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ABSTRACT. Fabricating tin dioxide (SnO2) electron selective layers (ESL) by Atomic Layer 

Deposition can be of high interest for perovskite-based solar cells development since it offers a 

number of advantages over solution-based processes. However, ALD-grown SnO2 ESL has been 

usually reported to yield limited cell efficiency compared to solution-processed SnO2 ESL, without 

the causes being clearly identified. This is why we here conduct a thorough interface study using 

a set of complementary techniques. For this purpose, ALD-grown SnO2 thin films are 

characterized in a systematic comparison with a reference solution-processed SnO2. Energetics 

analysis by Ultraviolet Photoelectron Spectroscopy (UPS) points out an unfavorable band bending 

at the ALD-grown SnO2/perovskite interface. Chemical characterization by Time-of-Flight 

Secondary Ion Mass Spectroscopy (ToF-SIMS) and Hard X-ray Photoelectron Spectroscopy 

(HAXPES) profiling unveils an unexpected lack of oxygen at ALD-grown SnO2/perovskite 

interface, which may play a direct role in observed performance limitations. 

I. INTRODUCTION 

Perovskite (Pvk) solar cells are highly promising third-generation photovoltaic devices due to 

Pvk material outstanding optoelectronic properties [1–3]. Nowadays, after an exceptionally quick 

increase in efficiencies over the last decade, state-of-the-art Pvk solar cells reach power conversion 

efficiencies above 25% at lab scale [4]. There are several possible device architectures to fabricate 

such Pvk solar cells, depending on the stacking order of charge selective layers that are interfacing 

the Pvk film. Today, tin dioxide (SnO2) is a commonly used material to fabricate such ESL, thanks 

to its N-type nature, its reported high electronic mobility and electron extraction rate, its large 

bandgap associated with high transparency in the visible range, and its relative chemical stability 

[5–7].  Up to now, the record efficiency for Pvk solar cells integrates a SnO2 ESL [8]. Although 
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SnO2 thin films can be deposited according to various fabrication routes, in state-of-the-art Pvk-

based solar cells SnO2 ESL are mainly deposited using sol-gel methods or nanoparticles dispersion 

via spin-coating [8,9]. To develop efficient large-areas Pvk solar cells, various processing routes 

to replace spin-coating are investigated, such as chemical bath deposition (CBD) or sloat-die 

coating [10–12]. It is worthwhile noticing that among them, CBD of SnO2 thin films has recently 

shown strong improvements for a valuable application in Pvk solar cell fabrication. If primarily 

employed combined with a prior spin-coating step [11] or with relatively limited efficiency [10], 

more recent studies showed high-efficiency Pvk solar cells with an optimized one-step CBD SnO2 

ESL [9,13,14], with a champion device showing a state-of-the-art power conversion efficiency of 

25.2% fabricated by Yoo and coworkers [9]. Nonetheless, the required repetition of CBD cycles 

in their process severely impacted the device fabrication time.  

Aside from the aforementioned solution-based processes, Several vacuum-based techniques for 

depositing SnO2 thin films have also been considered and could show promising results as well 

[15–19]. Among them, Atomic Layer Deposition (ALD) seems particularly attractive thanks to its 

ability to grow dense and homogeneous thin films with an ultimately fine control over film 

thickness at moderate temperatures [20–23]. Beyond this, ALD allows for ultra-conformal 

deposition on top of wide and textured areas [24]. Growing SnO2 ESL by ALD would be especially 

adapted to the case of Pvk/crystalline Silicon (c-Si) tandem solar cells. Such devices, which show 

exciting theoretical efficiency limits above 35% [25,26], require, in their monolithic 2-Terminal 

(2T) architecture to integrate all Pvk top-cell nm-thick constitutive layers on top of a large-area c-

Si bottom-cell textured with µm-high pyramids. Experimental lab scale devices have already 

reached 32.5% power conversion efficiency [27], thereby overcoming both state-of-the-art c-Si 

solar cells efficiency and its theoretical limit of 29.8 % [28] and highlighting how promising the 
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tandem technology is for cheap and efficient sunlight energy conversion into ready-to-use 

electricity. 

Several groups have therefore investigated a SnO2 ESL fabrication by Atomic Layer Deposition 

(ALD), and most of them pointed out performance limitations of Pvk-based devices [19,29–32]. 

The explored causes of observed performance losses are diverse and most of them depend on the 

solar cell architecture. In studies where an ALD-grown SnO2 (SnO2
ALD) ESL is deposited on top 

of the Pvk absorber (the so-called inverted architecture, or P-I-N), the latter may suffer from 

chemical degradation at Pvk-SnO2
ALD interface [31,33]. Although state-of-art Pvk/c-Si tandem 

solar cells that integrate SnO2
ALD feature the P-I-N architecture, they typically make use of another 

material thin film, commonly a fullerene, such as C60, in between Pvk and SnO2
ALD which prevents 

Pvk degradation during the ALD process [34–37]. In devices where the Pvk absorber film is grown 

on top of the SnO2
ALD ESL (N-I-P architecture), the layers stack order prevents any Pvk 

degradation through SnO2
ALD growth. Several works on N-I-P Pvk-based cells also unveiled 

interfacial limitations, leading to lower cell performance than when using a solution-processed 

