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Perovskite solar cells are a leading candidate for next-generation renewable energy, and
both their efficiency and stability depend critically on the control of the interfaces
between the perovskite and adjacent layers. P-i-n architectures, where the electron
transport material are deposited on top of the perovskite are promising due to low
temperature processing and the compatibility with silicon in a tandem solar cell
architecture. In this study, we investigate both the energetic landscape and the chemistry
of the interfaces formed between a perovskite absorber (methylammonium lead iodide)
and the most common top contacting layers (a combination of Cso, bathocuproine (BCP),
and silver) under highly controlled conditions. We find that the addition of BCP has a
positive effect on the interface energy alignment. However, the addition of silver as the
contacting metal can lead to chemical reactions, such as perovskite ion migration and
lead reduction, which could cause device degradation. Some of these reactions can be
prevented by a sufficiently thick BCP layer, which can cause a complexation of silver
cations at the interface. These findings highlight the complexity of the possible interface
reactions in a perovskite solar cell.
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Perovskite solar cells in an inverted p-i-n architecture are of high interest for developing efficient and

affordable single junction photovoltaics and tandem devices. However, commercialization efforts are
hampered by low operational stability, largely driven by chemical and electronic changes at critical
interfaces, where reactions, ion migration, and energy misalignment can accelerate degradation.

DOI: 00.0000/XXXXXXXXXX

Understanding the interfacial chemistry, energetic alignment, and degradation pathways is therefore
of primary importance to locate targets for material development and design.
investigate a partial device structure with clean interfaces, based on single crystal substrates and
Specifically, we present a fully in situ assembled

In this study, we

layers prepared under high-vacuum conditions.
model system for an inverted p-i-n solar cell, extending from the absorber to the back contact.
The architecture employs a MAPbl; (MA = methylammonium) single crystal as the absorber, with
sequentially evaporated layers of Cg,, bathocuproine (BCP), and silver. After each deposition, the
material stack is immediately characterized in situ using photoelectron spectroscopy thereby allowing
us to directly study the chemical and energetic changes occurring upon interface formation. We
find stable interfaces upon deposition of the organic molecules and favorable downward energetic
realignment of Cgq by 0.3 eV toward the interface with BCP. However, the stability of the final
half-cell is limited by reactions of the perovskite occurring upon silver evaporation. We observethe
permeation of the perovskite lead cation and iodide into the charge transport layers, as well as
the formation of metallic lead. Only the latter can be inhibited by sufficiently thick BCP layers.
Furthermore, a complex of cationic silver with BCP is formed after the deposition of the terminal
silver layer.

Introduction . . .
are low material costs and scalable solution processing meth-

Inspired by the first report of a perovskite in solar cell applica-
tions in 2009,1 perovskite-based single junction solar cells now
achieve high power conversion efficiencies exceeding 26%.253
Lead halide perovskites are prevalently employed light absorber
materials due to their beneficial optoelectronic properties such
as band gap tunability, high absorption coefficients, and long
charge diffusion lengths.#" Key advantages in device fabrication
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0ds.® The traditional device architecture is based on an n-i-p
junction when considering the device from transparent conduc-
tive oxide (TCO) to metal contact. However, p-i-n junction de-
vices of an inverted architecture are also of high interest in re-
search. Inverted architecture perovskite solar cells (PSCs) al-
low for lower processing temperatures, which reduces produc-
tion costs and paves the way towards fabrication of flexible de-
vices while retaining band gap tunability.Z This is also advan-
tageous in the fabrication of two-terminal tandem devices as
the processing conditions of subsequent layers are limited by
the stability of the underlying stack.® Typical p-i-n devices em-
ploy a TCO front contact adjacent to a hole transport material
(HTM).191T Examples of organic HTMs are polymers such as
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) or self-
assembled monolayers (SAMs) based on carbazoles with phos-
phonic acid anchoring groups such as 2PACz, ([2-(9H-carbazol-
9-yl)ethyl]phosphonic acid). 1213 Alternatively, metal oxides, for
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Fig. 1 Schematic showing a) the sequential fabrication of the p-i-n model system on a cleaved MAPbI; single crystal surface via in situ evaporation

and b) the final model system configurations.

example based on nickel (NiO, ), are also investigated as HTMs. 14
Contacting the perovskite on the other side is the electron trans-
port material (ETM), most commonly fullerene Cq, or a deriva-
tive thereof with additional anchoring groups.1 The ETM con-
nects the perovskite to a metal back contact, such as silver. Often,
additional buffer layers are introduced to optimize the device per-
formance by defect passivation and hole blocking. For example,
bathocuproine (BCP) is an insulator that is used at low thick-
nesses between the fullerene ETM and the metal contact. 1617
This layer is attributed to improved charge separation and device
stability. 18 It is suggested that charge transport across the insula-
tor occurs through electron tunneling while holes are blocked due
to disadvantageous energy alignment.1® A remaining challenge in
p-i-n PSCs is achieving prolonged device stability. Early on in the
development of perovskite thin film devices, the high mobility of
iodide in the bare perovskite was identified.!? Halide diffusion
and penetration through the ETM have also been shown for fully
assembled PSCs.2% Zhan et al. additionally report degradation
of the silver contact under illumination by oxidation and diffu-
sion into the perovskite bulk.2! Electronically, the perovskite/Cg
interface is associated with high recombination losses.’2223 More-
over, the perovskite thin film coverage and crystallinity have been
demonstrated to significantly depend on the thin film prepara-
tion and to affect the energetic alignment which impacted the
overall device performance.24 Therefore, understanding interfa-
cial stability and energetic alignment is crucial to improving p-i-n
junction devices.

