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A B S T R A C T   

With the rapidly advancing perovskite solar cell (PSC) technology, dedicated interface engineering is critical for 
improving device stability. Atomic layer deposition (ALD) grown metal oxide films have drawn immense 
attention for the fabrication of stable PSC. Despite the advantages of ALD, the deposition of metal oxides directly 
on bare perovskite has so far not been achieved without damaging the perovskite layer underneath. In addition, 
the changes to the physicochemical and electronic properties at the perovskite interface upon exposure to the 
ALD precursors can alter the material and hence device functionality. Herein, we report on a synchrotron-based 
hard X-ray photoelectron spectroscopy (HAXPES) investigation of the interface between metal halide perovskite 
(MHP) absorber and ALD-SnO2 electron transport layer. We find clear evidence for the formation of new 
chemical species (nitrogen compound, lead dihalides) and an upward band bending in the MHP and downward 
band bending in the SnO2 towards the MHP/ALD-SnO2 interface. The upward bending at the interface forms an 
electron barrier layer of ~400 meV, which is detrimental to the PSC performance. In addition, we assess the 
effectiveness of introducing a thin interlayer of the organic electron transport material Phenyl-C61-butyric acid 
methyl ester (PCBM) between MHP and ALD-SnO2 to mitigate the effects of ALD deposition.   

1. Introduction 

In recent years, metal halide perovskite (MHP) solar cells have 
attracted immense attention among researchers due to the rapid ad
vances in power conversion efficiency (PCE) beyond 26 %, which is now 
comparable to Si-based technologies [1,2]. Such extraordinary 
improvement of PCE in perovskite solar cells (PSCs) was made in light of 
the growing fundamental understanding of MHPs and improved inter
face engineering [3,4]. However, to this date, the long-term stability of 
PSCs, which is inherently affected by their interfaces, remains a key 
issue for widespread applications [5]. 

The intricacy of the involved interfaces owes to the perovskite ma
terial itself, which often includes five to six different elemental and 
molecular components, among them readily reduced metal cations, 
acidic organoammonium cations, and reactive halide species. [6] The 
charge transport layers (CTLs) that form a direct interface with the MHP 
are also critical to the stability of PSCs. [7] Comparing different CTLs, 
inorganic materials (e.g., metal oxides) have demonstrated better sta
bility than organic materials in response to heat, light, and the local 
chemical environment. [8] Recent studies demonstrated that the sta
bility of PSCs can be improved through deliberately tailoring interface 
properties and by introducing a compact metal oxide layer on the MHP. 
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Several of these studies report on the incorporation of metal oxide CTLs 
(TiO2, SnO2, and NiO) in PSCs reaching PCE above 20 % [9–12]. 

The problems, in general, occur when the CTL is deposited directly 
on a bare MHP film, as this can potentially damage the absorber layer. 
Therefore, it is essential to choose a suitable deposition process to limit 
such damage. In a few demonstrations, oxide layers such as aluminum or 
titanium oxides were implemented directly on top of perovskite layers 
using spin coating, sputtering, thermal evaporation, and atomic layer 
deposition (ALD) [13,14]. Not all techniques are suited equally well; 
sputter deposition for instance usually damages the perovskite layer due 
to high energy ion bombardment [15]. Furthermore, the thermal 
instability of the perovskite materials limits the post-annealing tem
perature for the oxide growth when using spin coating and thermal 
evaporation [16]. 

In contrast, ALD is promising for growing oxide layers directly on top 
of MHP due to its relatively low deposition temperature, uniform 
coverage, and industrial scalability [17–19]. However, even this 
comparably “soft” deposition process can damage the MHP underneath 
due to the reliance of ALD on chemical precursors and reactions [20,21]. 
The reported PSCs, with ALD oxide deposited on top, have generally 
shown low PCEs in the range of 0.5 %-8.2 %. [22–29] 

In a recent fundamental interface study of Cs0.05FA 0.79MA0.16Pb
Br0.51I2.49 MHP and ALD SnOx, where FA and MA stand for for
mamidinium and methylammonium respectively, Hultqvist et al. 

observe the formation of additional chemical species involving Pb, Br, 
and N at the interface and suggest that this causes the formation of a 
barrier layer. [30] Aside from these select examples, there is a significant 
lack of fundamental research and hence understanding of the chemical 
interaction of the MHP surface with ALD precursors during the metal 
oxide preparation. In particular, its impact on the energy level alignment 
and hence electronic properties remains a key target for further inves
tigation. These insights are, however, essential prerequisites for devel
oping damage-free ALD metal oxide deposition processes for MHPs. 
Thus, they serve as the basis and motivation of this work. 

