Open Access Article. Published on 09 September 2025. Downloaded on 10/8/2025 2:18:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Solar

W) Check for updates ‘

Cite this: DOI: 10.1039/d5el00044k

Received 28th March 2025
Accepted 15th August 2025

DOI: 10.1039/d5el00044k

rsc.li/EESSolar

Broader context

¥ ROYAL SOCIETY
PN OF CHEMISTRY

Interfacial reactions between atomic layer
deposited NiO, hole transport layers and metal
halide perovskites in n-i-p perovskite solar cells

Nitin Mallik, 2@ Javid Hajhemati,? Vincent Dufoulon,® Damien Coutancier, (2°
Elif Hisam,® Davide Regaldo,“® lwan Zimmermann,© Karim Medjoubi,©

Michael A. Anderson,” Damien Aureau,® Mathieu Frégnaux, {2¢ Roberto Félix,
Regan G. Wilks,"" Nathanaelle Schneider, 22 Marcus Bar (2 °9" and Philip Schulz {2 *2

b

The hole transport layer (HTL) plays a critical role for the stability and efficiency of perovskite solar cells (PSCs) as it
forms a direct interface with the metal halide perovskite (MHP) and contact electrode. In the widely researched
n-i-p architecture PSCs, organic HTLs like p-doped spiro-OMeTAD (2,2',7,7' -tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9’-spirobifluorene) and PTAA (poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]) are commonly used
to fabricate high-efficiency devices. Despite the high efficiency, the inherent instability and hygroscopic
nature of these doped organic HTLs are of major concern for the stability of PSCs. In this work, we
incorporated atomic layer deposition (ALD) based nickel oxide NiO, HTLs into n-i-p PSCs, which serve the
function of effective charge selective transport and pre-encapsulation layers and investigated its interface
formation with the MHP using synchrotron-based hard X-ray photoelectron spectroscopy. Our study reveals
that the ALD-NIO, film grown on the MHP contained a high concentration of hydroxide and oxy-hydroxide
species. Additionally, defect species, including nitrogen and lead-based compounds, formed in the perovskite
layer at the interface, which adversely affected PSC performance. To mitigate undesirable chemical reactions
that occur during the ALD process, we introduced a 20 nm PTAA interlayer as a buffer between the MHP and
ALD-NiOy layers. This resulted in improved device efficiency and enhanced operational stability.

Perovskite solar cells (PSCs) have demonstrated high efficiency but face stability challenges due to the instability of metal halide perovskites (MHP) absorbers,

interlayers, and interfaces. The hole transport layer (HTL) is crucial for PSC stability and efficiency as it forms a direct interface with the MHP. Organic HTLs like
spiro-OMeTAD and PTAA enable high efficiency but suffer from instability. Atomic layer deposition (ALD)-grown nickel oxide (NiO,) is a stable alternative, but its

interaction with MHP can introduce interfacial defects. Understanding ALD precursor interactions with MHP is key to developing a damage-free ALD process.
Using synchrotron-based hard X-ray photoelectron spectroscopy (HAXPES), we investigated the top and buried interfaces between ALD-NiO, and MHP in the

n-i-p architecture. We identified hydroxide/oxy-hydroxide species in NiO, and defect species, including nitrogen and lead compounds, at the MHP interface,
negatively affecting PSC performance. To mitigate these reactions, we introduced a 20 nm PTAA buffer layer, improving efficiency and stability. This work
provides insights into interface formation between ALD-grown metal oxides and MHPs. The use of an organic buffer layer as an interlayer design strategy
highlights a promising approach to mitigate interfacial defects, paving the way for further optimization of stable and efficient PSCs.
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1. Introduction

In the last decade, hybrid organic inorganic metal halide
perovskite (MHP) based solar cells have demonstrated rapid
improvement in efficiency with the best power conversion effi-
ciency (PCE) of 26.7% for a single junction solar cell and 33.9%
for a perovskite-silicon two-terminal tandem cell.”® This
dramatic increase in perovskite solar cell (PSC) performance
was due to exceptional optoelectronic properties of MHPs like
outstanding light absorption (~10* em™"), high photo-
luminescence quantum yields, tunable bandgaps (1.24-3.55
eV), narrow-band emission, and long diffusion lengths (~10-
100 pm).* Furthermore, advancements in interface and
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interlayer design between MHP and charge transport layers
(CTLs) have played a crucial role in passivating the MHP
surface, thereby contributing to improved PCE in PSCs.>®
However, the long-term stability issue of PSCs due to the
instability of MHP materials, associated interlayers, and inter-
faces are major roadblocks for the commercialization of the
perovskite technology.**

To date, the record efficiencies for single junction PSCs have
been achieved using n-i-p architectures, which are commonly
based on inorganic electron transport layers (ETLs) such as SnO,
or TiO, and organic hole transport layers (HTLs) such as p-doped
spiro-OMeTAD (2,2/,7,7-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9"-spirobifluorene) and PTAA (poly-{bis(4-phenyl)(2,4,6-tri-
methylphenyl)amine])."** Despite the high PCE, the inherent
instability of these doped organic HTLs is of major concern for the
operational lifetime of PSCs. The dopants used in spiro-OMeTAD
and PTAA are hygroscopic and can accelerate the degradation
process.”*** Furthermore, under thermal stress, dopants such as 4-
tert butylpyridine (¢BP) can cause morphological deformation, e.g.
the formation of pinholes due to its low boiling point.**'® The
pinholes in the HTL enable ion migration processes between the
dopant, MHP, and electrode ions.*”*® In addition, minor deviations
in the concentration of dopant and environmental conditions can
significantly impact the conductivity of these organic HTLs,
thereby affecting their reproducibility. Consequently, organic HTL-
based n-i-p PSCs suffer from low operational stability despite the
exceptionally high initial device efficiencies. Alternatively, inor-
ganic metal oxides HTLs such as NiO,, VO,, and CuO, could
potentially improve PSCs stability due to their high resilience to
heat, light, and moisture.” Furthermore, such dense inorganic
layers can serve as effective barriers for ion migration and moisture
ingress and hence function as an encapsulation film on the device
level. Among the various metal oxides used in PSCs, NiO; is the
most researched and widely used owing to chemical stability and
abundance.* The oxide layer possesses desirable properties such
as a band gap greater than 3.6 eV, high transmittance in the near
ultraviolet and visible regions, and excellent thermal, chemical,
and light stability, making it a promising material for MHP tech-
nologies.” To date, deployment in devices has led to a maximum
PCE of over 23% in p-i-n configuration.”