SnO2 ESL. In that respect, Wang and coworkers, while using a bilayered ESL with the addition of 

a C60 self-assembled monolayer between SnO2
ALD and Pvk, highlighted that a poor electrical 

conductivity of the ESL could lead to electrons and holes transportation imbalance, thus enhancing 

hysteresis effects [29]. Aygüler et al. claimed a strong correlation between N-I-P Pvk-based solar 

cell performances and the Fermi level alignment between their SnO2
ALD ESL and Pvk  [38]. Their 

results agree with Palmström and co-workers findings in their study on the Pvk-SnO2
ALD interface, 

which, while mostly focused on P-I-N architecture, also showed SnO2
ALD-based devices in the N-

I-P configuration with poor performances possibly arising from non-ideal conduction bands 

alignment between SnO2
ALD and Pvk [31]. Again, adding another thin film, and most often a 
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fullerene, onto the SnO2
ALD layer to form a bi-layered ESL has proven to passivate such defects 

[31,39].  Nevertheless, using a monolayer would be preferable to simplify the fabrication process 

and limit the cost of the device. Furthermore, such a Pvk-C60 interface can also be performance-

limiting [40]. Hence, getting a better knowledge of SnO2
ALD-induced interfacial limitations when 

employed as a single-layer ESL appears to be of high interest. 

While other studies clarified the role of interfacial limitations in P-I-N Pvk SJ solar cells, which 

could partially result from a Pvk degradation during the ALD process [31,33], this work focuses 

on studying SnO2
ALD-induced interfacial limitations in N-I-P Pvk single-junction (SJ) solar cells. 

The emphasis of this study is put on a thorough investigation of SnO2
ALD ESL and its interface 

with Pvk, rather than presenting improved solar cell performances with respect to state of the art. 

To this end, SnO2
ALD thin films are systematically compared to a spin-coated nanoparticle-based 

SnO2 (SnO2
NP), acting as a reference. First, SJ Pvk solar cells that integrate each type of SnO2 as 

ESL are characterized. Subsequently, SnO2
NP and SnO2

ALD as well as their interface with Pvk are 

energetically and chemically analyzed in an attempt to link material properties to device 

performances. 

 

II. EXPERIMENTAL SECTION 

II.1 Device Fabrication 

Single junction Pvk solar cells were fabricated according to the N‑I‑P architecture. First, 30 

nm‑thick SnO2
ALD layers were grown on top of commercial glass/ITO substrates at 150°C from 

Tetrakisdimethylamino‑tin(IV) (TDMASn) and hydrogen peroxide (H2O2) as tin precursor and 

oxidizing reactant respectively. Since no front mask was used during the ALD process, 
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glass/ITO/SnO2
ALD samples were subsequently etched down (on one-third of their area) by laser 

to prevent any contact between the top electrode and SnO2
ALD (Figure 1.a). 30 to 40 nm‑thick 

SnO2
NP layers were prepared by spin‑coating a water‑based SnO2 nanoparticles dispersion on 

pre‑etched glass/ITO substrates just after a 30-minute UV‑O3 treatment. Spin‑coated samples 

underwent annealing at 80°C for 1 minute. The Pvk precursor solution, prepared beforehand, was 

subsequently spin‑coated under N2 atmosphere on top of the SnO2 layer to form double‑cation Pvk 

with a Cs0.05FA0.95Pb(I0.83Br0.17)3 targeted stoichiometry. The precursor solution is based on diluted 

lead iodide (PbI2), lead bromide (PbBr2), cesium iodide (CsI) and formamide iodide (FAI) salts in 

dimethylformamide and dimethylsulfoxide, for an overall lead concentration of 1.2 %m.  It must 

be noted that glass/ITO/SnO2
ALD substrates require a 30-minute UV‑O3 treatment just before Pvk 

coating to improve surface wettability. 150μL of chlorobenzene was dropped 5 seconds before the 

spinning of the Pvk precursors solution ended. Afterwards, films were annealed at 100°C for one 

hour. Then, Poly(triarylamine) (PTAA) doped with Lithium bis(trifluoromethane sulfonyl)imide 

(LiTFSI) was spin-coated on top of Pvk to form a 100 nm‑thick hole selective layer (HSL) [41]. 

After a chemical etching of PTAA and Pvk films, as well as, for reference cells, the SnO2
NP layer 

over the areas devoted to contacts, gold top contact was evaporated. The final device architecture 

is depicted in Figure 1.b. 

a. 

 

 

 

b. 
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Figure 1. Schematic of a glass/ITO/SnO2
ALD stack just after laser scribing (a.) and of a Pvk solar 

cell in the N‑I‑P configuration (b.) 

 

II.2 Characterization Methods 

ALD‑grown layers stoichiometry was systematically analyzed through Hard X‑ray 

Photoelectron Spectroscopy (HAXPES) with a Cr‑Kα X‑ray source on a PHI Quantes 

XPS/HAXPES tool, on glass/SnO2 and glass/ITO/SnO2 test samples. SnO2
ALD layers thicknesses 

were checked by ellipsometry with a UVisuel tool from Horiba Jobin‑Yvon. Optical transmission 

was measured with a Perkin‑Elmer UV‑visible‑nIR spectrophotometer on quartz/SnO2 samples. 