In our study, we present a synchrotron-based hard X-ray photoelec
tron spectroscopy (HAXPES) interface study of FA0.7Cs0.3Pb(I0.9Br0.1)3 
MHP with thin ALD SnO2 overlayers (see Fig. 1) using two different 
photon energies (2 and 6 keV) for excitation that provide different in
formation depths and hence assess the surface and interface properties, 
respectively. In this study we utilize a double cation mixed halide 
perovskite (FA0.7Cs0.3Pb(I0.9Br0.1)3) devoid of MA owing to its superior 
stability against thermal stress and moisture, rendering it better suited to 
withstand the ALD process [31]. The alloying of organic and inorganic 
cations has shown enhanced tolerance to heat, light and moisture (hu
midity up to 90 % RH) [32–34]. Our investigation yields evidence of 
chemical defects at the MHP/metal oxide interface due to reaction be
tween MHP and ALD precursors with these chemical defects causing an 
upward band bending in the MHP that results in a barrier for electron 

Fig. 1. (a) Simplified schematic of the ALD process with tetrakis(dimethylamido)tin(IV) (TDMASn) and H2O2 precursors to form SnO2 layers. (b) Schematic of the 
investigated half-device stack of a P-I-N MHP based solar cell configuration without PCBM and corresponding cross-sectional SEM image. (c) XRD pattern of double 
cation MHP films with and without (PCBM/) ALD-SnO2 top layers. (d) UV-Vis absorption spectra of samples with and without (PCBM/) ALD-SnO2 top layers. 
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extraction at the MHP/SnO2 interface. In an attempt to mitigate this, we 
also studied samples with Phenyl-C61-butyric acid methyl ester (PCBM) 
as an organic buffer layer between MHP and ALD SnO2. 

2. Results and discussion 

The device architectures used in this interface study are comprised of 
F-doped tin oxide (FTO)-coated glass substrate, NiO, 

Fig. 2. (a-n) HAXPES high-resolution spectra (including fit analysis of some core levels) of Cs 3d5/2, N 1 s, Pb 4 f, I 3d5/2, Sn 3d5/2, and O 1 s of double cation MHP 
without (blue spectra) and with (green spectra) ALD SnO2 top layers recorded using 2 and 6 keV excitation energy with Beryllium (Be) filter. N* indicates the peak 
component of a new nitrogen species as a reaction product of the ALD-SnO2 deposition(o) Schematic of different probing depth of our HAXPES measurement using 
2 keV and 6 keV photon energies. 

N. Mallik et al.                                                                                                                                                                                                                                  



Nano Energy 126 (2024) 109582

4

FA0.7Cs0.3Pb(I0.9Br0.1)3 MHP with and without a 40 nm PCBM buffer 
layer, and ALD SnO2 (see Fig. 1(b)). For this interface HAXPES study, 30 
cycles of ALD SnO2 are deposited on top of glass/FTO/NiO/MHP 
(/PCBM) samples (see Fig. 1(a) for a schematic presentation of the ALD 
cycles, see supporting information for more details). This corresponds to 
a 5 nm thick ALD SnO2 film grown on a reference Si substrate in the 
same deposition run. However, note that the growth rates can differ for 
various substrates (see supporting information, S.I., Section 1.2). 