In this work we investigate the interfacial chemistry in inverted
architecture PSCs from the perovskite to the back contact. To
focus on fundamental material interactions, this study was con-
ducted on a methylammonium lead iodide (MAPbI,) single crys-
tal onto which layers of Cg,, BCP, and silver were deposited via
step-wise in situ thermal evaporation within the ultra high vac-
uum spectroscopy set-up. Compared to real devices, these model
layers have a reduced thickness limited to a few nm. This en-
ables us to continuously and directly monitor the underlying per-
ovskite and establish the energy alignment and chemical changes
occurring upon interface formation. Deposition onto a clean sin-
gle crystal made it possible to study all phenomena independent
of grain boundary effects and contamination. The assembled half
cell was probed with photoelectron spectroscopy (PES). The ex-
periments were conducted at a synchrotron light source (MAX IV,
Sweden) in order to utilize soft X-rays of variable energy and max-

2| Journal Name, [year], [vol.], 1

imize the signal gained from the organic components. Herein, all
individual materials were monitored via their characteristic core
levels. In this way, we were able to access qualitative information
about the chemical nature of the species present and the energetic
structure in the model device as well as quantitative information
relating to degradation. We find a favorable energetic gradient via
downward realignment of the C4y ETM at the interface with BCP.
Additionally, we observe several degradation pathways which al-
ready impact the device stability in the assembly stage: We note a
significant mobility not only of I~ but also of Pb?>* perovskite ions
within the assembled charge transport layers and their accumula-
tion at the metal contact. Furthermore, the formation of metallic
lead upon silver evaporation is identified as a key decomposition
reaction, which can be prevented through a sufficiently thick BCP
layer.

Results and discussion

A sample matching the layer structure of the back half of a p-i-n
PSC was assembled via thermal evaporation of Cg,, BCP, and sil-
ver onto an in situ cleaved MAPbI, single crystal in two separate
experiments producing two model systems, each with a unique
set of layer thicknesses (Figure , b). Photoelectron (PE) spec-
tra were acquired after every evaporation to monitor each layer
deposition. Synchrotron radiation enabled probing the fabricated
stack at different information depths by tuning the incident pho-
ton energy to 758 €V, 535 €V, and 130 eV. Valence band mea-
surements with 130 eV incident photon energy afforded high sen-
sitivity to contributions from organic molecules. The complete
set of spectra for both model systems is shown in Figures S2 -
S9. If feasible, the layer thicknesses were calculated based on
the attenuation of the Pb 4f core level intensities measured with
535 eV and 758 eV and are presented as the average of these
results. The details and results of the calculations are described
in Section 2 of the Supplementary Information. Although this
publication primarily presents one main data set, important com-
parisons are discussed and additional measurements are shown
in the Supplementary Information when differences due to the
systems’ configuration occurred. All shown spectra are energy
calibrated to the Fermi level via measurement of a gold reference
(Ep(Au 4f7)5) = 84.0 eV, Ep(Au Fermi edge) =0 eV).22 The indi-
vidual layers were observed by measuring the valence band and
characteristic core levels for each material, for instance Pb 4f and
I 4d for MAPbI; and C 1s for Cg, (Figures S2 - S7). BCP was
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tracked via the N 1s PE peak while the silver layer was studied by
recording Ag 3d core level spectra (Figures S8 - S9). In addition
to the main measurement spot, a reduced number of selected PE
spectra were acquired on a control spot to decouple independent
phenomena from X-ray induced changes. Additionally all mea-
surements were conducted in a looped sequence, to track possi-
ble X-ray induced changes over time. As the overlap between the
C 1s and Pb 4f PE spectra of all measurement loops is good for all
studied sample architectures, we assume the organic layers and
perovskite to be stable under the experimental conditions (Fig-
ure S10). All PE spectra were fitted with a Pseudo-Voigt function
and a Shirley or linear background to obtain the qualitative or
quantitative information presented.

Clean MAPbI, single crystal surfaces were fabricated via blade
cleaving under high vacuum conditions (p =1-107% — 1.
10~8 mbar) and subsequently measured. All peaks in the recorded
PE spectra can be attributed to the perovskite (Figure S11) and
match well with our previous studies.2® There is no indication of
residual surface contamination by adventitious carbon or other
oxygen-containing species resulting in a well controlled and de-
fined sample surface for investigation. Furthermore, no evidence
of the presence of metallic lead is observed in the Pb 4f PE spectra
for the pristine surfaces. However, test measurements of the Pb 4f
PE spectrum in three sampling positions on the primary crystal in-
dicate a local variation in the peak position of up to 0.1 eV. We
attribute this to charging effects or differences in surface termi-
nation.