In this study, we employed atomic layer deposition (ALD) for
the fabrication of NiO, in n-i-p architecture PSCs. The ALD
technique is promising for growing metal oxide layers for
application in PSCs due to its relatively low deposition
temperature (room temperature), uniform coverage, and
industrial scalability.® Using the ALD process, a dense ultra-
thin metal oxide film could be deposited that can act as
encapsulation to the outer environment and block internal ion
migration in PSCs.** However, the direct application of ALD on
MHPs presents significant challenges due to the inherent
reactivity of halide anions and organic cations (e.g., methyl-
ammonium MA", formamidinium FA") at the MHP surface.?>?*

The successful integration of ALD-grown metal oxides on top
of MHPs surface depends on three fundamental parameters: (i)
process conditions (temperature and pressure), (ii) oxidant
precursor chemistry, and (iii) metal precursor chemistry.
Studies have shown that mixed-cation CsFA MHP generally
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maintains good stability at temperatures up to 100 °C under
vacuum conditions in comparison to MAPbI;.***”*® This is
particularly relevant for ALD processes, which are commonly
performed under vacuum, although atmospheric-pressure ALD
also exists. Our previous study demonstrated that FA,;Csg ;-
Pb(I,.0Bry1)s MHP maintained bulk structural stability after 1
hour of heat treatment under simulated operational ALD
conditions (1-3 mbar, N,, 100 °C).?® Similarly, Bracesco et al.
reported negligible changes in Csg 15FAo gsPb(I.02Br.0g)3 based
MHP exposed to 100 °C for 90 minutes under high vacuum
(107° mbar), as observed by in situ IR spectroscopy.?’

The choice of oxidant precursors plays a critical role in
determining reaction outcomes, depending on the composition
of the MHP. Ozone (0;) induces universal degradation of MHPs
due to its highly oxidative nature,*® while water (H,O) exhibits
composition-dependent behavior,***' degrading MAPbI; even at
room temperature®® but preserving CsFA based MHP
systems.**** Hydrogen peroxide (H,0,) has emerged as
a promising alternative, enabling the deposition of ALD-grown
metal oxides (such as SnO,) with low oxygen vacancy concen-
trations, leading to improved charge transport properties®®
while causing no observable damage to CsFA-based MHPs.?®

Nevertheless, organometallic precursor chemistry remains
the dominant factor in interfacial degradation of MHP. Alkyl-
metal precursors like diethylzinc lead to perovskite decompo-
sition via proton transfer,*” while amino-based precursors such
as tetrakis(dimethylamido)tin (TDMASn) generate nanoscale
interfacial defects.>****° Our previous work using X-ray photo-
electron spectroscopy revealed that TDMASn produces a defec-
tive interface layer containing sym-triazine (N 1s = 398.7 eV) and
Pbl,, creating a 400 meV electron transport barrier in FA,;Cs
0.3PD(Iy 9Bry 1)3/SnO, heterostructures with detrimental impact
on PSCs performance.*®

Building on this fundamental understanding, we investigate
ALD-NiO, as an alternative to organic HTLs in n-i-p architecture
solar cells, focusing on its potential for high-stability PSCs. The
primary focus of this study is to comprehensively investigate the
interface between FA, ;Cso3Pb(IyoBro1); MHP and ALD-NiO,
using synchrotron-based hard X-ray photoelectron spectroscopy
(HAXPES). The aim of our investigation is to understand the
chemical interaction between the ALD-NiO, precursors and the
MHP, the interface formation between the two material
systems, and the impact on PSC performance. Additionally, we
introduce a PTAA organic buffer layer between MHP and ALD-
NiO, to enable a comparative analysis and mitigate potential
interfacial reactions between the MHP and ALD-NiO,. Further-
more, we assess the operational stability of the ALD-NiO,-based
n-i-p PSCs.

2. Results and discussion

The half-cell device architectures used in this study are
comprised of a fluorine doped tin oxide(FTO)-coated glass
substrate, a 10 nm thick SnO, electron transport layer, a 400 nm
thick double cation MHP layer with the composition FA, ;-
Cs.3Pb(Ip.0Bry 1); with and without a 20 nm thick buffer layer of
PTAA, and finally the NiO, layer (62 ALD cycles) as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(a). The deposition of 62 ALD cycles of NiO, yields a 5 nm
thick film on a reference silicon substrate, as determined by
ellipsometry (see SI Section 2, Fig. S2). However, since ALD is
a substrate-dependent technique, the actual film thickness may
vary across different substrates due to variations in surface
chemical properties. For instance, the thickness of the NiO,
overlayer grown on MHP and PTAA was estimated using the
attenuation of HAXPES core-level signals induced by the NiO,
film. Under identical conditions of 62 ALD cycles, the estimated
thicknesses are 3.9 nm on MHP and 1.4 nm on PTAA (details
provided in SI, Section 7, Table S7). In this report, we denote the
number of ALD cycles rather than the resulting film thickness.