The electrical sheet resistance of glass/SnO2 samples was measured by 4-point probe method on a 

Napson tool. Hall effect measurements were carried out with an Ecopia instrument from Bridge 

Technology on glass/SnO2
ALD samples (with and without UV‑O3 treatment) but could not be 

performed on SnO2
NP layers which were too resistive. Current density – voltage (J‑V) analysis was 

performed on cells in ambient air under calibrated 1 sun illumination.  

UV Photoelectron Spectroscopy (UPS) characterization of c‑Si/ITO/SnO2 and 

c‑Si/ITO/SnO2/Pvk samples was performed using the He I line (eV) of an Escalab 250 Xi tool 

from ThermoFisher Scientific. For these characterizations, c‑Si substrates were chosen to avoid 

charging effects observed with glass substrates. The Fermi level in all SnO2 spectra was calibrated 

on gold Fermi level. Device cross‑section images were recorded by Transmission Electron 

Microscopy (TEM) with a TEM Tecnai Osiris instrument at an acceleration voltage of 200 keV. 

Time of Flight Secondary Ions Mass Spectroscopy (ToF‑SIMS) profiling was also performed on 

glass/ITO/SnO2/Pvk stacks with a TOF.SIMS 5 instrument from IONTOF equipped with a Cs+ 
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monoatomic ion gun for etching and a Bi3
+ multi‑atomic ion gun for analysis. Buried SnO2/Pvk 

interface characterization was realized on glass/ITO/SnO2/Pvk samples by HAXPES with PHI 

Quantes XPS/HAXPES tool combined with an Ar+ ion gun for etching. Ar+ ion etching under 1 

kV acceleration voltage was first carried out for 5 minutes to remove most of the Pvk film 

thickness. Subsequently, a sequence comprising HAXPES measurement followed by 1 minute of 

ion etching was cycled three times to characterize the SnO2/Pvk buried interface.  

III. RESULTS AND DISCUSSION 

III.1 Performance limitations induced by ALD‑grown SnO2 ESL 

Before getting integrated into Pvk‑based solar cells, ALD‑grown film chemical, optical and 

electrical properties were first checked by HAXPES, spectrophotometry and resistivity 

measurements, respectively. These characterization results can be compared to the ones of 

reference SnO2
NP in Table 1. First, according to a quantitative analysis of HAXPES measurements, 

both SnO2
NP and SnO2

ALD layers show an overall oxygen O to tin Sn ratio ([O]/[Sn]) larger than 

2. However, the O 1s peak features two contributions to the overall HAXPES signal for both types 

of SnO2, as visible in Figure S1 (see Supplementary Information). This extra contribution, which 

rises as a clear shoulder at high binding energy (𝐸𝐵 ≈ 531.4 ± 0.5 eV) next to the main 

contribution (𝐸𝐵 ≈ 530.1 ± 0.5 eV), is attributed to –OH related species  [30,32,42–44].  

Therefore, as shown in Table 1, the ratio of O elements that are chemically involved in metallic 

bonds with Sn over the total Sn concentration in these films appears to be smaller than 2. Hence, 

both types of films seem to contain a major SnOx phase, with 1.8 ≤ 𝑥 < 2, which is slightly 

under‑stoichiometric, mixed with oxidized compounds such as –OH species. This result is quite 

common for SnO2 thin films deposited at low temperatures [43,45] and these oxygen vacancies 
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are believed to be the origin of the native N‑type doping and thus of the electrical conductivity in 

SnO2 [6,21,46]. 

 

Table 1. Ratios of total and partial O concentration over Sn concentration, averaged electrical 

resistivity and effective optical transmission of SnO2
NP and SnO2

ALD 30 nm‑thick films 

deposited on glass (or quartz substrates for transmission measurements). 

 [O]/[Sn] [OSn]/[Sn] 

Electrical 

resistivity 

[Ω.cm] 

Effective 

optical 

transmission 

[%] (300 - 1100 

nm) 

SnO2
NP 2.4 ± 0.1 1.9 ± 0.1 (2.3 ± 0.2) ×102 92 ± 1 

SnO2
ALD 2.1 ± 0.1 1.8 ± 0.1 (6.1 ± 0.4) ×10-3 88 ± 1 

 

On this aspect, the slightly lower amount of O in SnO2
ALD films in comparison to SnO2

NP films 

agrees with the strongly reduced electrical resistivity of the former with respect to the reference 

films. The large electrical resistivity difference (by a factor close to 40,000) between these two 

types of films may also be explained by the nanoparticular nature of SnO2
NP in which current flow 

is probably hindered at each nanoparticle boundary. Thanks to its low resistivity, integrating a 30 

nm‑ thick SnO2
ALD layer should not limit electron transport throughout the device. 

Furthermore, from Table 1, one can see that the effective optical transmission of quartz/SnO2
ALD 

stacks over the 300‑1,100 nm range remains close to that of quartz/SnO2
NP samples. The small 

reduction arises mainly from short wavelengths as illustrated by transmission spectra in Figure S2 

(see Supplementary Information). Hence, using a SnO2
ALD ESL may have a negative impact on 

current generation in a N‑I‑P SJ Pvk solar cell, for which sunlight goes through the ESL to reach 
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the Pvk film. On the contrary, it should not limit optically the performances in N‑I‑P tandem 

Pvk/c‑Si solar cells, for which sunlight impinges the Pvk film through the HSL side. 