Fig. 1(c) illustrates the X-ray diffraction (XRD) patterns of the bare 
MHP film, with ALD-SnO2, PCBM, and PCBM/ALD-SnO2 overlayers. 
Comparing the pattern of all samples, we observe a low-intensity PbI2 
peak at 12.5◦ for the samples with the ALD-SnO2 layer on top. As this 
MHP is found to be thermally stable at 100 ◦C (see S.I., Figure S1), we 
attribute the formation of the PbI2 peak to the chemical reaction be
tween the MHP layer and the ALD precursors. Even the use of a pro
tective PCBM interlayer does not fully inhibit this reaction (as indicated 
by the smaller but visible PbI2 related peak in the corresponding X-ray 
diffraction pattern). The presence of PbI2 is also observable in the 
absorbance spectra of the samples with ALD-SnO2 as shown in Fig. 1(d) 
as a slight increase starting at a wavelength of around 515 nm (i.e., the 
band gap of PbI2) and rising toward the UV-region [35]. We see that 
while the samples with ALD-SnO2 present higher absorption in the 

wavelength range between 400 nm and 550 nm, the absorption becomes 
slightly lower for wavelengths longer than 550 nm. The samples con
taining a PCBM interlayer demonstrate increased absorption in the 
wavelength range between 400 and 650 nm, as indicated by the 
orange/red spectra, in contrast to the sample without a PCBM interlayer, 
represented by the green/blue spectra. We attribute this observation to 
the parasitic absorption in the PCBM film itself. The long-wavelength 
absorption onset at 750 nm is attributed to the fundamental absorp
tion onset of the used double cation MHP. 

The HAXPES spectra of the Cs 3d5/2, N 1 s, Pb 4 f, I 3d, Sn 3d5/2, and 
O 1 s core level regions of the bare MHP samples and after ALD SnO2 
deposition are depicted in Fig. 2. The intensities of the various MHP core 
levels are normalized to maximum intensity for better data visualiza
tion. The I 3d and Pb 4 f core level signals of pristine MHP show a minor 
shift in peak position (10–100 meV) between the data acquired for 
photon energies of 2 keV and 6 keV, respectively (see S.I.,Table S2). 
Considering the spectral resolution of our HAXPES experiment, we do 
not consider a shift of this order of magnitude to be significant. 

The deposition of SnO2 results in a larger shift of the lead and iodine 
core levels by approximately 200 and 300 meV to lower binding en
ergies, respectively (see Fig. 3). These peak shifts are presumably indi
cating a change in electronic structure (i.e., band-bending), which can 

Fig. 3. Illustration of MHP core level shifts for MHP, MHP/ALD-SnO2 (30 ALD Cycles) recorded at (a) 2 keV excitation energy (b) 6 keV excitation energy using the 
Be filter. (c) Schematic of I 3d5/2 and Sn 3d5/2 core level energies assessed at the MHP/SnO2 interface. MHP and SnO2 references are shown to the far left and right, 
respectively. All numbers are in eV with values estimated from HAXPES measurements performed at 2 keV photon energy labeled with a subscript @2k and those 
obtained at 6 keV photon energy labeled with a subscript @6k. 
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be caused by defect formation at the interface; notably this coincides 
with the formation of PbI2 that we observed by XRD. We also monitored 
and compared the ratio of iodine to lead at the surface and subsurface of 
the perovskite layer before and after the ALD-SnO2 deposition (see S.I., 
Table S4). The quantification shows that before SnO2 deposition, the I/ 
Pb ratio near the MHP surface is 2.7 i.e., almost equal to the expected 
stoichiometry value, decreasing to 2.4 with increasing probing depth. 
After SnO2 deposition, we observed a more severe iodine deficiency and 
a contrary I/Pb profile, i.e., the deficiency is more apparent in the 2 keV 
measurements, in which the calculated I/Pb ratio is 0.7, i.e., almost one 
fourth of the initial stoichiometry ratio. In comparison, we find the ratio 
to be higher (1.7) in the more bulk-sensitive 6 keV measurements, 
indicating that this I depletion is driven by the interface formation with 
the SnO2 or its synthesis process. Halide deficiency forms deep-level 
defects in the metal halide perovskite solar cells, which likely in
creases interfacial charge recombination and impede carrier extraction, 
negatively affecting PSCs performance. [36] 

Upon SnO2 deposition, a new peak appears at 138.9 and 139.2 eV 
(for 2 and 6 keV photon energy, respectively) in the Pb 4 f core-level 
spectra for the MHP/SnO2 sample, which corresponds to the Sn 4 s 
core level. The shift in binding energy of Sn 4 s core level could be 
related to band bending in the SnO2 film; however, the precision of the 
fit is significantly affected by the adjacent Pb 4 f core level fitting. 
Therefore, testing this hypothesis required further analysis of the Sn 3d 
and O 1 s core levels, as presented below. 

