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Abstract 

 

Atomic layer deposition (ALD) is a technologically important method to grow thin films 

with high conformality and excellent thickness control from vapor phase precursors. The 

development of new thermal ALD processes can be limited by precursor reactivity and stability: 

reaction temperature and precursor design are among the few variables available to achieve 

higher reactivity, unlike in solution synthesis where the use of solvent and/or a catalyst can 

promote a desired reaction. To bridge this synthesis gap between vapor and solution, we 

demonstrate the use of an ultrathin coating layer of a vapor-phase compatible solvent—an ionic 

liquid (IL)— onto our growth substrate to perform ALD of SnO. Successful SnO deposition is 

achieved using tin acetylacetonate and water, a process that otherwise would require a stronger 

counter-reactant such as ozone. The layer of IL allows a solvent-mediated reaction mechanism to 

take place on the growth substrate. We report a growth per cycle of 0.67 Å/cycle at a deposition 

temperature of 100 °C in an IL comprised of 1-ethyl-3-methylimidazolium hydrogen sulfate. 

Characterization of the ALD films confirms the SnO film composition, and 1H and 13C NMR are 

used to probe the solvent-mediated ALD reaction, suggesting a solvent-mediated addition-

elimination type mechanism forming acetone and acetate. Density functional theory calculations 

show that the ionic liquid solvent is beneficial to the proposed solvent-mediated mechanism by 

lowering the C-C bond cleavage energetics of acetylacetonate compared to the vapor phase. A 

general class of ligand-modification reactions for thermal ALD is thus introduced in this work. 
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Introduction 

Atomic layer deposition (ALD) has been and continues to be the subject of significant 

research effort for fields such as semiconductor manufacturing,1–4 catalysis,5–9 energy storage,10–

14 and photovoltaics.15,16 ALD is a vapor-phase vacuum deposition technique that utilizes 

alternating self-limiting gas-surface reactions to grow thin films on solid substrates. Under a 

specific range of deposition temperatures, termed the ALD growth window, the growth per cycle 

(GPC) is approximately constant. The technique allows for the atomic scale deposition and 

manipulation of inorganic materials. A large proportion of ALD research has focused on the 

development of new processes: growing new metal oxides,17–20 nitrides,21–23 sulfides,24–27 etc., 

and even doped, ternary, and quaternary compounds.28 In many of these reports, the deposition 

conditions and ALD window are reported but are not the main focus of the study. At the same 

time, there is demand in the field to extend the processing conditions of a particular ALD 

process, i.e., using less reactive or oxidative precursors or lower deposition temperature. This 

type of study is worthwhile since the applicability of ALD can be limited by either the deposition 

temperature (such as for solar cell applications16 or growth on polymeric substrates29–31) or 

precursor incompatibilities with the system (e.g., if highly oxidizing counter-reactants like ozone 

are not compatible with the substrate). 

The gas-surface reaction mechanisms in ALD can generally be classified into four 

types:32 1) ligand exchange, 2) dissociation, 3) association, and 4) oxidation. Of the four general 

classes, only oxidation type mechanisms change the identity of the ligands on reactants; in the 

first three classes of reactions, ligands simply swap between the reactants or with the surface. 

When viewed in the larger context of known chemical reactions mechanisms, it is clear that ALD 

reactions comprise just a very narrow subset. For one, most ALD reactions do not involve 
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catalysts nor solvents. This constraint precludes the vast number of solution- and catalyst-

mediated reactions from being utilized in ALD. In order to develop new ALD processes and 

extend the processing conditions of existing ones, tapping into these solution-mediated reactions 

is a potentially fruitful strategy. 

In a previous study, we investigated the use of ultrathin coatings (~100 Å) of ionic liquid 

(IL) as vacuum-compatible solvents to aid in the deposition of molecular layer deposition (MLD) 

films.33 We hypothesized that the IL solvent layer changed the energetics of the surface reaction 

to enable the MLD of polyetherketoneketone (PEKK), which had previously not been deposited 

as a thin film in vapor phase, even under CVD conditions. Ionic liquids are salt melts that 

possess extremely low vapor pressures, nearing 100 pTorr for select ILs at room temperature,34 

making them compatible with vacuum systems. ILs have been the subject of research in the field 

of chemistry as a potential green solvent.35,36 As a class of solvents, ILs are versatile because 

they can have differing polarities, Bronsted acidity/basicity, and Lewis acidity/basicity 

depending on the cation/anion pair chosen. In fact, ILs have already been used as solvents in 

vapor-phase environments to perform catalytic surface reactions in the field of supported ionic 

liquid phase (SILP) catalysis.37,38 

We look to extend the use of ionic liquids to ALD in this work, focusing on the process 

of tin acetylacetonate with water as the counter-reactant. Traditionally, metal acetylacetonates 

have been used in many ALD processes to form both metal and metal oxide thin films, but 

notably, the deposition of metal oxides typically requires ozone39–45 or oxygen46–50 at elevated 

deposition temperatures >200 °C. A couple exceptions in literature are the In2O344 and Ga2O351 

processes from indium acetylacetonate and gallium acetylacetonate, respectively, with water, for 

which the process deposition temperature is 350 °C for gallium oxide51 and 200 °C for indium 
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oxide.44 Furthermore, for the indium oxide process, there are conflicting reports about whether 

the process is even possible.44,52 On the other hand, in the solution-phase synthesis of metal 

oxide nanoparticles with metal acetylacetonates, the reaction conditions are more mild,53–56 with 

reported reactions occurring with non-oxidizing nucleophiles such as alcohols53 or amines.54 This 

result suggests that there may be a solvent-mediated mechanism with acetylacetonates that 

allows for its reactivity with less harsh counter-reactants that is not accessible in the vapor-phase, 

motivating our investigation of this system using IL-ALD. 