Therefore, except for an eventual optical limitation, all characterized properties seem adequate 

for the use of a SnO2
ALD thin film as an ESL in Pvk‑based SJ solar cells. However, it appears on 

the J‑V curves presented in Figure 2, how integrating such SnO2
ALD ESL induces strong 

performance limitations of SJ Pvk solar cells, in agreement with previous reports [30,31].  All 

photovoltaic operation parameters are affected (see Table S2 in Supplementary Information) which 

reduces the power conversion efficiency of SnO2
ALD‑based cells to around 7.5 %, on average over 

several tens of cells. In comparison, the averaged power conversion efficiency measured over 

several tens of reference SnO2
NP‑based cells is more than twice larger (see Table S2). A 

slope‑breaking, observed in Figure 2 within the 0.5 – 1.2 V region, causes a strong Fill Factor (FF) 

and open‑circuit‑voltage (VOC) reduction. It may be the signature of inadequate energy bands 

alignment which could involve an electron barrier at the SnO2
ALD/Pvk interface [47]. Besides, the 

slope visible on the J‑V curve related to the SnO2
ALD‑based cell at small positive voltages indicates 

a higher shunt current than for the reference cell. Additionally, the very weak reverse breakdown 

voltage noted for SnO2
ALD‑based cells underlines a poor hole‑blocking ability compared to SnO2

NP. 

Finally, J‑V curves recorded in a forward scan highlight how the hysteresis increases upon using 

SnO2
ALD rather than SnO2

NP. All these phenomena seem to point out a lack of charge selectivity 

as well as a probable limited electron extraction from Pvk to SnO2
ALD [47–50]. 
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Figure 2. J‑V curves of Pvk cells that integrate a reference SnO2

NP ESL or a SnO2
ALD ESL 

recorded under 1 sun illumination. 

 

III.2 Investigation of the SnO2/Perovskite electrical junction 

III.2.1 Workfunction and valence band maximum characterization 

The analysis of SnO2
ALD‑based Pvk cells behavior suggests an energy potential barrier at the 

conduction band junction between SnO2
ALD and Pvk which would hinder electron extraction [50]. 

The knowledge of SnO2
ALD and Pvk respective workfunctions and electronic affinities can help to 

validate this hypothesis. Regarding the characterization of the former property, UPS has been 

performed on c‑Si/ITO/SnO2 and of c‑Si/ITO/SnO2/Pvk samples for both types of SnO2. 

Corresponding spectra are visible in Figure 3. 

From the electron cut‑off region in Figure 3.a, SnO2
ALD and SnO2

NP workfunction values can be 

determined thanks to the relation 𝜙 = ℎ𝜈 − 𝐸cutoff. A significantly larger workfunction is found 

for SnO2
ALD layers than for reference SnO2

NP films with 𝜙ALD ≈ 4.77 eV and 𝜙NP ≈ 4.22 eV, 

respectively. The characterized workfunction for SnO2
ALD also appears to be relatively high with 
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respect to common values found in literature, which are about few hundreds meV lower 

[32,38,51,52]. Although it may appear counter-intuitive given the above reported conductivity and 

O to Sn concentration ratios for SnO2
ALD and SnO2

NP, the fact that an increase in workfunction in 

a N-type semiconductor is not linked to reduced doping can be explained by a non-negligeable 

difference in bandgap energies between these two materials and in particular to a larger electron 

affinity, which is also linked to the doping level, eventual semiconductor degeneracy, and surface 

impurities [53, 54]. A linear approximation of the spectra at the electron signal onset in Figure 3.a 

allows the determination of the valence band maximum energy level EV with respect to the Fermi 

level. Again, different values are obtained, with 𝐸V
ALD ≈ 3.52 eV and  𝐸V

NP ≈ 4.27  eV for SnO2
ALD 

and SnO2
NP, respectively.  

a. 

 

b. 

 
Figure 3. UPS spectra obtained on c-Si/SnO2

ALD or c-Si/SnO2
NP samples (a.) and c-Si/ 

SnO2
ALD/Pvk and c-Si/ SnO2

NP/Pvk samples (b.), focused on their respective electron cut-off 

and valence band signal onset regions. All spectra have their Fermi energy level at 𝐸 = 0 eV 

calibrated on the one of gold. 
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 Similarly, from the electron cut‑off region in Figure 3.b, one can extract the Pvk workfunction. 

As reported in several studies where Pvk workfunction is influenced by its underlying substrate 

[19,55-58], it appears to be different according to the underlying SnO2 layer. In this work, a value 

of 𝜙Pvk,ALD ≈ 4.12 eV or 𝜙Pvk,NP ≈ 4.41 eV is found for Pvk deposited on top of SnO2
ALD or 

SnO2
NP respectively. The fact that the workfunction measured at the very surface of Pvk films is 

dependent on the substrate they rely on may be linked to their low doping density [57, 58]. From 

the valence band onset in Figure 3.b, plotted in a semi‑logarithm scale according to the technique 

used by Schulz et al. [55,58], a similar valence band maximum has been found for both Pvk films, 

with a value of  𝐸V
Pvk,ALD ≈ 1.06 eV and 𝐸V

Pvk,NP ≈ 1.09 eV respectively. Comparing these results 

to the optical bandgap energy  𝐸𝑔
opt

≈ 1.6 eV determined for these films from spectrophotometry 

measurements (see Figure S4, in Supplementary Information), it appears that Pvk films have a 

slight N‑type doping, which is in agreement with the excess of lead iodide (PbI2) implied in films 

fabrication [59]. 

