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Abstract 

Due to its unique optical, electrical, and chemical properties, tin dioxide (SnO2) thin films attract 

enormous attention as a potential material for gas sensors, catalysis, low-emissivity coatings for 

smart windows, transparent electrodes for low-cost solar cells, etc. However, the low-cost and 

high-throughput fabrication of SnO2 thin films without producing corrosive or toxic by-products 

remains challenging. One appealing deposition technique, particularly well-adapted to films 

presenting nanometric thickness is atomic layer deposition (ALD). In this work, several 

metalorganic tin-based complexes, namely, tin(IV) tert-butoxide, bis[bis(trimethylsilyl) 

amino]tin(II), dibutyltin diacetate, tin(II) acetylacetonate, tetrakis(dimethylamino)tin(IV), and 

dibutyltin bis(acetylacetonate), were explored thanks to DFT calculations. Our theoretical 

calculations suggest that the three last precursors are very appealing for ALD of SnO2 thin films. 

The potential use of these precursors for atmospheric-pressure spatial atomic layer deposition (AP-

SALD) is also discussed. For the first time, we experimentally demonstrate the AP-SALD growth 

of SnO2 thin films using tin(II) acetylacetonate (Sn(acac)2) and water. We observe that Sn(acac)2 

exhibits efficient ALD activity with a relatively large ALD temperature window (140-200 °C), 

resulting in a growth rate of 0.85±0.03 Å/cyc. XPS analyses show a single Sn 3d5/2 characteristic 

peak for Sn4+ at 486.8±0.3 eV, indicating that a pure SnO2 phase is obtained within the ALD 

temperature window. The as-deposited SnO2 thin films are in all cases amorphous, and film 

conductivity increases with the deposition temperature. Hall effect measurements confirm the n-

type nature of SnO2 with a free electron density of about 8×1019 cm-3, electron mobility up to 11.2 

cm2V-1s-1, and resistivity of 7×10-3 Ωcm for samples deposited at 270 °C.  

Keywords: spatial ALD (SALD), atmospheric pressure, Tin(II) acetylacetonate, Sn(acac)2, SnO2, 

transparent conductive oxides (TCO) 
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1. Introduction 

Tin dioxide (SnO2) is a high-bandgap material with several interesting properties, such as 

excellent electrical conductivity, thermal and chemical stability, earth abundance, and non-toxicity. 

As a result, SnO2 is an essential semiconductive oxide in many modern applications including solar 

cells,1,2 Li-ion batteries3, thin-film transistors,4 gas-diffusion barriers,5 gas sensors,6 or transparent 

electrodes for displays or smart windows.7 Successful integration of SnO2 thin films into devices 

demands strict control of film thickness, uniformity and conformity, and transport properties. 

Different approaches such as spin-coating,8 ultrasonic spray pyrolysis,9 sputtering,10 chemical 

vapor deposition (CVD),11 or atomic layer deposition (ALD)4,5,12 have been used to deposit SnO2 

thin films. The latter can broaden the applications of SnO2 thin films due to its unique advantages. 

Indeed, ALD has been considered as one of the best thin-film growth technologies thanks to its 

capability of depositing pinhole-free, conformal films at relatively low temperatures.13–15 Over the 

past decades, research advances have expanded the use of this surface-controlled layer-by-layer 

technology for not only microelectronic applications4,16 but also for the development of 

biosensors,17 protective coatings,18–22 and energy conversion, and storage.23–30 However, being a 

vacuum-based technology, ALD’s main drawback is a slow growth rate, which is attributed to the 

slow purging process, alternatingly performed between different precursor injections.31 

Additionally, the use of a vacuum chamber makes conventional ALD technology more difficult 

and expensive to scale up towards an industrial level. In this context, a variation of the ALD 

technique, namely atmospheric-pressure spatial ALD (AP-SALD), has been recently attracting 

much attention since it provides a very fast deposition rate and in a scalable fashion while keeping 

the unique assets of ALD technology.32–36 In particular, the AP-SALD approach based on a close-

proximity injection head is particularly interesting since it can be readily adapted to the sample 

size (even allowing area-selective deposition or patterning) and the required process conditions for 

different precursors or applications.37 In this work, a customized AP-SALD head was designed and 

optimized with COMSOL Multiphysics simulation, then fabricated with metal 3D printing 

technology.37  

As ALD technology is based on surface reactions between precursor molecules and functional 

groups on the solid surface, it relies on successful precursor chemistry. The essential requirements 

for ALD precursors include high volatility, high reactivity, no self-decomposition, and no etching 

of the growing film.38 For the ALD of SnO2 films, inorganic tin precursors such as SnCl4 or SnI4 

have been extensively used. Indeed, the first ALD growth of SnO2 was performed with SnCl4 and 

water by Viirola and Niinistö,39 which was then followed by several other works.40 However, the 

high deposition temperatures (300 – 600 °C), low growth rate (~ 0.6 Å/cycle), and issues related 

to corrosive by-products, i.e. HCl, make these inorganic precursors less attractive for widespread 

applications. For this reason, the search for tin metalorganic precursors for ALD of SnO2 thin films 

has recently attracted much attention from different research groups. There are about 15 types of 

tin metalorganic precursors successfully used for ALD of SnO2 thin films, such as tetraallyltin,12 

bis(N-ethoxy-2,2-dimethyl propanamido)tin,41 tin(IV) t-butoxide,3 tetrakis(dimethylamino)propyl 

tin(IV)4, or tetrakis(dimethylamino) tin(IV).42,43 But according to our best knowledge, only the 

latter was studied and successfully used in AP-SALD.5 Moreover, many co-reactants such as H2O, 

H2O2, O3, oxygen plasma, or CH3COOH were combined with the aforementioned tin metalorganic 



 

 

precursors. However, tetrakis(dimethylamino) tin(IV) was solely reported to efficiently react with 

water to form SnO2 thin films, in both low-pressure ALD44–46 and atmospheric-pressure SALD 

processes.43 Therefore, to advance the field of AP-SALD of SnO2 thin films, a more in-depth study 

of the effect of precursor chemistry on the film growth at atmospheric pressure should be carried 

out.  