Interface energetics in MAPbI,/Cg,

Figure 2 shows selected spectra of the MAPbI,; single crystal be-
fore and after G4, evaporation for model system 1 - the full set of
recorded spectra is shown in Figures S2 - S4. The Pb 4f core
level peaks associated with Pb%* in the MAPbDI; single crystal
(Ep(Pb 4f7/5) = 138.9 eV) decrease in intensity after the depo-
sition of Cg, (Figure ). From this peak attenuation, the final
Cgo layer thickness was calculated to be around 4 nm. To distin-
guish full surface coverage by Cg, from island growth, we have
predicted theoretical peak attenuation curves based on the initial
Pb 4f intensity measured on the pristine perovskite for a series
of fractional coverage values y (details of the calculations can be
found in the Supplementary Information). When comparing this
to the fitted peak intensity actually measured after the evapora-
tion of Cg, the data only intersects with the projected line that as-
sumes full coverage (Figure 2p). The observed peak attenuation
therefore supports a coverage of more than 90% of the underly-
ing MAPbI, perovskite. The C 1s spectrum shows a sharp newly
emerged main peak (E,(C 1s) = 285.1 ¢V) with smaller satellite
features after the deposition of Cy, whereas the MA C 1s feature
is not discernible anymore (Figure[2k). The satellite peaks have a
distinct separation (+ 1.9 €V and + 3.8 €V) from the main peak
and are characteristic to shake-up processes in Cg. Our observa-
tion is in good agreement with established literature and serves
as an indicator that the deposited molecules are intact.2”

The second model system investigated here supports these con-
clusions and has a Cg overlayer of 2 nm thickness on a MAPbI,

View Article Online
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single crystal (Figures S5 - S7). Furthermore, this interface was
the focus of earlier work, where we found that both the perovskite
and Cg,, remain intact upon evaporation.® In this previous study,
we also found downward energetic realignment in the Cg to-
wards the perovskite within the first few monolayers of Cg, on
the surface, i.e. an energetic gradient unfavorable for electron
transfer away from the interface. In the present experiment, the
Pb 4f peak position of the primary model system shifts to lower
binding energy upon evaporation. However, this effect is only ob-
served for this crystal and is assigned to a small amount of sample
charging confirmed by measurements with different photon flux
densities (Figure S12). The valence band spectrum measured at
130 eV incident X-ray energy has a very different shape compared
to the bare perovskite (Figure[2d). The strong attenuation of the
Pb 5d feature (E,(Pb 5ds/,) = 19.8 eV) recorded in the same spec-
trum indicates a minor contribution from the perovskite phase,
while the features below 15 €V binding energy show good agree-
ment with the established valence band shape of Cg,.2” The low
photon energy of 130 eV thus makes it possible to selectively in-
vestigate the energetic structure of the topmost layer with an en-
hanced sensitivity to carbon-based orbitals compared to valence
band measurements with a higher photon energy (Figure S4).

a)  Pb4f hv=535eV b) s
x10
— MAPbI, —8
— MAPbL|C,, g v
s 6 —0.1
= % —03
2 = 05
C 73} .
2 S 4 —07
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Fig. 2 Analysis of the Cq, deposition. a) Pb 4f PE spectra of pristine
MAPbDI; (pink) and after Cgy deposition (blue) measured with 535 eV
incident photon energy. b) Projected Pb 4f peak intensity decay for
different surface coverages y. The experimentally determined value is
indicated by the dashed line. ¢) C 1s PE spectra of pristine MAPDbI;
(pink) and after Cgy deposition (blue) measured with 535 €V incident
photon energy. d) Valence region spectra recorded with 130 €V incident
photon energy on pristine MAPbIl; (pink) and after the evaporation of
Cqo (blue).
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Interface energetics in MAPbI;/C¢,/BCP

The deposition of Cg, was followed by evaporation of BCP (Fig-
ure [3] Figures S2 - S4). The layer thickness was calculated from
further peak attenuation of the Pb 4f feature and is approximately
1 nm for model system 1. This low thickness renders full cover-
age unlikely. The Pb 4f peak position is conserved and remains
unaffected by the deposition. Similarly, the I 4d PE peaks reduce
in intensity while the position and shape are conserved. Conse-
quently, we conclude that there are no major changes to the per-
ovskite after the deposition of a thin BCP layer. In model system
2, fabricated with 2 nm of Cg,, the BCP layer was calculated to
be 6 nm thick (Figures S5 - S7). In this case, the perovskite peaks
are also conserved in position and shape after the evaporation of
BCP and thus support the continued integrity of the MAPbI, sin-
gle crystal in the case of thicker BCP layers. As the BCP molecule
contains chemically distinct nitrogen atoms, the N 1s peak is used
to confirm the deposition of BCP. For the first model system, a
new N 1s peak is found at E,(N 1s) = 398.8 ¢V binding energy
(Figure [3R). This newly emerged sharp peak is significantly sep-
arate from the residual MA N 1s peak that has been dominant so
far (E,(N 1s) =402.6 ¢V). The measured N 1s binding energy of
BCP is 399.3 eV at 6 nm BCP thickness, which represents a shift
of + 0.5 eV from the peak position at 1 nm thickness (Figure S5).
This variance with distance from Cg serves as an indicator that
there is a upward shift of the BCP energetic levels towards the
Cgo/BCP interface or charging in the case of a thick layer.