One can also notice in Figure 3.b a slope in the photoelectron signal starting from the middle of 

the gap, before the valence band onset. Such observation may be the signature of mid‑gap trap 

states in the Pvk [60].  The presence of such deep trap states within the Pvk bandgap should in 

principle induce non‑radiative recombination in Pvk‑based solar cells. However, as UPS is a 

technique with a very shallow probing depth (~1–3 nm), such defect states could also be only 

present at the Pvk film surface while being absent in the bulk [55]. 

III.2.2 SnO2/Pvk electrical junction investigation 

UPS results show a strong difference between SnO2
ALD/Pvk and SnO2

NP/Pvk interfaces. There 

is a significant increase in workfunction in the device stack when going from Pvk to SnO2
ALD 
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whereas a decrease in workfunction is observed in the reference case when going from Pvk to 

SnO2
NP. In order to confirm if this difference causes an energy barrier at the SnO2

ALD/Pvk interface, 

it is helpful to build a picture of the SnO2/Pvk electrical junction, which requires the knowledge 

of the conduction band minimum energy level, EC. Although no direct measurement could have 

been performed (for instance by Inverse Photoelectron Spectroscopy, IPES, [55]),  EC with respect 

to the vacuum level, that is the electron affinity 𝜒, can be calculated from the knowledge of the 

workfunction 𝜙 and 𝐸V providing one also knows the bandgap energy 𝐸𝑔 from the relation: 𝜒 =

𝜙 + 𝐸V − 𝐸𝑔. 

The bandgap of our Pvk films grown on top of both types of SnO2 has been deduced from 

spectrophotometry measurements (see Figure S4) and it was found to be 𝐸𝑔
𝑜𝑝𝑡 ≈ 1.6 ± 0.1 eV. 

To investigate SnO2
NP and SnO2

ALD bandgap energies, their respective absorption coefficient 

spectra 𝛼(ℎ𝜈), visible in Figure S3, have been extracted from extinction coefficient (𝜅) obtained 

by ellipsometry measurements on c‑Si/SnO2 samples through the relation: 𝛼 =
4𝜋

𝜆
𝜅. SnO2 has been 

mainly reported to be a direct bandgap semiconductor in literature [53, 61–63]. Its optical bandgap 

(𝐸𝑔
𝑜𝑝𝑡

) can be estimated by the well‑known Tauc method, consisting in plotting (𝛼ℎ𝜈)2 as a 

function of photon energy ℎ𝜈 [64].  As one can see from the Tauc plot in Figure 4, an estimation 

of 𝐸𝑔
𝑜𝑝𝑡 = 3.7 ± 0.1 eV is found for SnO2

ALD, and of 𝐸𝑔
𝑜𝑝𝑡 ≈ 4.4 ± 0.1 eV for SnO2

NP. These 

values fall within the range of bandgap energies found in literature for SnO2 [5,7,43,46,63]. The 

significantly larger value for SnO2
NP could arise from a quantum confinement effect in nanoscale 

crystalline grains as suggested by Mullings et al. [22], considering the nanoparticle‑based nature 

of the SnO2
NP thin films (for which nanoparticles diameter can be smaller than 5 nm while the size 

of embedded crystallite could be even smaller). 
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Figure 4. Tauc representations of SnO2

NP and SnO2
ALD absorption coefficient for direct bandgap 

materials. 

A hypothetical energy diagram can be drawn from these optical bandgap estimates and UPS 

characterization results, assuming that the electrical bandgap and the optical bandgap are the same, 

as represented in Figure 5 for SnO2
NP and SnO2

ALD, respectively. From Figure 5.a and Table 2, a 

difference of 𝐸C − 𝐸𝐹 = 𝜙 − 𝜒 ≈ 0.13 eV is observed between the conduction band minimum 

and the Fermi energy level of SnO2
NP. This experimental value appears too low when considering 

the electrical resistivity presented in Table 1. As a matter of fact, assuming a carrier mobility  = 

100 cm2 V-1 s-1 [6,44] and an effective density of the conduction band 𝑁𝑐 ≈ 3.5 × 1018 cm-3 [65], 

one deduces from the resistivity an estimate of 𝐸C − 𝐸𝐹  of 0.2 eV. However, due to its 

nanoparticle-based nature, SnO2
NP may see its thin film electrical resistivity enlarged at each 

particle boundaries, probably leading to an overestimated computed 𝐸C − 𝐸𝐹 . Hence, given 

experimental errors in the measured values of 𝜙 and 𝐸𝑔
𝑜𝑝𝑡

 and uncertainties in the values of  and 

NC, the energy diagram presented in figure 5.a can still be considered as valid to be compared with 

the one of Pvk (Figure S5, in Supplementary Information). 
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a.  

