X-ray photoelectron spectroscopy measure- Voltage (V)

ments. The kinetics of the layer formation are monitored by

impedance spectroscopy highlighting that in the presence of an electrical field and light, the reaction occurs in the order of minutes.
We further identify the resistive response of Agl in operating devices. The present work provides a new approach to passivate the
external interfaces in lead halide perovskites.
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Bl INTRODUCTION (e, SnO, or NiO)."” For example, layers of Ag (100 nm)
have been used as charge collectors by forming Agl due to the
migration of ions during device operation.'”"> This newly
formed layer is an electrically insulating material that blocks
charge extraction and significantly reduces the device perform-
ance. Similarly, the reversible reaction with other materials
such as Au or TiO, has also been reported and is connected to
hysteresis in the electrical response and degradation.'®*'
Formation of these new species is directional as the source
of ions is in the bulk of the perovskite layer and it has been
difficult to develop techniques to reliably measure the
formation of products at the interfacial level. For example, X-
ray photoelectron spectroscopy (XPS) is a surface-sensitive
technique that would be well suited to analyze the elements
present at interfaces together with their oxidation states and
has been used in perovskite research.”” However, the interfaces
are not accessible as they are buried in the device. Similarly,
detecting the electrical response of specific interfaces can only

Hybrid organic—inorganic perovskite materials have gained
enormous attention due to their exceptional optoelectronic
properties for applications in solar cells, light emission diodes,
X-ray detectors, memory devices, etc. The chemical formula of
perovskite can be represented as ABX; where A = monovalent
cations (i.e., methylammonium (MA)), B = divalent cations
(typically Pb), and X = halide anions (CI7, Br~, and I"). In the
photovoltaic configuration, certified power conversion efficien-
cies (PCEs) of above 25% have been reached in less than 10
years by engineering the perovskite formulation and by
improving the charge extraction at the contacts. Despite
these improvements in efficiencies, unacceptable performance
degradation rates still remain as one of the main challenges for
commercial applications.

The well-understood degradation pathways include those
involving the reactivity of the perovskite layer with water/
oxygen and those connected to photodegradation and phase
segregation in mixed cation/anion formulations.””" Alter-
natively, understanding the chemical effects induced by ion
migration at the interfacial level and their connection with
performance decay has proved to be very challenging.’* In
particular, ions that migrate into the bulk of the perovskite
layer may reach the external contacts leading to an irreversible
reaction with top metals (i.e, Ca, Al, or Ag)’~"* and oxides
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Figure 1. (a, d) Device configuration tested in this work. Representative J—V curves of devices measured in a dry box at several scan rates (10 to 20
mV/s) at 1 sun illumination conditions, (b, e) fresh devices and (c, f) response after characterization using conditions that promote ion migration

(illumination and voltage bias).

be probed by indirect techniques. These indirect measure-
ments, supported by other analytical techniques, require
electrical models to extract relevant information.” Of particular
interest is impedance spectroscopy (IS), an in operando
technique that offers pertinent information on the kinetics of
iodide ions: ion transport in the perovskite layer, ion
accumulation at contacts, and chemical reactivity with contact
materials.”* >

In this work, we promote the reaction of migrating ions
arising from the perovskite layer leading to hysteresis-free and
more stable lead halide perovskite devices under illumination
conditions. A silver buffer layer is placed between Spiro-
OMeTAD and the Au top contact with the aim of
immobilizing iodide ions in the form of Agl. In this chemical
reaction, Ag(0) is oxidized to Ag(I) and a complementary
reduction reaction occurs within the device stack, which is not
studied at this stage. Moreover, we develop a sample
preparation method that provides access to the Spiro/top
metal interface, which is then probed by XPS confirming the
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generation of Agl. Alternatively, by using IS, we are able to
identify the electrical response of this individual interface in
terms of the internal resistances associated with the Agl layer.
Overall, we remove the hysteresis response due to the external
interfaces in perovskite solar cells and monitor the formation of
the Agl layer using electrical and analytical techniques that
provide information at the interfacial level.