Figure [3p shows the C 1s spectra recorded for model system 1
before and after the evaporation of 1 nm BCP. Because the C 1s
features from BCP overlap significantly with the Cg, C 1s main
peak, the spectra contain both carbon signal from C,, and BCP.
However, the Cg, satellite features are still clearly discernible and
continue to reveal information about the underlying Cg,. For
6 nm thick BCP a broad C 1s with contributions from alkyl and
aryl groups is measured at 285.7 eV binding energy (Figure S5).
Residual signal from the Cg is not discernible. We have there-
fore focused on the core level data from the first model system
in combination with valence band spectra to investigate the ener-
getic alignment of Cg, to BCP at the interface. Figure [3c shows
the valence band spectra before and after the evaporation of 1 nm
BCP calibrated to the Fermi level. Additionally, the valence band
spectrum of the thick BCP layer (6 nm) is shown and serves
as a reference to visualize the spectral envelope of BCP, while
the spectrum before BCP evaporation shows the spectral features
and energetics of Cg, prior to BCP evaporation. To overlap the
BCP reference spectrum correctly with the data from the primary
model system, the reference spectrum was shifted under the as-
sumption of a rigid band model meaning that the distance from
the N 1s core level peak to the valence band is invariant (addi-
tional explanations provided in the Supplementary Information,
Figure S13). Comparison of the spectra reveals that the onset of
the BCP valence band feature is shifted by approximately + 0.5 eV
to higher binding energy compared to the C,, valence band onset
(Figure[3[). The shape of the valence band spectrum acquired on
the first model system at 130 €V incident X-ray energy is therefore
a sum of contributions from the BCP and Cg, layers. Below 5 eV
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binding energy, two peaks are observed, matching with the pres-
ence of two peaks in the valence band of pure Cg in this energy
range. However, the shape is distorted as the relative intensity
changes due to contributions from BCP. The lower binding energy
contribution to the density of states close to the Fermi energy still
stems exclusively from Cg, while contributions from BCP are only
visible further away from the edge. The highest occupied molecu-
lar orbital (HOMO) of C¢, remains discernible and shifts to higher
binding energy after the deposition of BCP. As the characteristic
Cgo satellite peaks are visible in the C 1s spectrum (Figure[3p), we
can use a rigid band model to quantify the shift in the Cg, energy
levels. This shift is + 0.3 eV and therefore significantly larger than
the uncertainties in the Fermi level calibration of the experiment
(0.1 V). Within the rigid band assumption, the same shift applies
to the HOMO and lowest unoccupied molecular orbital and thus
represents downward energetic realignment in Cq, towards the
newly established Cg,/BCP interface (Figure ). Overall, evap-
oration of a C¢y, ETM and an additional BCP blocking layer leads
to energetic realignment at the interfaces. These newly formed
interfaces are stable within the conditions and time scales of the
experiment and no chemical reactions are observed.

Interface  energetics and  chemical

changes in

Silver was deposited via two consecutive evaporations for the
model system with 1 nm BCP. This was confirmed via acquisi-
tion of Ag 3d PE spectra in which a distinct feature was observed
(Ep(Ag 3d5/2) = 368.3 ¢V) (Figure S8). Moreover, the valence
band measured with 535 eV is dominated by a new feature be-
tween 4 and 8 eV that is congruent with reports of the silver
valence band in literature (Figure $4).29 111 addition, a distinct
Fermi edge is observed which indicates that the newly formed
layer is metallic. Despite the confirmed successful deposition of
silver layers, the Pb 4f and I 4d perovskite PE peaks gain inten-
sity in spectra acquired with 535 eV incident photon energy after
the evaporation (Figure [4p, b). Hence, it is suggested that the
perovskite jons migrate towards the surface and enter the charge
transport layers. The assembled materials are permeable to both
Pb%* cations and I~ anions. On the control spot with reduced X-
ray exposure, this increase in the Pb?>* associated Pb 4f PE peak
after the evaporation of silver is also observed (Figure S14). X-
ray exposure is therefore tentatively excluded as a driver for the
observed perovskite ion diffusion. In agreement with this, the in-
tensity of the I 4d core level peaks acquired with 758 eV incident
photon energy grows after the evaporation of silver while the in-
tensity of the Pb 4f core level peaks remains constant despite ad-
ditional depositions (Figure , d). As a result of the drastic ion
movement, thickness determination of the silver layer based on
the Pb 4f PE peak attenuation is not possible.