 

b. 

 
Figure 5. Energy diagram of SnO2

NP (a.) and SnO2
ALD (b.) built from UPS characterization 

results and the estimate of the optical bandgap by the Tauc method assuming a direct bandgap. 

 

In the case of SnO2
ALD, it can be observed from Figure 5.b that 𝐸C − 𝐸𝐹  calculated from the 

extracted optical bandgap is approximatively 0.18 eV. This appears inconsistent with the low 

electrical resistivity value measured for SnO2
ALD films (see Table 1) which is associated with a 

large electron concentration of 1.5 ± 0.2 × 1020 cm-3, as measured by Hall effect (see Table S1 in 

Supplementary Information), which rather points toward a degenerate semiconductor.  

Indeed, a degenerate SnO2 may present an optical bandgap energy value that is different from 

the electronic energy bandgap at the center of the Brillouin zone due to the Burstein‑Moss effect 

[66,67]. This phenomenon is known to increase the measured optical bandgap of highly doped and 

degenerate semiconductors with respect to the electronic bandgap due to the partial fillings of 

conduction band energy states while shifting the Fermi wavevector, 𝑘𝐹 , off the center of the 

Brillouin zone (i.e 𝑘𝐹 ≠ 0) [66,67]. Here, the Burstein‑Moss widening effect is calculated to be as 

large as Δ𝐸𝐵𝑀 ≈ 0.3 eV (see Supplementary Information). Consequently, the value of the 

conduction band minimum position 𝐸C − 𝐸𝐹 ≈ 0.18 eV computed in Figure 5 assuming 𝐸𝑔
𝑜𝑝𝑡 =
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𝐸𝐶 − 𝐸𝑉 is also largely overestimated and is believed to rather be negative to express SnO2
ALD thin 

films degenerate character.  

 

Table 2. Measured workfunction 𝜙, valence band maximum 𝐸VBM and optical energy bandgap 

𝐸𝑔
𝑜𝑝𝑡

 and calculated electron affinity 𝜒 of SnO2
NP layers, of Pvk films deposited on SnO2

NP, of 

SnO2
ALD layers and of Pvk films deposited on SnO2

ALD. 

 𝝓 [eV] 𝑬𝐕𝐁𝐌 [eV] 𝑬𝒈
𝒐𝒑𝒕

 [eV] 𝝌 [eV] 

SnO2
NP 4.22 ± 0.02 4.27 ± 0.05 4.4 ± 0.1 4.1 ± 0.1 

SnO2
NP/Pvk 4.41 ± 0.02 1.09 ± 0.05 1.6 ± 0.1 3.9 ± 0.1 

SnO2
ALD 4.77 ± 0.02 3.52 ± 0.05 3.7 ± 0.1 // 

SnO2
ALD/Pvk 4.12 ± 0.02 1.06 ± 0.05 1.6 ± 0.1 3.6 ± 0.1 

 

 

Now comparing energy diagrams for SnO2
NP in Figure 5.a and Pvk in Figure S5.a (see 

Supplementary Information) and quantities in Table 2, one can see that SnO2
NP electron affinity is 

larger than that of Pvk deposited on top of such SnO2
NP. At the same time, SnO2

NP workfunction 

is smaller than for Pvk. Consequently, as illustrated by junction energy diagrams schematized in 

Figure 6.a, the electrical junction at SnO2
NP/Pvk interface is expected to be electron selective and 

not limiting for electron transport, in agreement with SnO2
NP‑based Pvk cells performances. 

On the contrary, if SnO2
ALD is degenerate, no electron affinity value can be determined. 

Furthermore, SnO2
ALD workfunction is much larger than that of Pvk (see Table 2 and Figures 5.b 

and S5.b in Supplementary Information). As illustrated in Figure 6.b, this situation gives rise to an 

energy barrier at the SnO2
ALD/Pvk interface. 

Such energy barrier, which does not exist for the reference SnO2
NP (see Figure 6.a), may strongly 

hinder electron extraction out of the Pvk and could explain the slope‑breaking observed in J‑V 
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curves of SnO2
ALD‑based cells (Figure 2), as hypothesized in section III.1 [47,50]. Furthermore, 

the band bending at the SnO2
ALD/Pvk interface pictured in Figure 6.b may also promote 

non‑radiative interfacial recombination mechanisms. Holes accumulation in Pvk valence band at 

the interface with SnO2
ALD would increase the non‑radiative recombination probability via a direct 

tunneling of holes from the Pvk valence band to occupied states below the Fermi level in SnO2
ALD 

(Figure 6.b). [48,50]. As schematized in Figure 6.b, the possible presence of interfacial trap states 

could further enhance the non‑radiative recombination probability. Such phenomenon would thus 

explain the high non‑radiative recombination rate assumed from J‑V curves analysis in section 

III.1 and could be at the origin of the characterized low selectivity of SnO2
ALD. 

a. 

 

b. 

 
Figure 6. Schematic energy diagrams of the SnO2

NP/Pvk electric junction (a.) and of the 

SnO2
ALD/Pvk electric junction (b.) built according to Anderson rule. 