In this work, we studied various types of precursors for atmospheric ALD of SnO2, such as 

alkoxides, β-diketonates, alkylamides, and alkylsilylamides. We first performed DFT calculations 

to understand their reactivity and evaluate their characteristics and effect on the ALD growth of 

SnO2 at different deposition conditions. Three precursors, including tin(II) acetylacetonate, 

tetrakis(dimethylamino)tin(IV), and dibutyltin bis(acetylacetonate), were identified to be 

appealing for atmospheric-pressure ALD of SnO2. In the second stage, we experimentally tested 

tin(II) acetylacetonate and bis[bis(trimethylsilyl)amino]tin(II) with water as the co-reactant and 

successfully demonstrated the AP-SALD growth of SnO2 thin films with tin(II) acetylacetonate. 

The effect of deposition temperature and pressure on the film growth rate and properties will be 

presented and discussed. Finally, characterizations of the deposited SnO2 thin films using X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Hall-effect measurement 

techniques are presented.  

2. Experimental and simulation sections 

Bond dissociation energy (BDE) was calculated by density functional theory (DFT) using 

plane-wave basis sets and projector-augmented-wave (PAW) pseudopotentials implemented in the 

Vienna Ab initio Simulation Package (VASP) version 5.4.4.47,48 The exchange and correlation term 

was approximated based on the generalized gradient approximation (GGA) using the 

Perdew−Burke−Ernzerhof (PBE) functional.49,50 The isolated precursors were optimized in the 

gas-phase within large cubic supercells with a dimension of 30 Å using the Γ point sampling for 

the Brillouin zone integrations and a plane-wave cutoff of 450 eV. The stable structures were 

optimized until the energy deviation between two consecutive electronic steps was less than 10-4 

eV. The BDE was calculated by the energy difference between the fully optimized precursor and 

the fragments produced by the bond-breaking: fragments precursorΔE= E - E . To minimize the interaction 

among the separated fragments, the distance between two fragments was set larger than 10 Å. The 

final BDE value was obtained by averaging the BDE of the same type within a precursor. The 

molecular structures of different precursors obtained from the DFT optimization were visualized 

by SAMSON connect software.51 

SnO2 thin film depositions were performed in a home-built AP-SALD system equipped with 

a close-proximity gas injection head. The latter was fabricated with metal 3D printing technology.37 

The head was thoroughly studied with COMSOL Multiphysics Simulation to validate its suitability 

for our AP-SALD system (see further details in the SI). Bis[bis(trimethylsilyl)amino]tin(II) and 

tin(II) acetylacetonate (Sn(acac)2) from Sigma-Aldrich were used as tin precursors, while water 

vapor was employed as the co-reactant. The temperatures of the precursor bubbler and precursor 

gas lines were maintained at 85 °C and 90 °C, respectively. Metal precursor (one channel), co-

reactant (2 channels), and inert purging gas (N2, 4 channels) were injected onto the substrate 

surface via the close-proximity gas injection head. The head was placed at 150 µm from the 



 

 

substrate, which was oscillated underneath at a speed of 2.8 cm/s. The tin precursor was delivered 

to the substrate by bubbling a N2 flow through the liquid precursor (150 sccm), which was then 

diluted with an extra N2 flow (100 sccm). Similarly, the values used for carrying water vapor to 

the substrate surface were 200 sccm, both for bubbling and dilution flows. The nitrogen flow in 

each purging channel was kept at 200 sccm. The borosilicate glass substrates were cleaned using 

ethanol, deionized water, and then dried under pure nitrogen.  

The chemical composition of the deposited films and the oxidation state of Sn were analyzed 

by XPS. The XPS measurements were performed using a Theta 300 spectrometer, from Thermo 

Scientific, with an Al Kα1,2 (1486.6 eV) X-ray source in ultra-high vacuum conditions of 10-9 mbar. 

The surface of the samples was analyzed without any ion-sputtering cleaning process. The core 

levels of the Sn and O in the film were probed in the Sn 3d and O 1s energy ranges. The 

experimental data were fitted with the Advantage software from Thermo Fisher Scientific. The 

energy scale was calibrated with the C 1s line from carbon contamination at 284.8 eV. The film 

thickness and optical properties were studied with ellipsometry (Film Sense FS-1) and a 

PerkinElmer Lambda 950 spectrophotometer in the range of 250−2500 nm. Surface morphology 

was analyzed with both field-emission-gun scanning electron microscopy (FEG-SEM, 

Environmental FEI Quanta 250) and atomic force microscopy (AFM, JPK NanoWizard® 4 XP). 

Atomic structure and crystallinity were studied by XRD (Bruker D8 Advance) in Bragg−Brentano 

configuration, using 0.15406 nm Cu Kα radiation. The 2θ step and measurement duration for each 

step were 0.011° and 2 s, respectively. Grazing incidence XRD acquisitions were collected on a 

RIGAKU Smartlab system. The set-up is equipped with a 9 kW rotating anode Cu source (45 kV 

and 200 mA). Hall mobility and carrier concentration of SnO2 thin films were analyzed using a 

home-built Hall effect analyzer with a magnetic field strength of 0.5 T.  