For model system 2 with a thicker layer of BCP of around 6 nm,
silver was also evaporated in two consecutive cycles (Figure S9).
We estimate that the final silver layer thickness is lower compared
to the primary model system based on the Ag 3d PE peak inten-
sity (see Figure S15 for details). When investigating the stability
of the half cell with these modified layer thicknesses, we observe


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00029k

Open Access Article. Published on 15 June 2026. Downloaded on 6/15/2026 8:42:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

a) N 1s, hv = 535 eV b) C 1s, hv=535¢eV

Intensity
Intensity

I_—/\'
290 288 286

————

Wv\«-,v.,"",\"ww PR

406 404 402 400 398 396
Binding Energy [eV]

292 290 288 286 284
Binding Energy [eV]

— MAPbL|C, MAPbI|C, |BCP (1 nm) MAPbI|C, |BCP (6 nm)

c) Valence region, hv = 130 eV d)

Cgo bulk  Cgo|BCP interface
— Fermi level
- = | Homo
= = l+ 0.3eV
[2] >
5 AN 2
= f\ g
- (0]
V | £
A\ El c1s
8 6 4 2 0 *—e l+ 0.3eV
Binding Energy [eV] ——o-

Fig. 3 Analysis of the BCP deposition. a) C 1s PE spectra and b) N 1s PE
spectra acquired with 535 €V incident photon energy before (blue) and
after (yellow) the deposition of BCP onto MAPDbI;/Cg, energy calibrated
to the Fermi level. c) Valence region PE spectra acquired with 130 eV
incident photon energy before and after the deposition of BCP of different
thicknesses onto MAPDbI;/Cgo. The spectra of MAPbI;/Cgy (blue) and
of MAPDbI3/Cgy/BCP(1 nm) (yellow) are energy calibrated versus the
Fermi level, while the spectrum of MAPbI;/Cs,/BCP(6 nm) is shifted
to match with the energy position of BCP in MAPbl;/Cgo/BCP(1 nm)
according to the rigid band model (see Supplementary Information). The
reference spectra of MAPbl;/Cqy (blue) and MAPbI;/Cgy/BCP(6 nm)
(orange) are scaled so that the maximum intensity is one, the spectrum
of MAPDbI;/Cgo/BCP(1 nm) (yellow) is scaled so that the maximum
intensity is two. d) Energetic diagram of Cg in the bulk and towards the
interface with BCP.

an increase in intensity in the Pb 4f and I 4d peaks at both photon
energies (Figure S16). Figure 4g and f summarize the relative
changes in the core level peak intensity for the Pb?>* component
of the Pb 4f core level peaks and the I 4d signal. The informa-
tion depth can be approximated as three times the inelastic mean
free path (IMFP). By using a simplified IMFP purely based on the
universal curve, the resulting information depths are 3.2 nm and
4.0 nm for 535 eV and 758 eV incident photon energy when prob-
ing the Pb 4f core level.*1 Despite good general agreement in the
intensity trend between both probing depths, the intensity of both
perovskite ion peaks increases more in the more surface-sensitive
measurements for both model systems. The peak intensity trends
thus reveal that the ions accumulate close to the surface. Be-
tween the different probed ions, the intensity increase in the I 4d
is stronger compared to the Pb 4f for the first model system: while
the intensity of the Pb2* component in the primary model system
measured with 535 eV photon energy increases by a factor of 1.4,
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the I” intensity increases by 2.7. This indicates that more iodide
migrates compared to the lead cations. The data thus supports
either faster migration or significantly longer diffusion lengths of
I~ compared to Pb?>". In the second model system, the Pb 4f
intensity even decreases after the second silver deposition while
the I 4d intensity continues to grow. Herein, the probing volumes
with 535 eV and 758 eV both primarily access the BCP/Ag inter-
face due to the large thickness of the BCP layer (6 nm). Based
on this, build-up of perovskite ions in this segment is tentatively
proposed. When comparing to the established literature, espe-
cially the migration of iodide is a well known phenomenon in
MAPbI, based perovskite solar cells.®23% In contrast to this, the
lead cations are often assumed as stationary due to the high ac-
tivation energy for diffusion predicted by DFT calculations. 2430
PES is a non-destructive, element-specific technique that enables
the direct observation of Pb®*. Despite the expected low mobil-
ity within the perovskite, we observe a significant migration of
Pb%* outside the perovskite phase and a high permeability of the
adjacent electron selective layers in this experiment.