B RESULTS AND DISCUSSION

Device Configuration and Electrical Testing. Figure 1
shows the two configurations studied in this work (Glass\FTO
\TiO,\MAPbI;\Spiro-OMeTAD\metal contact). They differ
in the metal contact, with one configuration having a thin layer
of Ag placed between Spiro-OMeTAD and Au. The PCEs of
the reference devices approach 17% in line with our previously
reported results, and the statistics of 20 devices are provided in
the Supporting Information. Similarly, a silver buffer layer with
a thickness of ~1 nm exhibits a comparable PCE. The main
difference between the devices lies in the response toward
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Figure 2. (a) Tape/contact delaminated samples prepared to study the XPS response. (b—d) XPS signals of the delaminated top contact in (a)
obtained from a polarized photovoltaic device containing a buffer layer of Ag (2 nm); the Ag signal is compared with a reference Ag metal sample.

hysteresis in the J—V curves. The presence of hysteresis in the
J—V response is closely connected with the dynamic
interaction of migrating ions with the external contacts,
which not only modify the charge extraction properties but
also lead to chemical reactions with the contacts.””’ For
example, we have recently reported the reversible reaction of
migrating iodide ions with Au.'® The devices are characterized
electrically following measurement protocols that polarize the
fresh device at different scan rates under dark and light
conditions, as detailed in the Supporting Information. In a
typical experiment, J—V curves are measured in the dark
followed by light conditions (initial state), and the sequence is
repeated once again to obtain J—V curves in the final state.
Here, both configurations initially show typical large hysteresis
(Figure 1b,e) often reported in the literature.”*” As reported
previously, multiple measurement cycles induce the migration
of iodide ions toward the top metal electrodes.” Interestingly,
while the reference device exhibits hysteresis (Figure Ic),
devices containing a buffer layer of Ag show a large reduction
of hysteresis (Figure 1f). Both polarization and light are
required in the measurement protocol for the hysteresis
reduction to take place in a time scale of 30 min. Indeed, the
same polarization protocol carried out in the dark does not
lead to a reduction of hysteresis in that time scale.
Interestingly, the reduction of hysteresis is not related to
photogeneration and trap-related processes as the same
reduction is observed for J—V curves measured under dark
conditions (see Supporting Information). Nevertheless, we
note here that devices containing a Ag buffer layer stored in the
dark for several days also show reduced hysteresis with time.
Therefore, formation of Agl as described below is kinetically
favored in the presence of light and an externally applied
electrical field. It is important to note that devices containing a
buffer layer of Ag show different dynamics for degradation
compared to reference devices with increased stability
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(Supporting Information). However, as expected for devices
containing MAPbI;, degradation is very severe under 1 sun
illumination and maximum power point tracking conditions in
both cases.

Further information can be extracted from the J—V curve
analysis of devices fabricated with different thickness of Ag (Ag
= 0.5, 2, and S nm), see Supporting Information. The
beneficial effect of Ag on the suppression of J—V hysteresis is
not observed using a silver thickness of 0.5 nm. On the other
hand, a Ag thickness of 2 nm shows similar results to those
observed for 1 nm. Finally, devices containing a thick layer of
Ag (5 nm) not only does not suppress hysteresis but also leads
to degradation of all performance parameters with a
remarkable reduction in the photocurrent by about 4 mA/
cm? in the final state. Therefore, the silver thickness needs to
be thick enough to capture all mobile ions but not too thick to
prevent further induced degradation of the perovskite as
discussed below.

We next set to understand the chemical modifications taking
place at the interfacial level. The final state can be analyzed in
terms of interfacial reactivity using a delamination method to
clearly expose the Spiro-OMeTAD/top contact interface from
photovoltaic devices. The delamination method has been
developed in which the device (fresh or stressed) is covered
using tape (3M) by pressing the adhesive side of the tape onto
the top electrodes. The tape is then carefully removed and
delamination is promoted at the weakest interface available, the
Spiro-OMeTAD/top contact. This methodology leaves, on the
one hand, a substrate with the perovskite and Spiro layer, and
on the other hand, the tape with the top contact (Au or Ag/
Au). The exposed surface of the metal corresponds to layers
that were in contact with Spiro-OMeTAD, enabling the study
of interfacial reactivity by the surface-sensitive technique XPS.
Figure 2b shows the Ag 3d high-resolution XPS spectrum of
the Ag sample that was stressed under bias and light compared
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Figure 3. (a) IS spectra of a fresh reference device measured in the dark following the sequence 0 V — 200 mV — 0 V and (b) equivalent circuit
used to fit the data. (c, d) IS spectra of a device containing Ag as a buffer layer using the same protocol as in (a). The voltage sequence was repeated
a second time for the same device and the results are shown in (e, f).