3. Results and discussion 

3.1. Precursor selection 

To explore the effect of precursor chemistry on the atmospheric ALD of SnO2 thin films, we 

studied 6 tin precursors, namely, tetrakis(dimethylamino)tin(IV), tin(IV) tert-butoxide, dibutyltin 

diacetate, tin(II) acetylacetonate, bis[bis(trimethylsilyl)amino]tin(II), dibutyltin 

bis(acetylacetonate), named from P1 to P6, respectively. Figure 1 illustrates their molecular 

structures. These precursors belong to the most important volatile metal complex types, i.e. 

alkoxides, β-diketonates, alkylamides, and alkylsilylamides. As a rule of thumb, the precursor 

reactivity is related to the dissociation energies of the X–Sn bonds in the molecules (X representing 

the atom/s coordinating Sn in the different precursors). Table 1 summarizes a few characteristics 

of the precursors such as melting/boiling point, precursor size, molar mass, and dissociation energy 

of critical X–Sn bonds. The precursor structures and dissociation energies were obtained using 

DFT calculations. So far, one of the most successful metalorganic precursors for atmospheric-

pressure ALD of tin oxide is tetrakis(dimethylamino)tin(IV) (P1), which has the lowest 

dissociation energy for the Sn–N bond (166.97 kJ/mol). Additionally, its molecular size, molar 

mass, and boiling points are also the lowest among others. Because of the steric effect associated 

with the –N(CH3)3 ligands, P1 has a weak intermolecular interaction, leading to high volatility. 

 The growth rate of SnO2 films depends on the co-reactant. Considering the case of 

tetrakis(dimethylamino)tin(IV), Mai et al. obtained a growth rate of about 0.27 Å/cyc using O2 



 

 

plasma at a deposition temperature of 200 °C,4 while Elam et al. obtained growth rates of 1.3, 0.89, 

and 0.61 Å/cyc using H2O2, O3, and H2O at 175 °C, respectively.42 Tanskanen and Bent have 

investigated the ALD growth characteristics of SnO2 from P1 and H2O using DFT and second-

order Møller−Plesset perturbation theory calculations.52 They suggest that the experimentally 

observed increase in GPC of SnOx at low temperatures (~100 °C) can be associated with the 

important role of physisorbed H2O.52 Additionally, the growth rate significantly increases with the 

deposition pressure. Hoffmann et al. demonstrated a growth rate of 1.5 Å/cyc with solely H2O as 

the co-reactant.43 However, it is not fully clear if this growth rate was obtained within the pure 

ALD mode or there is a contribution of the CVD growth mode via an unwanted mixture in the gas 

phase of precursors and co-reactants. Actually, in AP-SALD technology, the distance between the 

substrate and the gas injection head is a very critical parameter, which can be slightly increased to 

facilitate the crosstalk of precursors in the gas phase. This results in thin-film growth via spatial 

chemical vapor deposition (SCVD) mode.53–55 While the SCVD mode is promising to deposit films 

with a remarkably higher deposition rate compared to SALD,54 it is generally rather complicated 

to distinguish between the pure SALD mode and the SALD-SCVD mixed mode because both can 

provide very uniform, conformal coatings.55 Therefore, the ALD temperature window should be 

thoroughly determined to ensure SALD growth. 

P1 P2 P3

P4 P5 P6

 
Figure 1: Molecular structures of tin precursors considered in this work, obtained from DFT simulations. From P1 to P6: 

tetrakis(dimethylamino)tin(IV), tin(IV) tert-butoxide, dibutyltin diacetate, tin(II) acetylacetonate, 
bis[bis(trimethylsilyl)amino]tin(II), dibutyltin bis(acetylacetonate). Further details related to geometrical parameters of 

precursor molecules are given in the part I of the SI. 

For oxide deposition, alkoxides-based precursors such as tin(IV) tert-butoxide (P2) appear 

appealing as well. The low boiling temperature, i.e. 65 °C, is originated from its molecular structure 



 

 

that is surrounded by 12 methyl groups. Our DFT calculation shows that the Sn-O dissociation 

energy in P2 is remarkably higher than the Sn-N one in P1 (267.27 compared to 166.97 kJ/mol). 

A few articles showed that the SnO2 deposition using P2 could be performed with O2 plasma3 or 

CH3COOH,56 resulting in amorphous or nanocrystalline phases, respectively. In both cases, a 

growth rate of about 1 Å/cyc was observed at relatively low temperatures (< 200 °C). At higher 

deposition temperature, the precursor decomposition cannot be neglected, as stated by Marichy et 

al.57 Heteroleptic complexes that contain two different ligands, for instance, butyl and acetate as 

in the case of dibutyltin diacetate (P3), could provide a good compromise between volatility, 

reactivity, and thermal stability. Several conformers of P3 have been optimized by DFT 

calculations as demonstrated by Renault et al.58 Among them, three conformers having two 

terminal oxygen atoms pointing toward the metal atom are the lowest energy ones. In this work, 

we also performed DFT optimization and obtained similar results, i.e. the lowest energy conformer 

(structure 3 of P3 shown in Figure S1) has four oxygen atoms interacting with the Sn atom, making 

two short Sn-O bonds (2.14 Å) and two long Sn-O bonds (2.58 and 2.60 Å). The Sn-O-C-O 

dihedral angles are almost zero (0.32° and 1.22°). The dissociation energies for Sn-O and Sn-C are 

157.19 kJ/mol and 212.70 kJ/mol, respectively, as indicated in Table 1. Experimentally, Kim et 

al.59 and Chang et al.60 obtained SnO2 films with P3 and O2 plasma, using a deposition temperature 

of 300 °C. This relatively high deposition temperature required for ALD of SnO2 could be 

explained by a high Sn–O dissociation energy (278.85 kJ/mol), as indicated in Table 1.  