In addition to the Pb2* peaks associated with the MAPbDI; per-
ovskite, a signal from a new lead species appears at lower binding
energies after the first silver evaporation in the Pb 4f PE spectrum
(Figure[h, c) for the first model system. The peak intensity of this
doublet relative to the main feature increases after the second de-
position of silver. The peak position indicates the formation of
metallic lead which is a common perovskite degradation prod-
uct (Ey(Pb 4f7,) = 136.8 V). This could be due to downward
migration of silver atoms toward the perovskite layer or a reac-
tion with Pb%* ions that have migrated to the surface. The same
reaction is present with lower X-ray exposure, excluding beam-
induced effects as a possible cause of the observed degradation
(Figure S14). Additionally, it has been shown that the primary
degradation pathway of MAPbI; single crystals under prolonged
X-ray exposure is MAI radiolysis.® The formation of metallic lead
is instead consistent with the previously reported degradation
pathway of MAPbI,; when silver is deposited directly onto the sin-
gle crystal surface.2? The presence of silver is therefore the key
prerequisite for the formation of metallic lead in the model sys-
tem. It has been shown that air exposure can re-oxidize metallic
lead that has formed via the reaction of a metal with a lead halide
perovskite.4Y This demonstrates that in situ, ultra-high vacuum
conditions as chosen here are required to even detect this initial
degradation reaction. Measurements at both information depths
indicate an increasing content of metallic lead with consecutive
evaporations of Ag (Figure [g). However, a higher content of
metallic lead is found toward the surface reaching up to 16.6% of
the total amount of lead detected compared to only 7.2% in more
bulk-sensitive measurements. We therefore propose that metallic
lead is primarily formed at the contacting interface via the re-
duction of cationic lead by metallic silver. The deposition of the
silver contact therefore induces MAPbI; decomposition via ion
diffusion and a chemical reaction. For the model system with a
6 nm layer of BCP, no metallic lead was observed (Figure S16). At
sufficient thicknesses, BCP can therefore act as a protective layer
and prevent the reduction of lead ions. Despite control over the
degradation reaction, engineering the BCP layer thickness can-
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with 758 eV (green) incident photon energy.

not mitigate the high mobility of the perovskite ions as discussed
above.

Finally, there are significant changes in the BCP N 1s core
level spectra acquired after the evaporation of silver (Figure ).
Firstly, the N 1s main peak shifts by + 0.5 eV to higher binding
energy for model system 1. The new peak position agrees well
with reference measurements of BCP on a metallic Ag foil (Fig-
ure S17). Additionally, the peak becomes broader. We can there-
fore assign these observations to lowering of the BCP energy at
the interface with metallic silver, spreading out the distribution of
binding energies measured. Attribution of these effects to sample
charging can be excluded based on measurements with different
photon flux values (Figure S12).

For the second model system with a thicker layer of BCP of
around 6 nm, the absolute energy calibration as described above
is less reliable due to the low conductivity of BCP. However, a
comparable shift of the N 1s peak by + 0.6 €V after the evapora-
tion of a silver back contact is observed (Figure ). The BCP C 1s
peak recorded with 535 €V and 758 eV as well as the BCP valence
band features recorded with 130 €V incident photon energy also
shift by + 0.6 eV and thus support the energetic change within the
BCP, as the addition of Ag is unlikely to cause additional sample
charging (Figure S5 - S7).

A further difference is a new N 1s feature emerging at higher

6 | Journal Name, [year], [vol.], 1

binding energies (E,(N 1s) =401.2 ¢V) for the model system with
a 6 nm thick BCP layer (Figure [5p). For the thinner BCP layer,
no equally distinctive new feature is observed (Figure ). How-
ever, the same additional peak is observed if the substrate is an
Au-foil instead of a MAPbI, single crystal (Figure ), and it can
therefore be excluded that the feature stems from MA cations that
diffuse towards the surface. The origin of the peak must there-
fore be a chemically different species related to BCP - the only
molecule containing nitrogen present in this highly controlled in
situ fabrication process. We suggest, that this modification stems
from a substrate-independent interaction between silver and BCP,
namely the complexation of a silver species by the bipyridine unit
in BCP, wherein the N atoms donate electronic density to the
metal. Based on the relative intensity of the new feature to the
main BCP associated N 1s peak, it is unlikely that the complexes
form a continuous separating layer between pure BCP and silver
at the interface (see Supplementary Information, Section 2.1).
To learn more about the coordination compound, the shape of
the more chemically sensitive Ag MNN Auger peak was compared
for both model systems and a reference metallic silver foil (Fig-
ure [Bd). While there is good agreement between the reference
foil and the model system with a thinner BCP layer, the shape of
the Ag MNN peak deviates strongly for the secondary model sys-
tem with a thicker BCP layer and can therefore not be attributed
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Fig. 5 N 1s PE spectra acquired with 535 eV incident photon energy be-
fore and after the deposition of silver on a) MAPbIl3/Cqq/BCP(1 nm)
and b) MAPbI;/Cg/BCP(6 nm). ¢c) N 1s PE spectra acquired
with 535 €V incident photon energy after the deposition of silver on
Au/Cgo/BCP(6 nm). The structure of the suggested BCP complex with
silver is shown. d) Auger MNN feature acquired at 535 eV incident pho-
ton energy. The shape indicates the oxidation state of silver to be +I
(light purple) and 0 (dark purple and green).