 

III.3 SnO2/Perovskite interface chemical analysis 

III.3.1 ToF‑SIMS profiling 

As already mentioned, UPS is a very sensitive technique that can only probe a very shallow 

depth (~1‑5 nm) below a material surface [55].  Therefore, a chemical analysis of the SnO2
ALD thin 
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film surface may help to understand UPS characterization results just described and could also 

give further insight into the cause of the suspected high non‑radiative recombination velocity. 

From TEM cross‑section images in Figures 7.a and 7.b, one can see that in both cases, the SnO2 

layer seems homogeneous and pinhole‑free, which should prevent any direct contact between the 

ITO and Pvk thin films.  

  
Figure 7. TEM cross‑section image of a c‑Si/ITO/SnO2

NP/Pvk stack (a.) and a 

c‑Si/ITO/SnO2
ALD/Pvk stack (b.). 

 

Interestingly, ToF‑SIMS depth profiling on glass/ITO/SnO2
ALD/Pvk and glass/ITO/SnO2

NP/Pvk 

samples showed a different chemical structure between these two stacks. Normalized ToF‑SIMS 

intensity depth profiles are plotted in Figure 8 as a function of etching time. It is useful to highlight 

here that such normalized representation in a linear scale is not common in ToF‑SIMS analysis. 

ToF‑SIMS profiles are mostly plotted on a semi‑logarithm scale in literature [68,69], such as in 

Figure S6 (see supporting information). Nevertheless, superimposing in a single plot numerous 

profiles relative to different ionic fragments, like in Figure S6, makes the analysis of the results 

uneasy. Besides, since matrix effects prevent any direct link between signal intensity for a specific 

fragment and its concentration in the probed layer, comparing the respective intensity of various 
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fragments is even more unworkable. However, intensity slope variations hold the information 

relative to the evolution of a fragment concentration along the depth profile. Therefore, in order to 

visualize these variations for all analyzed ionic fragments in a single plot, the intensity profiles in 

Figure S6 have been represented on a linear scale normalized between 0 and 1 in Figure 8. 

a. 

 
b. 
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Figure 8. ToF-SIMS normalized intensity profiles of a selection of ionic fragments extracted 

from a glass/ITO/SnO2
ALD/Pvk stack (a.) and a glass/ITO/SnO2

NP/Pvk stack (b.). The “Int.” 

abbreviation stands for interface. 

 

 

Looking at Figure 8.a, a first decreasing slope is noted for Pvk‑related fragments 

((13CH(NH2)2)+, PbI+, PbBr+) within the bulk of Pvk film (before the Sn+ signal onset) deposited 

on top of glass/ITO/SnO2
ALD whereas the intensity of the same fragments remains stable in Pvk 

films grown on glass/ITO/SnO2
NP in Figure 8.b. Although this decreasing slope may be linked to 

a measurement artifact [69], its absence in the reference stack case would more likely point out 

different distributions of elements that compose Pvk films depending on the underlying SnO2. 

According to the different fragments profile variations along the etching depth, one can see in 

Figure 8.a that no Pvk‑related elements seem to penetrate within the SnO2
ALD layer. However, a 

significant delay between the Sn+ and O+ signal onsets can be noticed, and O+ intensity variations 

are more in phase with the ones of InCs+ fragments. This trend indicates an important lack of 

oxygen in the SnO2
ALD layer top‑half or at least at the interface with the Pvk film. This result is 

quite surprising according to HAXPES characterizations on bare SnO2
ALD layers (see section III.1). 

Matrix effects in Tof‑SIMS intensity of each chemical environment (Pvk, SnO2
ALD then ITO) and 

at each change in chemical environment (Pvk to SnO2
ALD and SnO2

ALD to ITO) associated to the 

relatively small thickness of the SnO2
ALD layer may interfere here with the O+ signal. Nevertheless, 

it can be seen in Figure 8.b that no lack of oxygen is detected with the SnO2
NP layer, and the O+ 

signal onset rises at a similar time as the Sn+ signal. However, in Figure 8.b, a significant 

decoupling is observed between the intensity profiles related to the (13CH(NH2)2)+ and PbI+ 

fragments with respect to the profile of PbBr+ fragments at the SnO2
NP/Pvk interface. While there 
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is a strong decrease in signal intensity for (13CH(NH2)2)+ and PbI+ fragments signal, the PbBr+ 

related signal increases at the interface with SnO2
NP. Furthermore, after a decay within the SnO2

NP 

layer, the PbBr+ signal rises again at the ITO/SnO2
NP interface. These observations show an 

accumulation of a certain ‒PbBr‑rich phase at SnO2
NP/Pvk and ITO/SnO2

NP interfaces. The 

decaying but relatively high PbBr+ signal intensity within the SnO2
NP agrees with the penetration 

of a ‒PbBr‑based phase through the layer. No similar observation can be made when looking at 

Figure 8.a, which does not show the penetration of any Pvk‑related fragment through the SnO2
ALD 

layer. 