with a reference sample of Ag (100 nm) on FTO. The
spectrum of the Ag reference sample shows two well-defined
peaks due to the Ag 3ds,, (367.9 eV) and Ag 3d;,, (373.9 eV)
signals, in good agreement with the reported values for pure
metallic Ag (Ag 3ds/, = 368.2 eV).’>’" We also note their
corresponding satellites signals at higher binding energies
(BEs).”" A detailed discussion is provided in the Supporting
Information. On the other hand, the device that has been
electrically characterized (Agl) shows that the Ag 3d signals
are shifted to a higher BE, which is evident of the presence of
oxidized Ag species with values matching those reported for
AgI.‘?’Z_}5 However, we highlight that given sufficient time and
stress factors (light and externally applied voltage), all Ag
would turn into Agl. Moreover, the I 3d signal (Figure 2c)
shows two peaks due to I 3d/, (618.5 eV) and I 3d;,, (630.0
eV) signals. These BE values are typical for the presence of I~
species and prove the diffusion of iodide ions across the Spiro-
OMeTAD layer leading to the formation of Ag—I bonds.***
Additionally, the separation between both spin—orbit
components for the I 3d si%nal matches exactly to the reported
values of 11.5 eV for AgI.3 Also, as the amount of iodide and
the shape of the Ag peaks are very similar for both samples
analyzed (see Figure S6 in the Supporting Information), very
little metallic silver is expected to remain in the film.”*
Furthermore, the Pb signal is analyzed to rule out the presence
of MAPbI; in the tape during the delamination process. The
typical value range for the Pb signal is marked in Figure 2d, but
no signal was observed in this range; hence, the presence of Pb
in the Ag contact is negligible, further confirming the
formation of oxidized Ag in the form of Agl.

We then use the electrical technique IS to understand if it is
possible to monitor the formation of Agl in terms of the
interfacial resistance associated to this specific layer. For
devices containing adequate extraction layers, the IS response
in the dark shows two arcs (Figure 3a). A suitable equivalent
circuit used to fit the spectra is shown in Figure 3b. The high-
frequency (HF) arc is connected to the dielectric capacitance
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of the perovskite (Cyp) and the resistance (Ryp) containing
contributions from both the perovskite and contacts.”® We
have previously observed that a modification in the Ry is a
clear sign of a change in the doping concentration profile in the
perovskite layer.*® Alternatively, the low-frequency (LF) arc is
intimately connected to the resistance of the contacts (Ryy)
and the capacitance (Cip) arising from the accumulation of
ions at the contacts in the form of double-layer capacitance. An
observable noise and a modification of the LF resistance is a
clear sign of reactivity between the migrating ions and the
contacts.

Figure 3 shows the comparison between the IS spectra of the
Au reference device and the device containing a buffer layer of
Ag following the measurement sequence of 0 V — 200 mV —
0 V. The corresponding fitted resistances are tabulated in
Table 1. The reference device containing Au in direct contact

Table 1. Selected Fitted Resistance Values of Spectra Shown
in Figure 3

fresh polarized
Ryp (kQ) Ry (kQ)  Ryp (kQ)  Ryp (kQ)
Au ref 136 787 67 36
Ag (1st cycle) 2.9 4490 29 437
Ag (2™cycle) 2.8 3580 3.0 3640