In Fig. 1(b) we show the X-ray diffraction (XRD) patterns of
the bare MHP film and the MHP with ALD-NiO,, PTAA, and
PTAA/ALD-NiO, overlayers. The XRD signature with 26 in the
range of 12-15° displays signals corresponding to the (110)
plane of the MHP (see SI, Section 3, Fig. S4 for XRD pattern in
the range of 10-50°). The XRD signature of the MHP material
did not exhibit any change for the samples with the ALD-NiO,
overlayer in comparison with the reference MHP and MHP/
PTAA samples. Typically, any unwanted reaction between ALD
precursors and MHP is expected to result in the evolution of an
XRD peak at approximately 12.5°, which is indicative of the
formation of (poly)crystalline Pbl, as a result of MHP degrada-
tion.”® However, in this particular case with the ALD-NiO,
overlayer, we did not observe any formation of such
compounds. This implies that the bulk structure of the MHP
material remained unchanged after exposure to the ALD-NiO,
conditions (precursors, 1-2 mbar pressure level, temperature of
100 °Q), i.e., any potential degradation reaction thus occurs in
only a very limited region of the formed interface (and thus is
beyond the bulk sensitivity of XRD) or results in amorphous
compounds. This exceptional bulk stability can be attributed to
the inherent compositional robustness of the FA, ;Cs, 3Pb(Iy.o-
Bry1)s MHP used in this study. Although perovskite materials
are generally known to degrade upon exposure to moisture or

ALD-NiO,

MHP

Fig. 1
ALD-NiO,, PTAA, PTAA/ALD-NIO, top layers.
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water-based environments, our CsFA-based composition
exhibits high resilience even when directly exposed to H,O
during the ALD metal oxide growth process. In particular, the
presence of FA" cation enhances hydrophobicity and reduces
water uptake compared to MA" cation based MHP,*** while
partial substitution with cesium cation (Cs') induces lattice
contraction that increases the hydration activation barrier to
~0.53 eV,* thereby kinetically suppressing water-induced
degradation. In addition, bromide alloying mitigates halide
segregation,* further contributing to the enhanced resistance
to moisture and thermal stress. These compositional attributes,
combined with the relatively mild ALD conditions (limited ALD
precursors pulse time, see SI, Section 1.2), explain the preser-
vation of the bulk crystalline structure, consistent with our
experimental findings in Fig. 1(b).

We now turn to the evolution of the MHP/ALD-NiO, interface
chemistry before and after NiO, deposition as investigated
using synchrotron-based HAXPES. The measurements were
conducted at the HiKE end station at the BESSY II KMC-1
beamline at the Helmholtz-Zentrum Berlin fiir Materialien
und Energie GmbH (HZB)**** using photon energies of 2 keV
and 6 keV to probe the top region and deeper buried interface
region, respectively. For instance, the I 3d core level signal of the
pristine MHP sample is detected from a maximum depth of
~10 nm with 2 keV photon energy and ~25 nm with 6 keV
photon energy, corresponding to approximately three times the
photoelectron inelastic mean free path (see SI, Table S1 for
IMFP values and Section 2 for discussion on surface roughness
and its relevance to differentiating surface and subsurface
contributions). We employ the same detailed HAXPES charac-
terization methodology and data treatment parameters as re-
ported previously (see SI, Section 1.4).%®

The HAXPES spectra of the I 3ds/,, N 1s, and Pb 4f core level
regions from the bare MHP samples and the MHP samples after
ALD-NiO, deposition are depicted in Fig. 2. The intensities of
the MHP core levels are normalized to the maximum intensity

(b)

(100) MHP

FTO/SnO,/MHP/PTAA/ALD-NIOy

FTO/SnO,/MHP/PTAA

FTO/SnO,/MHP/ALD-NiOy

Intensity (a.u.)

FTO/SnO,/MHP . .
120 125 13.0 135 14.0 145 150

20 (°)

(a) Schematic of the different device architectures used in this section for interface study, (b) XRD patterns of MHP film with and without
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for improved data visualization and interpretation. The I 3ds,
and Pb 4f core level signals of the pristine MHP show a minor
shift in peak position of 100 meV towards higher binding energy
between the data acquired with photon energies of 2 keV and 6
keV, respectively (see SI, Table S3). We consider a shift of this
order of magnitude borderline in terms of significance, as the
spectral resolution of our HAXPES experiment is in a similar
range. In any case, if present at all an (upward) band bending at
the bare MHP surface that would explain this shift would be
small.

After NiO, deposition on the MHP, we do not observe any
significant change in peak position for the I 3ds,, core level at
both 2 keV and 6 keV photon energies with respect to the bare
MHP film (Fig. 2(a), (d), and SI, Table S3). At the same time, the
full-width-at-half-maximum (FWHM) value of the I 3ds,, peak
increases by 100 meV from 1.0 eV for the bare MHP surface to
1.1 eV for the MHP film after NiO, deposition (for both 2 keV
and 6 keV measurements). In contrast to these observations in
the iodine core levels, the Pb 4f core level shifts to higher
binding energy by 200 meV, i.e. from 138.6 eV to 138.8 eV for Pb
4f;, at 2 keV photon energy, after NiO, deposition. However, the
Pb 4f,,, peak remains at 138.6 eV at 6 keV photon energy for
both samples with and without NiO, overlayer, indicating that
this change is confined to the interface region (see Fig. 2(c) and
()))- Additionally, we observe the FWHM value of the Pb 4f;,
peak increasing from 0.7 eV for the bare MHP surface at both
photon energies, to 1.0 eV and 0.9 eV for the sample with the
NiO, overlayer at 2 keV and 6 keV photon energies, respectively.
The core level shift and peak broadening at 2 keV originate from
top interface Pb atoms, likely due to the formation of a small
fraction of interfacial Pb-O-Ni bonds.*® The absence of a shift
and reduced broadening at 6 keV where the signal originates
from deeper regions in the MHP confirms that these chemical
interactions are confined to the top interface region.