III.3.2 Buried interface analysis 

Thanks to its specific probing depth (~10-20 nm [55]), HAXPES characterization of the 

SnO2/Pvk interface has been performed on glass/ITO/SnO2
NP/Pvk and glass/ITO/SnO2

ALD/Pvk 

stacks, after having etched Pvk films down to a very low thickness allowing to see a signal from 

Sn 2p, O 1s, Pb 4f, I 3d orbitals simultaneously (see section II.2). Figure 9 shows the fitted O 1s 

orbital spectra after 7 minutes and 8 minutes of Ar+ ion etching on glass/ITO/SnO2
NP/Pvk and 

glass/ITO/SnO2
ALD/Pvk samples. First, contrary to the case of reference, after 7 minutes of Ar+ ion 

etching, the O 1s signal is hardly distinguished from background noise in the case of a 

SnO2
ALD‑based stack. After an additional minute of ion etching, the photo‑electron signal from O 

1s orbital is detected for both types of stacks. Peak fitting unveils several contributions to the 

overall signal in both cases. The main contribution, rising for a binding energy of  𝐸𝐵 ≈ 530.4 ±

0.5 eV corresponds most likely to O atoms that are involved in covalent bonds with Sn [70].  The 

contribution shouldering the main peak at high binding energies is probably related to 

hydrogenated species, such as hydroxyl groups [30,32,42,44].  The third contribution that rises at 

lower binding energies than that of Sn‑O chemical bonds is more complex to identify. Although 
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this could not have been confirmed through the analysis of the Pb 3d HAXPES signal (which was 

too impacted by the Ar+ ion etching), it may correspond to another metal oxide [71,72], such as a 

lead oxide like PbO or PbO2 [73]. 

 

Figure 9. O 1s HAXPES spectra after 7 and 8 minutes of Ar+ etching on glass/ITO/SnO2
ALD/Pvk 

(left) and glass/ITO/SnO2
NP/Pvk (right) stacks. 

 

 

Looking at Sn 2p3/2 orbital spectra in Figure 10 of the same glass/ITO/SnO2
NP/Pvk and 

glass/ITO/SnO2
ALD/Pvk samples, it appears that Sn atoms signal is detected in both cases after 

only 7 minutes of etching. Relatively to the non‑simultaneous rise of O 1s signal in Figure 9, this 

corroborates the lack of oxygen at the SnO2
ALD/Pvk interface revealed by ToF‑SIMS (Figure 8). 

Besides, contrary to the SnO2
NP‑based stack, the fitted signal of SnO2

ALD‑based samples is 
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composed of different contributions. After 7 minutes of etching, a contribution at lower binding 

energies is visible next to the main contribution which arises around 𝐸𝐵 ≈ 3,930.5 ± 0.5 eV. 

According to literature, this secondary contribution probably testifies to the presence of metallic 

Sn0 at the SnO2
ALD/Pvk interface, in agreement with a lack of oxygen in this region. An unexpected 

third contribution to Sn 2p3/2 overall signal rises after 8 minutes of etching is also noted in Figure 

10. As tin oxides (and among them SnO2) induce the highest binding energies for Sn orbitals 

electrons [74], an eventual artefact effect from measurement or fitting cannot be excluded. 

 
Figure 10. Sn 2p3/2 HAXPES spectra after 7 and 8 minutes of Ar+ etching on 

glass/ITO/SnO2
ALD/Pvk (left) and glass/ITO/SnO2

NP/Pvk (right) stacks. 
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IV. CONCLUSION 

In view of performance limitations induced by the use of a SnO2
ALD ESL in Pvk solar cells, this 

comparative study focused on the analysis of the SnO2/Pvk interface. UPS characterization of 

SnO2
ALD layers and Pvk thin films deposited on SnO2

ALD unveiled an unfavorable band bending 

at SnO2
ALD/Pvk interface. First, and contrary to reference SnO2

NP/Pvk interfaces, the presence of 

an energy barrier at the interface between Pvk and SnO2
ALD conduction bands was confirmed, as 

expected from J‑V analysis of SnO2
ALD‑based Pvk cells. Besides, it is believed that the band 

bending at SnO2
ALD/Pvk interface may promote non‑radiative recombination of carriers, thereby 

strongly limiting SnO2
ALD selectivity.   

Such poor selectivity may be linked to a surprising lack of oxygen at the SnO2
ALD/Pvk interface, 

as first suggested by ToF‑SIMS characterizations and confirmed through an analysis of the buried 

SnO2
ALD/Pvk interface by HAXPES. This result, in contrast to the excess of O species found by 

HAXPES characterization on bare SnO2
ALD, asks the question of an eventual interface 

modification by device fabrication process. Examining if SnO2
ALD chemical nature could be 

modified by Pvk deposition may give rise to interesting findings and help in pushing further the 

interpretation of the obtained results in this study. 

Besides, ToF‑SIMS characterizations have also unveiled that a phase composed of ‒PbBr 

species penetrates the SnO2
NP whereas the SnO2

ALD layer, being denser, appears impermeable to 

any Pvk‑related compound. This PbBr‑based phase seems to accumulate at the SnO2
NP/Pvk 

interface as well as the ITO/SnO2
NP interface. Such phenomenon does not generate significant 

performance degradation, as visible from reference cells J‑V curves in section III.1. However, 
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further investigation would be needed to understand the consequences of the penetration and 

accumulation of these ‒PbBr compounds on Pvk‑based solar cells behavior. On that matter, 

studying the hypothesis of an eventual passivating effect granted by the ‒PbBr phase may lead to 

useful insight. 
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