However, first we closely inspect the N 1 s spectra, for which a new 
nitrogen peak is observed at 398.7 eV in case of the MHP sample with 
ALD-SnO2. The relative intensity of this peak is higher at 2 keV excita
tion, indicating that the nitrogen species causing this N 1 s contribution 
is predominantly present within the ALD-SnO2 layer or at the MHP/ALD- 
SnO2 interface. Note that the corresponding peak intensity using 6 keV 
photon energy is close to the detection limit. The low photoionization 
cross-section (σ) at 6 keV (approximately 4 % of the respective value for 
2 keV excitation see S.I., Table S1) resulted in a low signal-to-noise ratio 
for the N 1 s peak, precluding reliable peak quantification in that case. 
The formation of a new chemical state of the nitrogen species (N*) at the 
MHP interface would be consistent with an interfacial chemical reac
tion, as has been suggested before [30]. 

The emergence of the detected nitrogen species can be attributed to 
two potential origins: firstly, as a reaction/degradation product of the 
ALD precursor such as dimethylamine derivative, and secondly, as a 
degradation product arising from the formamidinium (FA) species pre
sent within the MHP structure. A plausible candidate for this degrada
tion product is the sym-triazine, a nitrogen-containing heterocycle 
recognized as 1,2,5-triazine. [37,38] We note that the presence of 
sym-triazine at a FA-based halide perovskite/ALD-SnO2 interfaces was 
further corroborated by another study using In-situ IR spectroscopy 
measurements. [39] 

Furthermore, the N 1 s peak around 400 eV related to the FA species 
in MHP shifts by approximately 400–500 meV to lower binding energy 
after SnO2 deposition, mostly in accordance with the I 3d and Pb 4 f core 
level shifts. The Cs 3d5/2 core level spectra exhibit a similar shift to lower 
binding energies. Hence, all MHP related core levels (e.g., Pb 4 f, I 3d, N 
1 s, Cs 3d5/2) shift to lower binding energies upon ALD-SnO2 deposition 
(see Fig. 3), providing evidence for an upward band bending in the MHP 
films towards the interface with the metal oxide overlayer. 

We note that exposure to high-energy X-rays can induce damage to 
MHP samples, leading to inaccurate measurements of band bending 
[40]. To mitigate this issue, an aluminum (Al) filter was utilized to 
attenuate the 2 keV X-ray beam by a factor of 15 before it reached the 
sample to minimize the creation of defects that would shift the Fermi 
level and thereby impact band bending determination. 

We analyzed the binding energy shift of the I 3d5/2 core level 
(measured on a fresh sample spot with the attenuated X-ray beam) as an 
indicator of the magnitude of band bending, which amounts to 
approximately 400 meV for both 2 keV and 6 keV photon energy (see S. 
I.; Table S3 and Figure S4). Assuming nearly flat band conditions at the 
MHP surface before interface formation, such an upward band bending 
corresponds to an interfacial electron extraction barrier. Of note, this 
result is further corroborated in the case of the MHP/SnO2 samples, for 
which we observe a slightly broader I 3d5/2 peak for measurement with a 
full width at half maximum (FWHM) of 1.2 eV at 2 keV photon energy 
compared to the peak measured at 6 keV photon energy with a FWHM of 
1 eV. This broadening suggests that we either capture multiple species 
with slightly different chemical shifts and band positions localized at the 
interface when the measurement is constrained to the interface region 
(2 keV), while the influence of these species is becoming negligible for 
the less surface-sensitive measurement (6 keV). 

Next, we focus on the core levels of the SnO2 film. The Sn 3d5/2 peak 
is located at 486.7 and 486.9 eV for 2 keV and 6 keV photon energy, 
respectively, corresponding to the Sn4+ state. [41] The shift in the 
binding energy of Sn 3d5/2 core level by 200 meV is similar to that 
observed for the Sn 4 s levels discussed above and indicates a slight 
downward band bending in the SnO2 film towards the MHP/SnO2 
interface, which would favor the transport of electrons towards the 
presumably defect-rich interface and thus again negatively affected PSC 
performance. 