In addition, we determined the ratio of iodine to lead in the
top region (2 keV) and buried (interface) region (6 keV) of the
MHP layer before and after ALD-NiO, deposition. The quanti-
fications reveal that before NiO, deposition, the I/Pb ratio near
the MHP surface (measured using 2 keV) is 2.8 £ 0.1, which is
close to the expected stoichiometric value of 2.7. The I/Pb ratio
in the MHP subsurface (measured using 6 keV) is 2.4 + 0.1,
indicating a slight iodine deficiency in the deeper region of the
MHP. After NiO, deposition, we observe a more severe iodine
deficiency. The I/Pb ratio decreases to 1.6 + 0.1 and 1.9 £ 0.1
using 2 keV and 6 keV photon energy, respectively. This suggests
that the reduction in iodine content is more pronounced at the
interface between the MHP film, and the ALD layer likely driven
by unwanted chemical interactions of the MHP with the ALD-
NiO, or the ALD precursors during NiO, deposition. The
performance of PSCs can be severely impacted by deep-level
defects caused by halide deficiency, which may hinder charge
carrier extraction.”

The N 1s core level spectra of the reference MHP film
(Fig. 2(e), blue spectra) exhibited a peak corresponding to the FA
species (Ng,) at binding energies of 400.8 eV (2 keV) and
401.0 eV (6 keV). Following NiO, deposition, this peak shifted by
100 meV toward lower binding energies at both photon energies
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(Fig. 2(e), green spectra), but since the shift falls within the
experimental resolution, it is not considered significant.
Following NiO, deposition, the N 1s signal exhibited increased
noise (Fig. 2(b)), likely due to signal attenuation by the NiO,
overlayer and potential nitrogen loss during the ALD process. In
contrast, the 6 keV data (Fig. 2(e)) appear less noisy, attributed
to reduced attenuation at higher photon energies. Additionally,
two new nitrogen components, denoted N* and N, emerged at
lower binding energies in the N 1s core-level spectra after NiO,
deposition. The N' species (~400.0 eV peak) may originate from
neutral amidinate nitrogen (6°) or from nitrogen species such as
imine, amine, or pyrrolic N formed through partial decompo-
sition of the FA cation or interfacial reactions with the Ni
precursor.*®* In contrast, the N> peak (~398.8 V) is consistent
with negatively charged amidinate nitrogen (6~) coordinated to
Ni or Ni-N bonding environments derived from residual
Ni(amd), precursors.* The coexistence of such species indicates
complex interfacial chemistry that can hinder charge transport,
severely impacting device performance. While the exact
molecular identity of these nitrogen species cannot be unam-
biguously determined by XPS alone due to overlapping binding
energies and interfacial complexity, the data clearly indicate the
formation of nitrogen-related interfacial defects induced by the
ALD process.

Moreover, the intensity of the additional nitrogen (N* + N?)
peaks decreased with increasing photon energy (2 — 6 keV),
resulting in a decreased (N' + N?)/Ng, ratio (1.30 — 0.75),
suggests that these nitrogen-based defect species are predomi-
nantly localized within the top interfacial region of the MHP.
The depth sensitivity is related to the lower inelastic mean free
path of the ~1.6 keV photoelectrons (i.e., from N 1s core levels
excited with 2 keV X-rays) than of the ~5.6 keV photoelectrons
(from N 1s core levels excited with 6 keV X-rays).

Furthermore, we determined the Ng, to Pb ratio before and
after the ALD process using both 2 and 6 keV measurements.
We found a significant loss of Ngs, with the Ng,/Pb ratio
decreased from 0.82 to 0.37 at 2 keV and from 0.72 to 0.47 at 6
keV. In addition to the previously observed iodine loss, these
results confirm that the MHP becomes deficient in both
nitrogen and iodine after the ALD process. This combined
deficiency is consistent with a redox reaction occurring at the
perovskite/NiO, interface during the initial ALD process. This
behavior aligns with observations by Boyd et al., who reported
that interactions between NiO, surfaces and perovskite can lead
to the loss of FA" and I~ species, resulting in a cation-deficient
MHP.* The more pronounced loss of both Ng, and iodine at 2
keV photon energy, compared to 6 keV, confirms that the redox
reactions are primarily localized to the top MHP interface. Such
material loss from the perovskite structure inevitably contrib-
utes to interfacial degradation and can compromise device
stability. Despite the observed loss of Ng, from the MHP due to
the interfacial reaction, we additionally observed an increase in
the Niggar (Npa + N* + N?)/Pb ratio for MHP/NiO, compared to the
Nga/Pb ratio of the pristine MHP sample, which increased from
0.82 to 0.86 at 2 keV and from 0.72 to 0.82 at 6 keV photon
energies. This quantitative increase in total nitrogen content,
primarily from the contribution of N* and N” species despite the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a—h) HAXPES detail spectra (including fits and residua) of the (a and d) | 3ds,,, (b and e) N 1s, (c and f) Pb 4f, (g) O 1s, and (h) Ni 2ps/, core
levels of MHP without (blue spectra) and with (green spectra) 62 ALD cycle NiO, top layers recorded with (a—c, g and h) 2 keV and (d—f) 6 keV
photon energies.

loss of N4, reconfirms the likely presence of residual fragments In order to determine whether the defect interface species is
of the bis(N,N'-di-tert-butylacetamidinato)nickel(n) Ni(amd), formed because of interaction with the ALD-NiO,, during inter-
precursor and/or trapped species formed via FA decomposition face formation or with the ALD precursors [H,O and (Ni(amd),)]
or chemical interaction with the Ni precursor. in the initial phase of the NiO, deposition, additional lab-based
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X-ray photoelectron spectroscopy (XPS) (Al K, 1486.7 eV)
measurements of Si, MHP, and MHP/PTAA samples exposed to
the to the ALD-NiO, precursors Ni(amd), or H,O were per-
formed; the corresponding N 1s core level spectra are shown in
Fig. 3. The N 1s peak originating from the Ni(amd), component
is located at 401 eV on the silicon sample, as shown in Fig. 3(a).
In addition, we observed a low-intensity nitrogen peak (Np,.
product) at a binding energy of 399.3 eV (Fig. 3(a)), which we
suspect is a by-product of the Ni(amd), precursor caused by
short-term air exposure during sample transfer.