The precursor P4, tin(II) acetyleacetonate, appears to be a very promising precursor due to its 

low Sn–O dissociation energy (177.54 kJ/mol), which may promote fast half-reactions at the 

substrate surface and a higher growth rate. Its pure Sn–O bonds (not mixed with Sn–N) may also 

be beneficial for maximizing the purity of the deposited SnOx oxides. For instance, Hoffmann et 

al. have observed that the N contamination in SnOx could increase up to 12% if strong oxidizer 

such as Ar/O2 plasma is used in combination with Sn-N -based precursors.5 Additionally, the P4 

precursor has the β-diketonate-type ligand, which usually provides high stability and modest price. 

The higher thermal stability of P4 (compared to, for instance, metal alkoxides such as P2) 

originates from the ability to create a metal bond through both oxygen atoms and delocalize the 

charge of the ligand in the formed C3O2M chelate ring (see Figure 1, P4). Indeed, this feature gives 

tin(II) acetyleacetonate its unique characteristics, i.e., solubility in organic solvents, sufficiently 

high volatility, and exceptional stability among metalorganic compounds. Previously, tin(II) 

acetylacetonate was reported in conventional ALD of SnOx by Selvaraj et al.(2014),61 or ALD of 

SnTiOx by Chang et al. (2016).62 In some other works, it was employed in combination with H2S 

to deposit SnS,63–65 or for atomic layer etching of Al2O3 using sequential, self-limiting thermal 

reactions (with HF).66,67 But it has never been used for atmospheric-pressure ALD of SnO2 thin 

films. The experimental study of this precursor for SnO2 deposition using AP-SALD is presented 

in detail in the next section. 

Precursor P5, bis[bis(trimethylsilyl)amino] tin(II), has a higher Sn–N dissociation energy 

(295.25 kJ.mol), which would lead to a slower growth rate. Indeed, this precursor has been 

previously used for ALD of SnOx using ozone and water,68 resulting in growth rates of 0.05 – 0.11 

Å/cyc (at 80 – 200 °C) and 0.05 – 0.18 Å/cyc (at 100 – 250 °C), respectively. These small values 

agree with our DFT calculation. This precursor is rather attractive for ALD of SnO2 because of its 



 

 

low-cost (see part 2 of the SI). Finally, dibutyltin bis(acetylacetonate), P6, could be a novel 

potential candidate for atmospheric-pressure ALD of SnO2. According to our best knowledge, it 

has never been used in any ALD process. The DFT calculation shown in Table 1 indicates low 

dissociation energies for Sn–O and Sn–C bonds, i.e. 184.29 and 169.82 kJ/mol, respectively. The 

Sn atom in the P6 molecule exhibits sp3d2 hybrid orbitals, forming an octahedral bonding 

configuration as illustrated in Figure 1. The fragile Sn–C bonds can be easily broken, resulting in 

butane gas as a by-product, which can be then purged away with nitrogen. Consequently, the ALD 

reactivity of P6 is expected to be similar to that of P4 at atmospheric pressure.  

Table 1: Melting/boiling temperatures and dissociation energy of critical bonds of 6 types of tin precursors. The temperatures and 
dissociation energy are obtained from a commercial supplier and our DFT calculation, respectively. The size of precursor 

molecules are estimated from their optimized structure after DFT calculation 

Prec. Name 
Molecular 

formula 
Melting/boiling 

temperatures 

Precursor 

size (Å) 

Molar 

mass 

(g/mol) 

Bond 
Dissociation 

energy 

(kJ/mol) 

P1 
Tetrakis 

(dimethylamino)tin(IV) 
C8H24N4Sn n/a / 55 °C 7.4 295.01 Sn–N 166.97 

P2 Tin(IV) tert-butoxide C16H36O4Sn 40 °C / 65 °C 9.1 410.71 Sn–O 267.27 

P3 Dibutyltin diacetate C12H24O4Sn 10 °C / 142 °C 11 350.71 
Sn–O 157.19 

Sn–C 212.70 

P4 Tin(II) acetylacetonate C10H14O4Sn -19 °C / 110 °C 9.7 316.71 Sn–O 177.54 

P5 
Bis[bis(trimethylsilyl) 

amino]tin(II) 
C12H36N2Si4Sn 38 °C / 112 °C 11.2 439.05 

Sn–N 295.25 

Si–N 408.14 

P6 
Dibutyltin 

bis(acetylacetonate) 
C18H32O4Sn 26 °C / 150 °C 12.7 430.71 

Sn–O 184.29 

Sn–C 169.82 

After thoroughly analyzing several criteria, including the volatility, toxicity, as well as 

precursor cost (see part 2 of the SI), we identified three potential precursors for atmospheric-

pressure ALD growth of SnO2 films, including bis[bis(trimethylsilyl) amino] tin(II), tin(II) 

acetylacetonate and dibutyltin bis(acetylacetonate). These precursors have, to the best of our 

knowledge, never been tested for atmospheric-pressure ALD previously. The last precursor is 

indeed very promising for the AP-SALD process but should be handled with precaution as it and 

related by-products can be rather toxic. For the discussed reason, we have selected to study the two 

first precursors using our AP-SALD system. The experimental results will be presented in the 

following section. 