For the MHP/SnO2 samples, we see the presence of two O 1 s com
ponents using 2 keV and 6 keV photon energy. The O 1 s peak located at 
530.7 eV when using 6 keV corresponds to the SnO2 contribution, while 
the same peak is shifted to a lower binding energy of 530.5 eV when 
using 2 keV, corroborating band bending in the SnO2 film. The signals at 
531.9 eV and 532.1 eV seen in the spectra acquired at 2 keV and 6 keV 
photon energy, respectively, are attributed to the presence of hydroxides 
[22]. These residual by-products, such as hydroxides, are commonly 
observed in low-temperature ALD processes and can typically be elim
inated by post-annealing treatment at temperatures around 150–200◦C 
[42]. However, in this case, the low thermal stability of the MHP limits 
such post-heat treatment, as illustrated in Figure S1 (see S.I.). However, 
also the presence of “hydroxide” like species ascribed to surface adsor
bates (particularly for the bare MHP sample) cannot be ruled out. This 
would be in line with the observation of one minor peak in the 2 keV 
data (blue line in Fig. 2j), while this peak is below the noise floor of the 
HAXPES measurements in the 6 keV data (Fig. 2 l). 

Taken together, the shifts of the core level positions before and after 
deposition of the ALD layer, yield a qualitative picture of the possible 
band alignment between the MHP and SnO2 film. For this purpose, we 
summarized the previously discussed core level positions of the elements 
in the MHP film measured at 2 keV and 6 keV photon energy in Figs. 3a 
and 3(b), respectively. In Fig. 3(c) we plot a schematic representation of 
the positions of the I 3d5/2 and Sn 3d5/2 core levels measured for the 
MHP/ALD-SnO2 interface, which correspond to the signal from the MHP 
film and the ALD-SnO2 film at the interface, respectively, with respect to 
the probing depth z. In this case, the core level data measured at 2 keV 
photon energy correspond to the signal originating from the region 
closer to the surface of the ALD-SnO2 overlayer and the signal origi
nating from the region of the MHP film that is closer to the interface. 
Conversely, the data measured at 6 keV photon energy correspond to the 
signal originating from the region of the ALD-SnO2 layer closer to the 
interface, as well as from the buried region of the MHP film. We 
furthermore added the measured core level positions of the bare MHP 
surface and of a bare ALD-SnO2 film deposited on a Si substrate as ref
erences to the far left and the far right of Fig. 3(c) as references, 
respectively. The data for the references including the associated 
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measured valence band onsets as well as energy level diagrams with the 
projected conduction band minima are included in the supplementary 
information (Figures S5 and S6). 

If we assume flat band conditions in the unperturbed layers as well as 
negligible shifts and changes in the band gap due to the interfacial 
chemical reaction, then the changed core level positions after the 
interface formation can be interpreted as band bending in each layer. In 
this picture we observe, upward band bending in the MHP layer towards 
the defective interface, whereas we observe downward band bending in 
the SnO2 layer towards this interface, which can be ascribed to the 
formation of a barrier for electron extraction. We note that even if we 
assume a deviation from flat band conditions for the initial perovskite 
surface, i.e. assuming that we have downward band bending in the 
perovskite, the interface formation would yield to lifting of this down
ward band bending equally detrimental for electron extraction. 

For comparison the HAXPES results of the samples with PCBM buffer 
layer deposited on MHP film with and without ALD-SnO2 overlayer are 
shown in Fig. 4. We use a 40 nm-thick PCBM interlayer in this experi
ment to protect the MHP from the potentially detrimental effect of the 
interface formation with ALD-SnO2. Detecting signal from the buried 
MHP layer, as shown in Fig. 4, beneath the PCBM layer of nominal 
thickness of 40 nm is unexpected for the 2 keV-excited measurements 
(the inelastic mean free path, or IMFP, of the photoelectrons in question 
is approximately 4 nm at 2 keV and 11 nm for 6 keV excitation, see S.I., 
Section 1.3) and hence suggests for the presence of pinholes in the PCBM 
layer, which is confirmed by corresponding scanning electron micro
scopy images (see S.I., Figure S2 (c)). We use this opportunity to 
compare the MHP core level data of these samples before and after ALD 
deposition. Because MHP-related signal for these samples can be 