In Fig. 3(b), the N 1s core level spectra of the MHP sample
(Nga peak at 401 eV) shows no changes after exposure to 62
pulses of the H,O precursor (green) compared to the reference
MHP sample (red). However, upon exposure to 62 pulses of the
Ni(amd), precursor (blue, Fig. 3(b)), two additional peaks
emerge at binding energies of 400 eV and 399.2 eV, corre-
sponding to the N' and N*> components. These secondary N 1s
features are consistent with those observed in the NiO,/MHP
sample (Fig. 2). Notably, the (N' + N?)/Np, ratio in this case is
~0.61 for MHP/Ni(amd),, significantly lower than the value of
1.30 observed for the MHP/NiO, sample at 2 keV. This differ-
ence arises because, in the current measurement, the Ni(amd),
precursor forms only a thin chemically bound layer, allowing
detection of photoelectrons from deeper within the MHP
(~7 nm, with lab XPS 1486.7 eV), whereas in the NiO,/MHP case,
the 3.9 nm NiO, overlayer attenuates the Ng, signal, limiting the
probed depth to the top ~1-2 nm (with 2 keV HAXPES) of the
MHP. Taken together, these spectral changes clearly indicate
that while the MHP surface remains chemically stable under
ALD conditions involving H,O exposure at 100 °C and a vacuum
of 1-3 mbar, it reacts notably with the Ni(amd), precursor. The
appearance of additional nitrogen species suggests that the
MHP is susceptible to metallic precursor induced interfacial
degradation, leading to the formation of chemical defects.

~
oS
N\

(b)
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These findings confirm that interfacial degradation in MHP
during ALD is primarily driven by the Ni(amd), precursor,
rather than by thermal effects, vacuum conditions, or exposure
to H,O.

Next, to reveal the chemical structure of the ALD deposited
NiO, film, we focus on the Ni 2p;, and O 1s core levels, as
shown in Fig. 2(g and h). NiO, films commonly exhibit multiple
subspecies of the general formula NiO,H,, including NiO,
Ni(OH),, NiOOH, and metallic nickel.”"** These subspecies,
specifically Ni(OH), and NiOOH, can exist in different phases,
including, B-Ni(OH),, a-Ni(OH),, B-NiOOH, and y-NiOOH.**"° It
is important to note that the 6 keV data for the Ni 2p3,, and O 1s
core levels are excluded from this analysis due to the larger
fitting error [see SI, Fig. S11 (standard deviation in the Ni 2p3,
fitting) and Fig. S9 (6 keV plots)]. The O 1s core-level region
contains three distinct contributions corresponding to 0>~
OH ™, and physisorbed species.””*® The O*>" contribution to the
O 1s peak is located at a binding energy value of 530 eV when
using 2 keV excitation (Fig. 2(g)), which we attribute to the NiO
species in the NiO, film. In addition, the O 1s peak positioned at
531.7 eV, is ascribed to the Ni(OH), and/or NiOOH contribution
in the NiO, film. The O 1s core level component that arises from
physisorbed (and thus less ordered) species is positioned at
higher binding energies of 532.6 eV (for which we allow
a slightly broader peak shape caused by slightly different
binding energies for the different bond angles and distances in
this presumably less ordered material). Upon qualitative
comparison of OH™ and O*>~ contributions, we find that there is
a higher concentration of OH™ species in the NiO, film. Of note,
the O 1s core level is only qualitatively assessed here as there
could be contributions from adventitious species overlapping
with the main components related to ALD-NiO,.>

We focus on the quantitative analysis on the Ni 2p3/, peak for
an estimation of the various contributions of Ni species in the
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NiO, film. The Ni 2p;/, signal envelope was analyzed using the
method developed by Biesinger et al.,>* from which the Ni 2p3,
signal from various NiO,H, subspecies was decomposed into
their theoretical shake-up structure calculated by Gupta and
Sen.**** This particular procedure is based on the identification
of 34 distinct peaks including the shake-up structures, each
corresponding to one of the four primary chemical states of
NiO,H, as described above. We decomposed the Ni 2p;, signal
obtained from our samples based on the assumption that it
would be a linear combination of individual signals from NiO,
Ni(OH),, B-NiOOH, y-NiOOH and metallic nickel with varying
multiplet spacing. However, it is important to note that this
assumption does not guarantee that the shake-up and plasmon
loss structures for each phase in our samples mirror those of
pure individual samples. Inelastic processes could potentially
occur between photoelectrons and other atoms or molecules
within the NiO, structure,* impacting the HAXPES signal, and
these factors were not considered in our analysis.

The Ni 2pj3/, core level is shown in Fig. 2(h) which displays
the envelope for each subspecies of NiO,, encompassing NiO,
Ni(OH),/NiOOH and Ni metal (see SI, Fig. S8(a) for the original
fitting) measured at 2 keV photon energy. Upon quantification,
we found that the NiO contribution is 56%, while the combined
concentration of Ni(OH), and/or NiOOH accounts for the
remaining 44%, with no traces of metallic Ni detected in the
MHP/ALD-NiO, film. In comparison, the ALD-NiO, grown on
a silicon wafer measured using lab based XPS (1486.7 eV) is
found to be composed of 83% of NiO and 17% of Ni(OH), and/
or NiOOH species, respectively (see SI, Section 5 for detailed
analysis and interpretation). The significant difference in the
composition of ALD-NiO, highlights the crucial role of surface
termination of the substrates. Additionally, the high concen-
tration of these -OOH species in NiO, grown on the MHP
surface can readily react with the halides present in the MHP,
causing deterioration of the MHP film and the formation of
numerous trap defects at the MHP/NiO, interface.*

Next, we introduced a 20 nm PTAA buffer layer between the
MHP and ALD-NiO, to potentially mitigate interfacial defect
formation during the ALD process. The interface chemistry is
similarly studied using HAXPES photon energies of 2 keV and 6
keV and MHP peaks were detected at both photon energies as
shown in Fig. 4. Detecting a signal from the buried MHP layer
underneath the 20 nm thick PTAA layer, as shown in Fig. 4, is
not expected for measurements pursued at 2 keV photon
energy. This corresponds to a photoelectron inelastic mean free
path 4-5 nm (see SI, Table S1), yielding an information depth of
roughly 12-15 nm. Thus, our observation suggests the presence
of pinholes in the PTAA layer, which is confirmed by corre-
sponding scanning electron microscopy images (see SI, Section
4, Fig. S5(c)). The Pb 4f and I 3ds,, core level peak positions,
originating from the MHP signal, appear at slightly lower
binding energies, shifted by 100 meV compared to the core
levels measured for the bare MHP surface, though this minor
shift falls within the experimental resolution.