3.2. AP-SALD of SnO2 

The use of bis[bis(trimethylsilyl) amino] tin(II) for AP-SALD results in no film growth with 

different co-reactants for temperatures ranging from room temperature to 260 °C. We observed 

that after the first exposure of bis[bis(trimethylsilyl)amino] tin(II) to the surface of the substrate, 

the substrate appears hydrophobic, thus hindering the film growth whether the subsequent half-

reaction uses H2O, H2O2, or O3 (further details can be found in part 5 of the SI). The hydrophobicity 

of the substrate surface was previously explained by Crowe & Tolbert,69 and Tupala et al.68 Indeed, 

the gaseous by-product of the first half-reaction is bis(trimethylsilyl)amine, also called 

hexamethyldisilazane (HMDS), which is, in turn, able to react with active sites on the surface to 

form bulky hydrophobic groups, i.e. –Si(CH3)3. It should be noted that in the case of conventional 

low-pressure ALD, the gases have a relatively long mean free path (on the order of mm), therefore, 

can be removed away from the reaction chamber via the purging step before they can react with 



 

 

the surface functional groups. In contrast, the mean free path at atmospheric pressure is on the 

order of a few tens of nm. Therefore, the HMDS molecules have a greater probability of interacting 

with the surface to create O–Si(CH3)3 bonds and hinder the growth than in the case of low-pressure 

ALD. Detailed discussions related to the effect of the deposition pressure on the mean free path of 

precursors and gaseous by-products, as well as on the gas impingement flux are presented in part 

4 of the SI. These results thus show that the working pressure has an important role in the chemistry 

taking place during the deposition process and has to be taken into account when designing new 

precursors and processes for AP-SALD. 

On the contrary, tin(II) acetylacetonate allows the growth of SnO2 thin films with AP-SALD. 

As stated previously, AP-SALD relies on the sequential exposures of precursor and co-reactant to 

the substrate surface thanks to a gas injection head.34,70 For each reactant, the volatile molecules 

are transported from the bubbler to the head via a bubbling flow and a dilution flow, using nitrogen 

as carrier gas (as presented in Figure 2a). One of the key success factors for the AP-SALD process 

is the geometrical design of the head.37 The metalorganic precursor and co-reactant gas flows 

should be properly distributed to the substrate surface at different locations, as is the case for the 

head used in this study, as shown in Figure 2b, where the output of a simulation performed using 

COMSOL Multiphysics software is shown (see also part 3 of the SI). The head was fabricated with 

metal 3D printing technology.37 The inset in Figure 2c shows a photograph of an as-deposited SnO2 

film, which was deposited at 200 °C, on a borosilicate glass substrate. The film appears transparent 

with a yellowish color (film thickness ~ 50 nm). Further details related to the optical properties of 

SnO2 films are presented in Figure S7 and S8 of the SI. SEM and AFM micrographs of the as-

deposited SnO2 thin films, shown in Figure 2c-d, indicate a relatively smooth morphology 

(roughness ~ 4% of the film thickness). The surface morphology of the as-deposited thin films 

appears granular, despite being amorphous, as shown by the GIXRD diffractograms (Figure 2e). 

The crystalline phase only appears after annealing at 400 °C or higher for 6 hours. It should be 

noted that the crystallinity of deposited SnO2 thin films also depends on the substrate. Part 6 of the 

SI shows that a film deposited on a silicon wafer is slightly crystallized with the preferential growth 

orientation (101), while the film deposited on a borosilicate glass substrate with the same 

experimental conditions is amorphous, even after annealing at 300 °C under vacuum. 



 

 

 
Figure 2: a) schematic illustration of the AP-SALD set-up used for SnO2 deposition: Sn(acac)2 and water vapor are carried to the 
gas injection head by inert gas flows (N2); b) cross-section images of the SALD injection head obtained with COMSOL simulation, 
showing the distributions of gas velocity and precursor concentration above the substrate surface. The color bar schematically 
represents values of velocity and precursor concentration, where the hotter color corresponds to higher values; c) top-view SEM 
micrograph. The inset shows a picture of a 50 nm-thick as-deposited amorphous SnO2 film on a glass substrate; d) AFM image of 

a 200 nm-thick SnO2 film deposited at 200 °C (the scanned area is 2.4μm×2.4μm), and e) grazing incidence XRD of as-deposited 
(@200 °C) and annealed SnO2 films on glass. 

It is important to note that this is the first time, to the best of our knowledge, that Sn(acac)2 

has been successfully used for atmospheric-pressure ALD of SnO2. So far, the only work reporting 

the use of Sn(acac)2 for ALD of SnO2 was done by Selvaraj et al.61 in which they demonstrated a 

film growth rate of about 1 Å/cycle obtained within the ALD temperature window of 175–300 °C 

using ozone. Surprisingly, the authors reported that no film growth was observed with water or 

oxygen as co-reactant. This is in contrast to the experimental results we observed in atmospheric-

pressure SALD, i.e. Sn(acac)2 does efficiently react with water at temperatures as low as 120 °C. 

Figure 3 shows the growth rate and the refractive index of SnO2 thin films deposited on a glass 

substrate as a function of deposition temperature. The ALD temperature window appears in a 

relatively large range of 140 - 200 °C. The growth rate within the ALD window is 0.85±0.03 Å/cyc. 