with Spiro-OMeTAD (Figure 1a) shows two arcs that reduce
in resistance under an applied bias (Vpc = 200 mV). However,
comparing the initial and final responses at 0 V, both the HF
and LF arcs show different resistance values. The Ry and Ry
values reduce by a factor of 2 and 22, respectively. By the
analysis of the HF arc, we can conclude that the doping density
in the perovskite layer changes during the application of V¢ =
200 mV. More importantly, the LF response, which is purely
connected with the contacts, is not stable, leading to noise and
highly distorted semicircles with a reduction in resistance for
data points that take a long time to be recorded, see the inset
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in Figure 3a. All three observations support that the chemical
reaction between migrating ions is incomplete and is taking
place in the same time scale as the IS measurement.””” In
contrast, the response of a device containing a buffer layer of
Ag is markedly different. In particular, the HF arc does not
change in magnitude during the application of a voltage bias,
indicating that the perovskite does not change the doping
concentration. We propose that the excess defects are either
already immobilized by the chemical reaction with Ag, as
supported by XPS measurements of fresh devices (Supporting
Information), or in transit in the Spiro-OMeTAD layer. In
comparison to the reference device, the LF arc is stable, noise
is not present, and arcs are not distorted, indicating that the
chemical reaction with the remaining available ions is faster
than the IS measurement. The LF arc reduces its resistance as
observed for the reference device but, in this case, only by a
factor of 10. The completion of the chemical reaction with
ions, which could be in transit in the Spiro-OMeTAD Ilayer,
can be promoted by repeating the measurement sequence
(following the sequence 0 V — 200 mV — 0 V) once again for
the same device (Figure 3e,f). During this second round, the
three measurements overlap perfectly in the HF and LF
regions, indicating that the chemical reaction with the available
ions has come to an end. We further highlight that the LF arc is
related to slow cycling. Therefore, as we promote the chemical
reaction, it appears that we promote the depletion of iodide
ions close to the interface generating a favorable electronic
situation (e.g, band bending) and this is the reason for the
reduced hysteresis.

Selection Rules of Other Prospective Buffer Layer
Materials and the Effect on the Perovskite Layer. We
now explain the reasoning behind the selection of Ag as the
buffer layer in order to provide the reader with a tool to select
other prospective materials. We note that in order to discuss
the electrochemistry, other tools such as theoretical calcu-
lations are better suited for this purpose but this is beyond our
scope. In our work, we have used the electron work function of
the metals as a first approximation to understand the reactivity
of the buffer layer. In this respect, taking into account the work
function difference between gold (5.22 eV) and silver (4.36
eV), with a difference of ~0.8 V, one can clearly infer that the
Ag buffer electrode oxidizes more favorably than Au.*® It is also
important to recall that a redox pair is needed to complete the
proposed semireaction. Due to the multilayer nature of the
photovoltaic device, there are numerous candidates that can
act as a redox pair in such a reaction, that is, Spiro-OMeTAD
to Spiro-OMeTAD**,*”*° Pb** to Pb,'”*! or all species related
to iodine chemistry (I, and I;7)."”** The task of detecting the
type of species formed for the complementary reaction of Agl
is extremely difficult and is beyond the scope of this work.
Note that the internal photovoltage of the perovskite (~1.0 V)
is sufficiently high to promote these electrochemical reactions
spontaneously. Therefore, Ag seems to be a suitable candidate
to promote the irreversible oxidation in the presence of iodide
ions.

In addition, the perovskite layer can be partially depleted of
the migrating ions and can lead to the irreversible degradation
of the perovskite material. This degradation due to the
formation of Agl has been reported for thick Ag layers, wherein
poor iodine-containing species such as Pbl,, PbO, or iodine
vacancies (V" in the form of undercoordinated Pb) would
form within the perovskite layer.'* Therefore, in the selection
of new materials, the reader also needs to take into account the

thickness of the buffer layer. Thick buffer layers can lead to a
large degree of iodine depletion in the perovskite material,
which poses a negative impact on the device performance. In
addition, the thick buffer layer can form considerably thick
iodine-containing species (i.e., Agl in this work) leading to a
higher series resistance in the device.

B CONCLUSIONS

Overall, we have shown that the use of a thin layer of Ag
between Spiro-OMeTAD and Au is very useful to passivate the
contact/perovskite interface by the reaction of migrating ions
that are close to the perovskite/Spiro-OMeTAD interface in
the form of Agl. After the chemical reaction has been
promoted, the low iodide ion activity at the interface generates
a favorable electronic situation (e.g.,, band bending) and this is
the reason for the reduced hysteresis. Therefore, hysteresis and
enhanced stability of the device are promoted by the
irreversible formation of Agl. Immobilization of ions is probed
by XPS analysis and IS in working devices, revealing the
kinetics of such chemical reactions. Further work using more
stable perovskite formulations is in progress in our research

group.
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