After ALD-NiO, deposition, the I 3ds,, core level shifted by
200 meV to higher binding energy from 619.3 to 619.5 eV at 2
kev for the samples with MHP/PTAA and MHP/PTAA/NiO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stacks, respectively (see SI, Table S6). However, we did not
observe any shift in the I 3ds/, core level core level binding
energy at 6 keV excitations energy. The Pb 4f core level also
shifted to a higher binding energy by 100 meV at both photon
energies, 2 keV and 6 keV (see Fig. 4(c) and (f)). We do not
consider this shift significant, as it falls within the spectral
resolution of our HAXPES experiment, as discussed earlier in
this article, and there is significant noise in these particular
spectra.

Notably, the N 1s core level peak corresponding to the triaryl
amine compound in PTAA shifted after the NiO, deposition to
a higher binding energy by 300 meV at both 2 keV and 6 keV
excitations (see Fig. 4(e) and (e)), but the Ng, peak binding
energy remained constant. The shift in the N 1s core-level peak
associated with PTAA may arise from either the grafting of ALD-
NiO, onto the PTAA surface or the impact of the ALD process
itself. Additionally, the unchanged binding energy position of
the Ng, contribution to the N 1s core level after the ALD process
indicates that the PTAA interlayer effectively suppresses
unwanted chemical reactions between MHP and ALD-NiO,
precursors. However, there remains a possibility of unwanted
chemical interactions occurring through pinholes in the PTAA
film.

Next, we performed a quantitative analysis by estimating I/Pb
for 2 keV and 6 keV measurements of the MHP film in the MHP/
PTAA sample before and after ALD-NiO, deposition. The
quantification shows that before NiO, deposition, the I/Pb
ratios near the MHP surface (measured using 2 keV) and
subsurface (measured using 6 keV) are 2.5 £+ 0.1 and 2.7 £ 0.1,
respectively. After NiO, deposition, we observed a slight iodine
deficiency with the I/Pb ratio dropping to 2.1 £ 0.1 and 2.4 £ 0.1
under 2 keV and 6 keV excitation energies respectively. This
could be linked to the interaction of the ALD precursors with
MHP through the pinholes, as hypothesized earlier in accor-
dance with the binding energy shifts, but the effect is signifi-
cantly attenuated compared to the values obtained for the MHP/
ALD-NiO, sample without PTAA interlayer. When comparing
the change in the I/Pb ratio after the ALD-NiO, process for MHP
(~33% iodine loss) and MHP/PTAA (~12% iodine loss) samples,
we observed that iodine loss is reduced significantly by the
introduction of the PTAA buffer layer. The greater iodine
retention highlights the effectiveness of the PTAA buffer layer in
limiting the unwanted chemical interaction between MHP and
ALD-NiO,.

In addition, we exposed the MHP/PTAA sample to the indi-
vidual ALD precursors (i.e., H,O and Ni(amd),) and tracked
the N 1s core level using lab-based XPS (Al K,, 1486.7 eV). We
did not observe any change in the N 1s core level due to expo-
sure to H,O, as compared to the reference sample, with the peak
positioned at 400 eV corresponding to the amine group in PTAA,
as shown in Fig. 3(c). Upon exposure to the Ni(amd), precursor,
we observed the formation of a new peak at 400.9 eV, which is at
the same peak position as the nitrogen contribution from the
Ni(amd), precursor itself (see Fig. 3(a)). This indicates
successful chemical grafting of the Ni(amd), precursor onto the
PTAA surface. Moreover, we did not find any observable
evidence of the formation of defect species in the MHP/PTAA

EES Sol.
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Fig.4 (a—h) HAXPES detail spectra (including fits and residua) of | 3ds,,, N 1s, Pb 4f, O 1s, Ni 2ps3,, of MHP: PTAA without (orange spectra) and with

(purple spectra) ALD-NIO, top layers recorded with 2 keV and 6 keV excitation energy.

sample compared to the MHP sample, which suggests that
PTAA film mitigates the interaction between the MHP film and
the ALD precursors. However, the pinholes in the PTAA film
remain of concern and likely have a detrimental impact on the
performance or reproducibility of PSCs.

Upon inspecting the NiO, core levels for the MHP/PTAA
sample, the signal acquired at 6 keV for the Ni 2p and O 1s
core levels exhibit a low signal-to-noise ratio due to the

EES Sol.

significantly thinner NiO, layer compared to that of the PTAA-
free MHP/NiO, interface (see Discussion in SI, Section 7,
Table S7), preventing us from incorporating this dataset into
our quantitative analysis (see SI, Fig. S10). Hence, the photo-
emission spectroscopy examination of the NiO, overlayer is
limited to a photon energy of 2 keV. The O 1s spectra in Fig. 4(g),
obtained from the MHP/PTAA sample at 2 keV, displays a peak
positioned at 533 eV corresponding to both oxygen species

© 2025 The Author(s). Published by the Royal Society of Chemistry
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within the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
dopant of PTAA (refer to the F 1s core level in the survey spectra,
which confirms LiTFSI doping in SI; Fig. S7) as well as phys-
isorbed environmental species. Furthermore, after the NiO,
deposition, the spectra showed the emergence of two peaks at
530.4 eV and 532.1 eV, attributed to O (NiO) and OH™
(hydroxide, oxy-hydroxide) species (see also Fig. 2(g)), respec-
tively. This noticeable difference in intensity between the 0>~
species and the OH™ species strongly suggests a significant
contribution of NiO within the ALD film. As shown in Fig. 4(h),
the Ni 2p;3, core level components were found to be NiO,
Ni(OH),/NiOOH with no indication of metallic nickel (see SI,
Fig. S8(b) for the original fitting). Through quantitative analysis,
we determined the composition to be 74% NiO, 26% Ni(OH),
and/or NiOOH (see SI, Fig. S11). In comparison to the NiO,
grown on MHP, we find a higher concentration of NiO in ALD-
NiO, film grown on the PTAA layer.