As a comparison, using tetrakis(dimethylamino)tin(IV) and H2O in atmospheric-pressure ALD 

resulted in a relatively high growth rate, i.e. 1.5 Å/cyc, as reported by Hoffmann et al.43 Recently, 

Won et al. demonstrated that plasma-enhanced ALD (PEALD) of SnO2 using 

tetrakis(dimethylamino)tin(IV) and H2O plasma could even result in a higher growth rate, i.e. ~2.1 

Å/cyc, within the temperature range of 100 - 300 °C.71 Our results show that for the deposition 

temperature beyond 200 °C, the growth rate increases very quickly, reaching 1 Å/cyc at 260 °C. It 

is expected that at the higher temperatures, the increased film growth may arise from the self-

decomposition of Sn(acac)2 due to the low dissociation energy of Sn-O bonds in the precursor 

molecule. Because of the very small distance (150 µm) between the hot substrate surface and the 

injection head made of metal, the latter is also heated (i.e. the head is not thermalized) and could 

transfer the thermal energy to the precursor-containing gas flows. The self-decomposition of 



 

 

Sn(acac)2 thus becomes more detrimental at high temperatures (> 200 °C). This phenomenon could 

affect the purity of the deposited thin films, as corroborated by XPS in the next section, as well as 

their uniformity and conformality over high-aspect-ratio features. Therefore, for applications that 

do not present constraints related to conformality or temperature, the fast growth and enhanced 

electrical properties (discussed later in this section) at high deposition temperature could prove 

beneficial. Moreover, fast growth in the CVD mode can result in low-refractive index materials,70 

which can be attributed to low film density with porous nanostructured films, or light element 

contamination (carbon, hydrogen, etc). A similar phenomenon was also observed in PEALD of 

SnO2 using tetrakis(dimethylamino)tin(IV) and H2O plasma, resulting in a refractive index of 1.9–

2.0.71 The authors have also demonstrated that the refractive index slightly decreases for deposition 

temperatures higher than 200 °C, as being observed in our case.  
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Figure 3: Growth rate and refractive index (@633 nm) of SnO2 films deposited at various deposition temperatures. The ALD 

window is observed in the range [140, 200 °C] 

The chemical composition and chemical state of Sn and O in the SnO2 thin films were studied 

with XPS for a series of films deposited at different temperatures, from 140 °C to 260 °C. As an 

example, Figure 4 shows XPS spectra of SnO2 thin films deposited at 180 °C. The Sn 3d3/2 peak at 

495.3 eV and the Sn 3d5/2 peak at 486.8 eV, as well as the O 1s peak at 530.7 eV, are assigned to 

SnO2.
72 The deconvolution of the O1s peak showed two main components: O–Sn4+ and O–C peaks 

(denoted as O1s A and O1s B, respectively). The latter is assigned to surface adsorbed oxygen 

species and hydroxyl ions (OH–). For comparison, the binding energies of Sn 3d5/2 in Sn metal, 

and SnO phases are at about 485.2 eV, and 486 eV, respectively. These values are not very far 

from the 486.8 eV position but it can be seen in Figure 4b, that they are not observed in our case. 

Other XPS spectra of SnO2 thin films deposited at 140, 220, and 260 °C are presented in part 7 of 

the SI. In all cases, the only phase obtained is SnO2, which is quite counter-intuitive regarding the 

Sn2+ oxidation state of tin in the original precursor Sn(acac)2 and relatively weak oxidizing power 

of water vapor. The proposed explanation is that SALD of SnO2 films was carried out in open-air 

conditions with a high oxygen content, that apparently plays an important role in the oxidation of 

Sn2+ to Sn4+. 
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Figure 4: XPS spectra of SnO2 deposited at 180 °C, a) Sn 3d5/2 and Sn 3d3/2 peaks; b) zoomed-in view of Sn 3d5/2 peak showing the 
presence of only Sn4+ in the films. The binding energies of Sn 3d5/2 in Sn metal, SnO, and SnO2 are at about 485.2 eV, 486 eV, and 
486.6 eV, indicated by the red dashed lines, respectively; c) deconvolution of O1s peak, showing two main components: O-Sn4+ 
and O-C peaks (denoted as O1s A and O1s B, respectively). 
Table 2: Summary of some characteristics of XPS peaks (Sn 3d5/2, O1s A, O1s B) obtained from SnO2 samples deposited at 
temperatures from 140 °C to 260 °C. The error for peak position estimation is 0.1 eV, and for atomic concentration is about 0.2%. 

Deposition 

temperature 

(°C) 

Peak position (eV) Atomic concentration (%) Ratio 

Sn 3d5/2 O1s A O1s B Sn 3d5/2 O1s A O1s B C1s 
%O1s A 
/%Sn 3d5/2 

%O1s B in 
O1s peak 

260 487.0 530.7 531.9 34.3 49.0 12.1 4.6 1.43 20% 

220 487.1 531.0 532.2 36.9 55.0 6.7 1.5 1.49 11% 

180 486.8 530.7 532.0 39.3 52.4 7.1 1.3 1.33 12% 

140 486.5 530.4 531.7 34.2 49.8 11.6 4.3 1.46 19% 

A summary of XPS results obtained from samples deposited at various temperatures is 

presented in Table 2. The position of the Sn 3d5/2 peak is slightly shifted to higher energy when the 

deposition temperature increases. The percentage of O1s B (contribution from O-C bonds) is about 

19% for the sample deposited at low temperature, i.e. 140 °C, which can be attributed to residual 

organic ligands not being fully removed and stuck on the solid surface. But interestingly, the same 

ratio rises to 20% for the sample deposited at 260 °C. Indeed, at such a temperature, the thermal 

self-decomposition of the precursor is not negligible. This is in agreement with the variation of 

%C observed in Table 2. The ratio between %O and %Sn in the SnO2 thin films ranges from 1.33 

to 1.49, which is still far below the stoichiometric ratio. Hoffmann et al. also observed a similar 

phenomenon for their tin oxide films deposited with atmospheric-pressure SALD using 

tetrakis(dimethylamino)tin(IV) and water.5 In general, the oxygen deficiency in the films could 

originate from two typical point defects: oxygen vacancies (VO) or tin interstitials (Sni). So far, 

these defects are widely accepted to be the origins of n-type conductivity in SnO2 thin films. 