collected only through the area of the pinholes of the PCBM films, i.e., 
sample regions with overlayers insufficiently thick to completely 
attenuate photoelectron signals originating from the buried MHP 
absorber, the obtained spectra of MHP core levels exhibit markedly low 
signal-to-noise ratios. As the Pb 4 f and I 3d are the most prominent 
MHP-related lines, further data analysis is limited to spectra of these 
core levels. In addition, the absence of any discernible signal of the N 1 s 
core level is of particular interest. This observation holds significant 
implications, as it suggests that the observed additional nitrogen 
contribution in the MHP/ALD-SnO2 sample is not a mere by-product of 
the ALD process but instead arises from interfacial chemical reactions 
specific to the deposition directly on top of the MHP without buffer layer 
(see S.I., Figure S8). 

After ALD SnO2 deposition, the Pb 4 f core-level spectra do not 
exhibit any signature of Pb at 2 keV photon energy, indicating that the 
MHP layer is buried under a closed PCBM and ALD SnO2 layers, or that 
pinholes are sufficiently small/few that the Pb 4 f signal, unlike the 
stronger I 3d, is not distinguishable from the background. Furthermore, 
this behavior indicates that iodine from the MHP might be migrating 
through the organic buffer layer towards the top interface. Here, as in 
Fig. 4(a), we observe the Sn 4 s peak at a binding energy of 138.2 eV. 
Whereas at 6 keV photon energy, we observe peaks corresponding to Pb 
4 f core-level spectra. After the ALD process, the I 3d core levels shift by 
almost 400 meV and 300 meV to higher binding energy, compared to 
the MHP/PCBM reference, for the 2 keV- and 6 keV-excited spectra, 
respectively. The peak shift observed can be linked to the creation of 
even small amounts of donor states in the perovskite layer during the 
deposition process [43]. In comparison, the peaks corresponding to the 
Sn 3d and O 1 s core levels for 2 keV and 6 keV photon energy still show 
a small shift which suggests that downward band bending in the SnO2 
film, as observed previously in the MHP/SnO2 sample, is not fully 
mitigated (see S.I., Figure S8). 

The present study demonstrates that the PCBM buffer layer inade
quately protects the MHP layer from exposure to ALD precursors, as 
evidenced by the existence of pinholes. This inadequacy exerts a detri
mental impact on the overall performance of the device, as indicated in 
Table S5. Therefore, we modified the recipe for deposition of the PCBM 
film to improve the coverage for PSCs fabrication as shown in Figure S3 
(e). In the modified recipe, the PCBM solution in chlorobenzene is 
heated to 60 ◦C prior to spin coating. The modified PCBM recipe is then 
incorporated to fabricate P-I-N PSCs (see S.I., Section 5 and Figure S9). 
In this improved configuration, the PCBM interlayer eventually led to an 
improvement of the device characteristics with notably improved open 
circuit voltages above 1 V, which however require further optimization 
to obtain high fill factor values. 

To summarize, we found the formation of chemical defects at the 
MHP interface through HAXPES investigation. However, it remains 
unclear which ALD precursor (H2O2 or TDMASn) is the root cause of 
chemical defect formation. Therefore, in this section, we analyzed the 
impact of exposure to individual precursors, H2O2 and TDMASn, on the 
MHP and MHP/PCBM samples using lab-based XPS. Our objective was 
to determine which of the precursors caused interfacial reactions and 
defect formation. We focused on the N 1 s core level, as we had previ
ously observed clear evidence of the formation of new species in the 
MHP/ALD-SnO2 samples. 

We exposed a silicon wafer to the TDMASn precursor to record the N 
1 s position of the precursor, which served as a reference for comparison 
with the MHP and MHP/PCBM samples. The N 1 s peak originating from 
the TDMASn component was located at 401 eV on the silicon sample, as 
shown in Fig. 5(a). For the MHP sample, we did not observe any changes 
to the N 1 s core level even after exposure to 30 pulses of H2O2 precursor 
compared to the reference MHP sample. However, when exposed to 30 
pulses of TDMASn precursor, we observed the formation of an additional 
peak attributed to the chemical reaction between MHP and TDMASn 
(see Fig. 5(b)). 