In addition, we analyzed the work function of ALD-NiO,
grown on MHP and PTAA by Kelvin probe measurements per-
formed in nitrogen atmosphere. We find the work function of
ALD-NiO, on MHP to be 4.1 + 0.1 €V (consistent with ultraviolet
photoelectron spectroscopy results; see SI, Fig. S12), which is
lower than that of the bare MHP surface (4.4 + 0.1 eV). However,
in comparison, the NiO, grown on the MHP/PTAA film exhibi-
ted a higher work function of 4.5 & 0.1 eV. We assume that the
difference in the work function of NiO, on MHP and PTAA is
linked to the different stoichiometry of the ALD-NiO, film as
revealed in the HAXPES measurements. The NiO, film grown on
MHP consists of a high concentration of hydroxide and oxy-
hydroxide species, that could lead to a low work function
value,*” which we suspect to be unsuitable for efficient hole
extraction.

We now turn to the evaluation of the interlayer functionality
in full device stacks. The current density-voltage (J-V)
measurements of completed n-i-p perovskite solar cells with
and without interlayer were carried out under standard condi-
tions (AM 1.5G), as presented in Fig. 5(a) (see SI, Section 8 for
statistical J-V data). We used the following cell configurations
for this part of the study:

(a) Glass/FTO/SnO,/MHP/PTAA/Au

(b) Glass/FTO/SnO,/MHP/ALD-NiO,/Au (see SI, Fig. S14)

(c) Glass/FTO/SnO,/MHP/PTAA/ALD-NiO,/Au

With the same deposition procedures as in the previous
analysis with an active area of 0.09 cm?® The Au contacts are
100 nm thick and were deposited by thermal evaporation
directly on top of the HTL. Among these configurations, the
reference devices utilizing PTAA as the HTL (configuration (a))
displayed optimal performance, reaching a maximum PCE of
10.5%, open-circuit voltage (Voc) of 1.04 V, short-circuit current
density (Jsc) of 18.1 mA cm 2 and fill factor (FF) of 56%. The
relatively low PCE of PTAA-based PSCs is due to pinholes in the
PTAA layer, which create direct contact between the metal
electrode and the MHP layer. This bypasses the selective hole
extraction function of the HTL, leading to increased non-
radiative recombination (lowering Vo) and the formation of
shunt pathways (reducing FF).**%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In contrast, the devices employing only the ALD-NiO, as HTL
(configuration (b)) were not functional (see SI, Fig. S14), con-
firming that the interfacial defects and a high concentration of
hydroxyl-terminated NiO, lead to device failure. Intriguingly,
the devices that synergistically integrated PTAA and NiO, bila-
yers (configuration (c)) exhibit significantly improved perfor-
mance, with PCE values reaching as high as 17.5%, a Vpc of
1.13 V, Jsc of 21.5 mA cm ™2, and a fill factor of 72%. Further-
more, the external quantum efficiency (EQE) spectra of the
PTAA/NiO, HTL devices in Fig. 5(b) (in blue) demonstrated
higher EQE in the range of 350-750 nm compared to the PTAA
device (in orange).The incorporation of PTAA and ALD-NiO, as
a bilayer HTL led to a significant performance enhancement,
achieving an efficiency of 17.5%, compared to 10.5% with PTAA
as the sole HTL in our n-i-p PSCs. The protective role of the
PTAA buffer layer during the ALD process, coupled with the
efficient electron-blocking attributes of the NiO, layer on top of
PTAA, contributed to this improvement in line with our findings
from the HAXPES analysis. A broader investigation into varying
NiO, thicknesses (125, 185, 250 ALD cycles) on top of PTAA
revealed that the 185 ALD cycles NiO, layer consistently offered
the best performance across multiple devices (see SI, Fig. S13).
In contrast, thinner (125 ALD cycles) and thicker (250 ALD
cycles) NiO, layers led to increased performance variability and
occasional shunting, likely due to incomplete coverage or
increased series resistance, respectively. Detailed device statis-
tics are provided in Section 8 of the SI.

We conclude the device study by an assessment of device
stability under operational conditions, as PSCs are prone to
degradation when exposed to constant illumination (see SI,
Fig. S15). Previously, we discussed that compact ALD layers may
be able to reduce ion migration and can enhance the photo-
stability of PSCs. In this study, the PTAA/NiO, device was
compared with a reference PTAA device in an indoor accelerated
aging test for 45 hours under an LED solar simulator with
a spectrum that matched AM 1.5G in a climate chamber kept
under a N, atmosphere at a temperature of 25 °C. The
maximum power point tracking (MPPT) was conducted
throughout the aging process, and J-V curves were recorded
every 20 minutes. The reference PTAA device exhibited a steep
decline in power (Pyax) during the first 2 h, resulting in a PCE
reduction to roughly 60% of its initial value (see SI, Fig. S15(a)).
This decrease in efficiency can be attributed to a substantial
drop in the Vypp of the device, as shown in SI, Fig. S15(b), which
may be attributed to an increase in trap states resulting from
ion migration through the PTAA pinholes.*” The increase in trap
states leads to increased non-radiative recombination, causing
a significant decline in photo-voltage, ultimately affecting the
PCE.***” The PTAA/NiO, bi-layer HTL device retained 70% of its
initial PCE for 45 hours with stable Jypp and Vypp. We ascribe
the improved operational stability of this device to the compact
nature of the ALD oxide, which reduces ion migration, limiting
the formation of trap states. In summary, the inclusion of PTTA/
ALD-NiO, bilayer in the n-i-p architecture significantly
improved device performance and operational stability due to
the superior thin-film properties of ALD-NiO,.
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Fig. 5 (a) J-V characteristics (forward scan shown in solid line and reve
of n-i-p PSCs with and without a 185 ALD cycle NiO, overlayer.