However, while these defects can explain rather well the non-stoichiometric nature of SnO2, their 

responsibility for n-type conductivity in SnO2 thin films remains unclear. Kılıç and Zunger73 

proposed that Sni and VO produce shallow donor levels in the SnO2 band structure, resulting in n-

type conduction in undoped SnO2. But a few years later, Singh & Van de Walle et al. provided the 

opposite statement, that intrinsic point defects, such as VO and Sni, are unlikely to be the origin of 

n-type conductivity in SnO2, which should be explained by unintended incorporation of impurities, 

in particular, hydrogen.74 They found that hydrogen can indeed be incorporated on interstitial sites 

or substitutional oxygen sites in SnO2. In our case, we believe the oxygen deficiency in our SnO2 



 

 

thin films originates from oxygen vacancies, VO, and the substitutional hydrogen on oxygen sites, 

HO. Indeed, the Sni defect has too large a formation energy to be present in a considerable amount.74  

Table 3: Hall effect measurement of SnO2 samples deposited at 270 °C. 

Film thickness 

(nm) 

Sheet resistance 

(Ω/sq) 

Resistivity 

(Ωcm) 

Electron mobility 

(cm2V-1s-1) 

Carrier concentration 

(cm-3) 

61.6 2208.9 1.3×10-2 4.0 1.1×1020 

123.1 955.8 1.2×10-2 5.7 9.4×1019 

321.5 217.0 7.0×10-3 11.2 8.0×1019 

The electrical properties of SnO2 thin films were investigated using Hall effect measurements 

at room temperature. The film conductivity was observed to increase with the deposition 

temperature. For samples deposited at low temperatures (≤ 200 °C), the film appears very resistive 

with a sheet resistance in the range of MΩ. For samples deposited at 220 °C, the sheet resistance 

decreases to about tens of kΩ for 60 nm-thick films. Increasing the deposition temperature beyond 

270 °C results in highly conductive as-deposited amorphous SnO2 thin films. Table 3 shows the 

transport properties of several films deposited at 270 °C having different thicknesses. Electron 

mobility values up to 11 cm2/V/s can be obtained while the carrier concentration is rather high, ~ 

8×1019 cm-3, resulting in resistivity of about 7×10-3 Ωcm. For comparison, Selvaraj et al. have 

obtained a resistivity of 0.3 Ωcm for a SnO2 nanofilm deposited at 300 °C by conventional ALD 

using the same precursors.61 Hoffmann et al. have demonstrated an electrical resistivity of 10-2 

Ωcm (carrier mobility: 4.7 cm2V-1s-1, carrier density: 2×1020 cm-3) for SnO2 layers deposited with 

atmospheric-pressure oxygen plasma or ozone in combination with 

tetrakis(dimethylamino)tin(IV).5 Further optimization on the deposition conditions such as the gas 

flows, doping strategy, or post-deposition treatments should be carried out to further increase the 

film conductivity. Also, it should be noted that despite the amorphous nature of the SnO2 thin films, 

a clear dependence of the electron mobility on the film thickness is observed (Table 3). The 

influence of the film thickness on the mean free path of free electrons in the SnO2 thin films is 

excluded. Indeed, the mean free path is about only 0.8–1 nm in this case (estimated from their 

mobility, and effective mass), which is much smaller than the film thicknesses considered here. 

Hence, the thickness-mobility dependence of the conductive amorphous SnO2 thin films is not 

fully understood and requires a more detailed study. The as-deposited materials can be post-treated 

via doping with extrinsic elements or annealing to improve the electrical properties for appropriate 

applications. In any case, the transport properties obtained here are better than those reported 

previously. Table 4 compares some important features of SnO2 thin films deposited with various 

ALD conditions, including deposition processing pressure, temperature, as well as the type of the 

substrate. Using water as the co-reactant, and at relatively low deposition temperatures and 

atmospheric pressure, we obtained a remarkably high film conductivity, up to two orders of 

magnitude higher compared to films obtained in similar conditions.  

Table 4: Comparison of processing parameters and SnO2 film properties deposited with different ALD techniques. 

Precursor Co-reactant 
Deposition 

pressure 
Substrate 

Temperature 

(°C) 

Growth rate 

(Å/cyc) 
Crystallinity 

Stoichiometry 

(%O/%Sn) 

Conductivity 

(Ωcm)-1 
Ref. 