For the PCBM reference and H2O2 exposed sample, we did not detect 

Fig. 4. HAXPES detail spectra of the Pb 4 f and I 3d core levels for the samples 
with double cation MHP/PCBM hetero-interfaces with and without SnO2 top 
layers measured using 2 and 6 keV excitations with Be filter. Curve fit results 
are included. 
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any signal from MHP-FA species due to the thick PCBM film itself. Upon 
exposure to the TDMASn precursor, we observed the formation of a new 
peak attributable to the nitrogen contribution from the TDMASn pre
cursor itself (see Fig. 5(c)). In summary, the exposure of TDMASn pre
cursors on MHP caused interfacial reactions resulting in the formation of 
defective species. However, no evidence of such unwanted reaction was 
found upon exposure of H2O2 precursor. 

Moving forward, one of the key challenges that requires immediate 
attention is the effective mitigation of surface damage encountered by 
MHP materials during their initial exposure to ALD metallic precursors. 
To address this issue, a promising avenue for exploration lies in the 
development of metalorganic precursors with reduced reactivity, aiming 
to minimize interfacial chemical reactions. Another intriguing possi
bility is the application of a suitable interlayer, such as two-dimensional 
(2D) perovskite or self-assembled molecules, between the MHP and ALD 
metal oxide films. The implementation of such interlayers presents a 
viable solution to shield the perovskite material from direct interaction 
with ALD precursors. These approaches hold significant potential in 
preserving the structural integrity and performance of MHPs and can 
ultimately contribute to the advancement and optimization of ALD 
processes for PSCs. 

3. Conclusions 

In summary, we report a synchrotron-based HAXPES interface 
investigation between MHP and ALD-SnO2. This advanced character
ization approach provided important information on the formation of 
new chemical species at the interface, i.e., a new nitrogen compound 
presumably from degraded formamidinium, as well as, lead dihalides. 
More in-depth analysis was performed to track the modification of band 
alignment induced by newly created interfacial defects. The Pb 4 f, I 3d, 
N 1 s, and Cs 3d core level peaks shifted to lower binding energy upon 
ALD-SnO2 overlayer deposition; corresponding to an upward band 
bending inside the MHP at the interface, resulting in a significant elec
tron barrier of over 400 meV and is therefore expected to negatively 
affect PCE performance of corresponding solar cells. Similarly, the 
observed downward band bending in the SnO2 towards the interface is 

expected to limit PCE. The work is also extended to a system with a 
PCBM interlayer between MHP and SnO2, which partly mitigates the 
chemical reaction when exposed to the ALD precursors. However, full 
protection against the degradation of the perovskite underneath is not 
achieved due to incomplete MHP coverage. In summary, this work acts 
as a guideline to explore alternative interlayers such as 2D perovskites or 
self-assembled organic molecules to chemically bind to the MHP species 
leading to a resilient protection against exposure to ALD precursors. 

CRediT authorship contribution statement 

Claudia Hartmann: Data curation, Investigation, Writing – review 
& editing. Elif Hüsam: Data curation, Investigation, Writing – review & 
editing. Ashish Toby: Formal analysis, Visualization, Writing – review 
& editing. Marcus Bär: Conceptualization, Formal analysis, Funding 
acquisition, Methodology, Project administration, Resources, Supervi
sion, Validation, Writing – review & editing. Shan-Ting Zhang: Formal 
analysis, Writing – review & editing. Philip Schulz: Conceptualization, 
Data curation, Formal analysis, Funding acquisition, Methodology, 
Project administration, Resources, Supervision, Validation, Visualiza
tion, Writing – review & editing. Mathieu Frégnaux: Investigation, 
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[13] R.D. Raninga, R.A. Jagt, S. Béchu, T.N. Huq, W. Li, M. Nikolka, Y.H. Lin, M. Sun, 
Z. Li, W. Li, M. Bouttemy, Strong performance enhancement in lead-halide 
perovskite solar cells through rapid, atmospheric deposition of n-type buffer layer 
oxides, Nano Energy 75 (2020) 104946. 
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