To further understand the device performance behavior, we
conducted optoelectronic studies, using hyperspectral photo-
luminescence (PL) imaging measurements with an excitation
wavelength of 750 nm, on various sub-cell structures (FTO/
SnO,/MHP, FTO/SnO,/MHP/NiO,185 ALD cycles, FTO/SnO,/
MHP/PTAA, and FTO/SnO,/MHP/PTAA/NiO, 185 ALD cycles).
For these measurements, MHP films with a stoichiometry of
FA(.83CS0.17Pb(1y.g3Brg 17)3 were utilized, representing a slightly
adjusted composition within the same mixed-cation mixed-
halide system as the FA,,Csq3Pb(I,¢Bro4); used for device
fabrication, and thus remains highly representative of the
material system under investigation.

The PL intensity remained largely unchanged upon NiO,
deposition on MHP (FTO/SnO,/MHP/NiO,) relative to the pris-
tine MHP reference, indicative of limited hole extraction effi-
ciency of the NiO, layer (see Fig. 6). This inefficiency likely stems

7500

o

MHP/PTAA 3750

MHP/PTAA/NiO, 0

Fig. 6 (a) Hyperspectral photoluminescence (PL) images at 750 nm for
SnNO,/MHP/PTAA, FTO/SnO,/MHP/PTAA/NIO,, (b) average PL intensity.
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from two key factors: interfacial chemical defects (such as
nitrogen-containing species and iodine deficiency) that may
introduce trap states, and a substantial concentration of
Ni(OH),/NiOOH species in the ALD-NiO,,*** both of which
could significantly hinder efficient hole transport. Conversely,
samples incorporating PTAA (FTO/SnO,/MHP/PTAA and FTO/
SnO,/MHP/PTAA/NiO,) exhibited pronounced PL quenching
relative to the MHP reference, indicative of significantly
improved hole transport and extraction. The marked PL
quenching in the PTAA/NiO, sample suggests enhanced hole
extraction through NiO, when deposited atop PTAA, corrobo-
rated by previously presented HAXPES analysis revealing
a reduced concentration of Ni(OH),/NiOOH species and an
absence of detectable interfacial chemical defects at this inter-
face. Moreover, as discussed earlier, the device performance of
the PTAA/NiO,-based architecture, with a champion cell

(b)
[ [ [ [
—— FTO/SnO,/MHP
—— FTO/SnO,/MHP/NiO,(185 ALD Cycles)
—— FTO/SnO,/ MHP/PTAA
—— FTO/SnO,/MHP/PTAA/NIO,(185 ALD Cycles)

Intensity (a.u.)

| |
650 700 750 800
Wavelength (nm)

850

FTO/SI’]OZ/FAO_83CSO_17Pb(|0_838r0v17)3 MHP, FTO/SnOZ/MH P/NIOX, FTO/
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efficiency of 17.5%, supports the effective charge transport
indicated by the observed PL quenching and the interface
quality revealed by HAXPES. It is noteworthy that any interfacial
nonradiative recombination arising from defects at the MHP/
NiO; interface is largely masked by the dominant bulk radiative
recombination in these relatively thick (~500 nm) MHP films,
which governs the overall PL response.

Moving towards these advanced and ultimately more stable
designs necessitates addressing the inherent limitations of
conventional organic hole transport layers like PTAA. While
effective in minimizing interface degradation in this study,
challenges such as pinhole formation and limited chemical
inertness in such layers preclude complete mitigation of
unwanted reactions between MHP and ALD metal oxide
precursors. Therefore, exploring alternative robust interlayers,
such as two-dimensional transition metal dichalcogenides (2D
TMDs), is highly promising and opens new avenues. These 2D
TMDs offer superior barrier properties and chemical stability™
for the critical interface between the MHP and the ALD metal
oxide, potentially enabling complete and sustained mitigation
of the observed chemical degradation, thereby pushing device
longevity to new levels.

3. Conclusion

In summary, our study focused on n-i-p configuration perov-
skite solar cells using an ALD-NiO, hole-transport interlayer. We
conducted an extensive analysis of the interface, solar cell
characteristics, and operational stability. We employed
synchrotron-based HAXPES measurements to investigate the
interface chemistry of MHP and ALD-NiO,. The HAXPES study
used photon energies of 2 keV and 6 keV to probe different
depths of the interface. The characterization revealed crucial
insights into the emergence of new chemical defects, particu-
larly nitrogen- and lead-based compounds, at the interface.
Furthermore, for the MHP/NiO, sample we found the MHP to
be significantly iodine- and nitrogen-deficient. The new inter-
facial species (N and Pb based chemical compound) and severe
iodine and nitrogen loss of the MHP film imply the formation of
several defects at the interface, originating from the chemical
interaction between the MHP and ALD-NiO, precursors. We
also found that the ALD-NiO, grown directly on MHP exhibited
a low concentration of NiO (56%) in the proximity of the
interface and a high concentration of hydroxide/oxy-hydroxide
species. The high concentrations of hydroxide/oxy-hydroxide
species are detrimental to the stability of MHP, as they can
react rapidly with MHP, causing rapid degradation.

The work was also extended to a system with a 20 nm PTAA
interlayer between the MHP and ALD-NiO,. The PTAA interlayer
was found to limit the MHP from interacting with the ALD-NiO,
precursors. The ALD-NiO, films on PTAA had a higher concen-
tration of NiO in the range of 74% and a higher work function of
4.5 eV. Upon incorporation of the PTAA/NiO, in the n-i-p
architecture PSCs, a champion cell PCE of 17.5% was recor-
ded with a significant enhancement of operational stability
under nitrogen atmosphere with respect to the PTAA HTL-based
device.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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