P1 
O3 

Atmospheric Silicon, glass 80 – 165 
1.5 (100 oC) 

- 
2.2 - 

5 
O2 plasma 1.1 @150 oC 2.1 – 2.2 10-3 – 102 



 

 

Water 0.7 @150 oC 1.7 2.3 × 10-3 

P2 
Acetic acid (vacuum) Silicon 75 – 250 1.1 crystalline - - 56 

O2 plasma (vacuum) Stainless steel 200 0.95 – 1.0 amorphous - - 3 

P3 

O2 plasma 550 mTorr Silicon 200 – 400 1.0 crystalline 1.6 – 2.0 - 75 

O2 plasma 240 mTorr 
PAN 

nanofiber 
100 0.8 amorphous - - 76 

P4 O3 40 mTorr p-type silicon 175 – 300 1.0 amorphous 2.4 1.67 – 3.34 61 

P5 

O3 

10 mbar 

Silicon, 80 – 200 0.05 – 0.11 amorphous 2.1 – 2.5 
Non-

conductive 
68 

Water 
Soda-lime 

glass 
100 – 250 0.05 – 0.18 crystalline 1.5 

P4 Water Atmospheric 
Borosilicate 

glass 
120 – 260 0.82 – 0.88 amorphous 1.46 – 1.49 77 – 143 

This 

work 

In summary, among the several explored precursors in literature, only tetrakis 

(dimethylamino)tin(IV)43  and tin(II) acetylacetonate (in this work) have been successfully used 

for the atmospheric-pressure ALD. Hoffmann et al. have tested tetrakis (dimethylamino)tin(IV) in 

both low-pressure and atmospheric-pressure ALD processes. They demonstrated that the growth 

rates of SnOx were 1.1 and 1.5 Å/cyc, respectively. The higher growth rate in the case of 

atmospheric pressure ALD compared to the conventional ALD was indeed commonly observed. 

For instance, Mousa et al. have observed an increase in the growth rate up to 47 % (from 1.7 Å/cyc 

to 2.5 Å/cyc) for ZnO when the pressure increases from 2 Torr to 760 Torr.77 This phenomenon 

can be explained by analyzing two critical parameters at the microscopic scale: mean free path 

(mfp), and impingement flux of precursors. While higher impingement flux at the atmospheric 

pressure (given by the number of molecules colliding with the substrate surface per unit of area 

and time) leads to a higher growth rate, the mean free path of gases decreases at higher pressure. 

The lower mean free path is not a critical problem for precursor transport because of the flow-

driven nature of most atmospheric-pressure ALD techniques, for instance, AP-SALD. In contrast, 

it can be an issue if the by-products react with the deposited layer. Indeed, at high pressure, the 

interaction between the gaseous by-products and the solid films is more probable, leading to 

unwanted phenomena such as etching or passivating effect, as discussed previously for the case of 

bis[bis(trimethylsilyl)amino] tin(II). Hence, the selection of precursors for atmospheric-pressure 

ALD should be taken into account the chemistry compatibility between the underneath layer and 

the ligands. Besides, precursors with small ligands are preferentially used due to their limited steric 

hindrances (that reduces the growth rate), as well as to increase the impingement flux (that 

improves the growth rate). While plasma-enhanced ALD becomes a remarkable tool to reduce the 

deposition temperature and facilitate the use of the flexible polymeric substrate,55 the 

contamination related to the plasma process should also be considered if using precursors 

containing different elements. For instance, the use of oxygen plasma in combination with 

tetrakis(dimethylamino)tin(IV) could lead to non-negligible nitrogen contamination in the SnOx 

films.5 With these reasons, the tin-organic precursors for AP-SALD should: i) be as small, and 

light as possible, ii) have low dissociation energy related to the critical bonds, iii) have Sn-O bonds 

rather than Sn-C or Sn-N if using plasma-enhanced process, iv) be volatile, non-toxic (also by-

products), low-cost and safe when handling the precursors. The price of some tin metalorganic 

precursors used for ALD is presented in Table S2 of the SI, showing that tin(II) acetylacetonate, 



 

 

dibutyltin diacetate, and dibutyltin bis(acetylacetonate) are very promising for use in atmospheric 

pressure ALD technology.  

4. Conclusions 

In this work, DFT calculations were used to explore different organic tin precursors for 

atmospheric ALD, including tin(IV) tert-butoxide, bis[bis(trimethylsilyl) amino]tin(II), dibutyltin 

diacetate, tin(II) acetylacetonate, tetrakis(dimethylamino)tin(IV), dibutyltin bis(acetylacetonate).  

The theoretical calculations show that the latter three molecules are promising for atmospheric-

pressure ALD. In this work, we experimentally tested bis[bis(trimethylsilyl) amino]tin(II) and 

tin(II) acetylacetonate with the AP-SALD technique. Despite the previous success in conventional 

ALD, the use of bis[bis(trimethylsilyl) amino] tin(II) for AP-SALD results in no film growth with 

different co-reactants such as H2O, H2O2, or O3. By-products of the half-reaction between the 

precursor and the substrate surface are expected to be hydrophobic Si(CH3)3 groups, which hinder 

the film growth. This phenomenon becomes more detrimental at atmospheric pressure than in 

vacuum due to the strong dependence of the mean free path of gaseous by-products on the working 

pressure. In contrast, we experimentally demonstrated for the first time that tin(II) acetylacetonate 

exhibits efficient ALD activity at atmospheric pressure with a large ALD temperature window 

[140, 200 °C]. The obtained growth rate is remarkably high, i.e. 0.85±0.03 Å/cyc. The as-deposited 

thin films on borosilicate glass substrates appear amorphous and conductive (for deposition 

temperatures higher than 220 °C). XPS analysis shows evidence for the SnO2 phase, indicated by 

a single characteristic peak for Sn4+ at 486.8 eV. The as-deposited SnO2 thin films exhibit n-type 

conductivity with a free carrier density of about 1020 cm-3 and mobility up to 11.2 cm2V-1s-1, 

resulting in resistivity as low as 7×10-3 Ωcm. The carrier transport properties of SnO2 thin films 

deposited with tin(II) acetylacetonate at atmospheric pressure are very appealing when compared 

to previous studies using the same precursor or the other studies on ALD of SnO2.  
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