to metallic silver. In accordance with established literature, this
shape is instead associated with cationic silver. 41 Moreover, no
distinct Fermi edge was observed after the evaporation of silver
onto model system 2, which serves to support that the silver layer
on top of the 6 nm BCP layer is not metallic (Figure S18). Instead,
just a small trailing electronic density is observed close to the
Fermi level. Sakurai et al. measured ultraviolet PES on Ag-doped
BCP and found occupied gap states close to the Fermi level.42
Yoshida additionally reports electronic density close to the Fermi
level and assigns this to the HOMO of a BCP-Ag complex identi-
fied by theoretical calculations.#3 Qur finding is therefore in good
agreement with previous reports. Expanding on this current un-
derstanding and based on the thus far presented PES data we
propose that the silver is specifically complexed as a monocation.
While Ying et al. have reported a cationic complex previously,44
we have been able to demonstrate the presence of the complex
next to unreacted BCP as well as a definite determination of the
silver oxidation state for the first time. Gong et al. report com-
plexation of Ag with 4,4’-dicyano-2,2’-bipyridine (DCBP) which
has the same structural bipyridine motive as BCP.22 They propose
a chelating effect induced by the two nitrogen atoms and subse-

View Article Online
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quent release of an electron from the coordinated silver leading
to an n - doping effect of the material. The elevation of the Fermi
level would result in an increase in the measured binding energy
and could therefore be an explanation for the shift in the BCP
core levels we record in the presence of silver. Based on the va-
lence region spectrum measured with a photon energy of 535 eV
we exclude Agl as the prevalent Ag™ containing species because
the shape is not congruent with prior reports (Figure $7).4°

Interface formation and energy alignment of the electron se-
lective layers of p-i-n perovskite solar cells

In this section, we contextualize our findings on the formation
and properties of the studied interfaces in terms of their implica-
tions for p-i-n perovskite solar cells. Figure [f] summarizes the
observed phenomena. The energetic alignment of Cg, to the
MAPbI, perovskite was determined in previous studies“84/ and
presents a site for recombination due to an unfavorable energy
gradient resulting in a barrier for electron transport away from
the interface. While typical full devices employ Cg, layer thick-
nesses between 25 nm and 40 nm,484? efficient charge extrac-
tion has been shown for Cg layers as thin as 1 nm.”Y Especially
considering the full coverage, the thin layers deposited here are
sufficient to study the initial energetic alignment and establish the
functionality of the layer despite a maximum thickness, which is
thinner than in a typical device. The determined energetic shift
of Cg is mitigated by the deposition of 1 nm of BCP which leads
to a flattening of the Cg energy states. Wang et al. report qual-
itatively consistent results for depositing Cq, onto BCP studied
with ultraviolet photoemission spectroscopy.2! The observed en-
ergetic gradient would be beneficial for guiding electron transport
from Cg towards the interface with BCP in a real solar cell de-
vice. Furthermore, it might counteract the band bending in Cg,
towards the perovskite.

After deposition of silver, the energy level of BCP is in turn
shifted downward, which should be favorable for electron extrac-
tion from Cg, to silver through the BCP layer. The increased offset
to the Cg; HOMO should also block undesired hole transport. BCP
buffer layers in PSCs usually have thicknesses of up to 8 nm in p-
i-n PSCs.1042 I the presented two model systems, we are thus
focusing on thicknesses close to the lower and upper limits of
full device applications. While there are studies investigating the
overall device performance as a function of BCP thickness, 10118
our study provides insights into the energetic changes and chem-
ical reactions at the BCP interfaces occurring upon formation.

After the deposition of silver, migration of I~ and even Pb2* is
observed through an increase in their core level intensity for both
model systems studied. This indicates high ion mobility through
the assembled electron transport layers and the degradation of
the underlying MAPbI; perovskite. This suggests that ion rear-
rangement can already occur upon interface formation prior to
device operation. While the migration of iodide has been pre-
viously reported, 3234 the migration of lead ions is not typically
considered. Moreover, the presence of metallic lead is observed
close to the sample surface for very thin BCP layers. This degra-
dation process can potentially be prevented by using thicker BCP
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Fig. 6 Schematic summary of the changes observed in the energetic alignment upon interface formation including energy levels before (dashed) and
after (solid) the addition of an extra layer. The chemical reactions occurring upon silver evaporation in a MAPbl3/Cqq/BCP/Ag p-i-n model system

are also shown.

layers, as it was not observed in the second model system, where
the BCP thickness was 6 nm. Furthermore, a quantitatively signif-
icant complexation reaction between silver and BCP is observed.
The formation of this complex coincides with the oxidation of Ag,
and is likely to be present at the BCP interface with silver in com-
plete solar cells, where it would impact the energy alignment at
the interface.

As the MAPbI; poses the major obstacle to device stability, we
were also interested in how our results apply to systems with
formamidinium (FA) iodide-based perovskites, which are typi-
cally employed in the most efficient perovskite solar cells.>2>3
A comparison to a single crystal of mixed cation Cs,FA;  Pbl, is
presented in Section 4 of the Supplementary Information (Fig-
ures S19 - S24). In this case, comparable layer thicknesses as in
the second model system were evaporated and similar chemical
changes were observed upon silver evaporation. Overall, the data
supports the migration of Pb2* and iodide outside the perovskite
phase after the deposition of silver. The formation of a complex
consisting of BCP coordinating to a silver monocation is also con-
firmed. This suggests that the chemical reactions occurring upon
silver evaporation are of relevance for both PSCs based on methy-
lammonium cations as well as for those based on formamidinium
cations.

Conclusions

The presented experiment demonstrates the successful in situ as-
sembly and characterization of a p-i-n solar cell model system
based on a MAPbI, single crystal with layers of C4,, BCP, and Ag
deposited via thermal evaporation. Photoelectron spectroscopy
measurements reveal energetic realignment by 0.3 eV of Cy, at
the interface with BCP, as well as an energetic realignment of
BCP in presence of silver, which both favor guided charge trans-
port. Furthermore, the stability of the model system was studied.
While the evaporation of Cyy and BCP produced chemically inert
interfaces, the degradation of MAPDI, is indicated by the forma-
tion of metallic lead after the evaporation of silver. The results
support that the decomposition can be prevented given a suffi-
cient thickness of the BCP buffer layer. In this case, complexa-
tion of silver as a monocation by the bipyridine unit has been ob-
served. Additionally, the electron transporting materials are per-

8 | Journal Name, [year], [vol.], 1

meable to the Pb®* and I~ ions which can leave the underlying
perovskite phase and migrate toward the metal contact. Partic-
ularly, accumulation of ions within the probed BCP/Ag segment
is observed. However, due to the use of a MAPbI, single crystal
we identify the fundamental perovskite material as the limiting
component in the final device stability independent of other fab-
rication parameters such as film quality. The observed degrada-
tion phenomena are already present during assembly without any
additional exposure to ambient conditions and can also occur for
formamidinium-based perovskites. This stresses the need to pro-
tect the lead halide absorber and to develop strategies to prevent
ion migration while conserving favorable energetic alignment. As
the herein developed model system approach provides valuable
insight into device stability and energetics, the goal of future in-
vestigations will be to examine these interfaces under illumina-
tion. Such studies will link our present study focused on interface
formation to changes occurring under operating conditions. The
presented method is applicable to any stack of interfaces that al-
lows for in situ deposition and could be useful in other research
areas.

Experimental

Single crystal synthesis

MAPbDI; single crystals were fabricated via inverse temperature
crystallization,>#>> as described previously:%® Pbl, and MAI
were combined at an equimolar ratio in y-butyrolactone to make
a 1 M solution. The solution was stirred at 50 °C. After full dis-
solution of the precursor materials, the solution was filtered us-
ing a 0.45 um PTFE filter, transferred to an open glass vial and
heated to 100 °C. Single crystals formed and were removed from
solution. The final diameter of the single crystals is about 5 mm -
10 mm.

Photoelectron spectroscopy measurements

Photoelectron spectra were recorded at the Surface and Material
Science branch of the FlexPES beamline, MAX IV, Sweden.20 A
plane grating monochromator (modified Zeiss SX700) was used
to tune the X-ray beam energy from the undulator source to
130 eV for valence band characterization and 535 eV or 758 eV for
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core level measurements. Unless otherwise specified, the exit slit
was set to 10 um for 535 eV incident photon energy and to 5 um
for 758 eV and 130 eV. All spectroscopy measurements were con-
ducted under ultra high vacuum conditions in the main chamber
(p=1-10"2 — 1-10"""mbar). To prevent sample degradation
under incident X-ray irradiation, the beam was defocused with
a final spot size of approximately 1 mm x 0.4 mm. Photoelec-
trons were measured using a Scienta DA30-L(W) spectrometer
and a 40 mm MCP/CCD detector. The spectrometer slit was set
to 0.5 mm. Core level spectra were acquired with a 100 meV
step size and 100 eV pass energy. The Ag MNN Auger peak was
acquired with 500 meV step size. The acquired data was fitted us-
ing Pseudo-Voigt functions in combination with a linear or Shirley
background. Quantitative relationships were determined by di-
viding the intensity measured by the core level specific photoion-
ization cross section.Z To assess effects of beam damage or beam
induced behavior, a secondary spot was measured with reduced
X-ray exposure (approximately 15% of the main spot). This was
achieved by limiting the characterization to measurements with
535 eV incident photon energy and reducing the number of core
levels measured. The impact of sample charging was assessed for
model system 1 by measuring selected core levels with five dif-
ferent photon flux values in a different spot on the sample (Fig-
ure S12). Shifts were found to be lower than 0.1 eV and become
negligible after the deposition of BCP.

Perovskite single crystals were mounted on the sample plate
with two component conductive epoxy EPO-TEK H20E and cured
at 100 °C for 1 h. The epoxy establishes a good electrical con-
tact between the single crystal and the sample plate. A gold foil
was mounted on the same sample plate and measured for energy
calibration and the sample plate was grounded to the spectrome-
ter during all measurements. Prior to measurement, the samples
were cleaved with a blade cleaver under high vacuum conditions
(p=1-10"% — 1-1078 mbar). Subsequent layers were deposited
on the single crystal substrates and co-mounted gold foil from a
molecular source in alumina boats (Ted Pella) heated in a thermal
evaporator in the primary preparation chamber.
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