In this study, we investigate the tin oxide ALD process using tin acetylacetonate, aiming 

to reduce both the deposition temperature as well as the oxidizing nature of the counter precursor 

from ozone to water, by using 1-ethyl-3-methylimidazolium hydrogen sulfate as the IL layer to 

promote the corresponding solvent-mediated surface reaction. Tin acetylacetonate has previously 

been reported to react with ozone, but not with oxygen nor water,39 and no SnO ALD process has 

yet been shown between tin acetylacetonate and water. However, we demonstrate in this work 

that with the assistance of an ionic liquid solvent layer, tin acetylacetonate can react with water 

at temperatures as low as 100 °C with a GPC of ~0.7 Å/cycle. 

 

Methods 

Description of Materials. 1-ethyl-3-methylimidazolium hydrogen sulfate (EMIM HSO4) 

was purchased from Sigma-Aldrich and used as received. Tin(II) acetylacetonate (Sn(acac)2) was 

purchased from Strem Chemicals and used as received. All reagents were stored in a nitrogen-

purged glovebox until use. Films were deposited on n-doped (100) Si substrates with 15 Å native 

oxide purchased from PureWafers. 
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Surface Treatment. Prior to ALD deposition, silicon substrates were cleaned by 

sonication in deionized water for 10 min. Next, the substrates were cleaned for 30 min in a 

Novascan PSD Series digital UV ozone system to remove remaining organic contamination. The 

Si substrates were coated with an ultrathin layer of ionic liquid via spin-coating at 3000 rpm for 

30 sec. A 1% (w/w) solution of EMIM HSO4 in acetone was prepared as the stock spin-coating 

solution. Serial dilutions were then prepared from this stock solution to achieve control over the 

thickness of the IL coating layer according to the spin-curve shown in SI Figure S1. The standard 

IL layer thickness was ~165 Å. 

Description of Reactor and Atomic Layer Deposition Conditions. Once the IL layer 

was deposited onto Si substrates, the wafers were introduced into a hot-wall flow reactor, similar 

in design to one described previously57 and pumped by a Leybold Trivac rotary vane pump with 

a base pressure of 130 mTorr. Sufficient nitrogen was flowed in the reactor to maintain a 

working pressure of 2.5 torr for optimal purging conditions. The transfer lines and bubbler 

containing the precursor Sn(acac)2 were heated to 50 °C to achieve sufficient vapor pressure, and 

those containing the water counter-reactant were kept at room temperature. The walls of the 

deposition chamber were heated to 100 °C. An ALD cycle consisted of two temporally separated 

subcycles using an AB dosing scheme, in which Sn(acac)2 and water were alternatively 

introduced into the reactor. Each ALD dose subcycle consisted of several steps: (1) predose 

pump, in which nitrogen flow was stopped, and the chamber was allowed to pump down for 30 

s; (2) dose, in which a pneumatic ALD valve was opened to introduce the chemical species into 

the reactor while both nitrogen flow and pump were closed off; (3) soak, in which the chemical 

species inlet, nitrogen flow, and pump were closed off to allow the dosed vapor to remain in the 

chamber to reactor; and (4) purge, in which both nitrogen and pump were opened to the reactor 
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to purge away all reaction species. Typical dose/soak/purge times for Sn(acac)2 and water were 1 

s/10 s/120 s and 0.5 s/10 s/120 s respectively. 

Characterization Techniques. Surface morphology and conformality of the IL layers 

were probed with atomic force microscopy (AFM) using a Park NX10 atomic force microscope. 

The root-mean-square (RMS) roughness (Rq) was calculated using the root-mean-squared 

deviation of the surface height from the mean. The thicknesses of the IL layers as well as 

subsequent SnO ALD films were measured using variable angle spectroscopic ellipsometry 

(VASE) using a J. A. Woollam Co. α-SE spectroscopic ellipsometer with a spectral range of 

300-900 nm. Thickness of SnO ALD films were probed by VASE after first sonicating the 

substrate in DI water to remove the IL layer. 

X-ray photoelectron spectroscopy was performed by a PHI 5000 VersaProbe III 

spectrometer with a monochromatic Al Kα X-ray source at 1486 eV. The X-ray beam spot size 

was 200 x 200 μm, at 100 W and 20 kV. Survey scans were taken at 224 eV pass energy in 

triplicate and at 1 eV/step resolution with 20 ms/step.  High-resolution scans were collected at 55 

eV pass energy for five scans at 0.2 eV/step resolution with 20 ms/step. Valence band spectra 

were collected at 55 eV pass energy for thirty scans at 0.2 eV/step resolution with 20ms/step. 

Depth profile experiments were performed with an Ar ion gun to sputter and remove material 

while periodically collecting XPS scans. 

1H and 13C nuclear magnetic resonance (NMR) spectra were collected on a Bruker NMR 

Spectrometer at 400 MHz and 101 MHz, respectively. The measurement sample was prepared by 

first adding 1 mL of Sn(acac)2 precursor to 1 g of EMIM HSO4 solvent inside of a glovebox. The 

vial was taken out of the glovebox and immediately 2 mL of D2O was added to the solution. A 

yellow-white milky suspension immediately formed upon addition of the D2O. The reaction 
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mixture was allowed to react fully in a furnace while the vial was capped and sealed with 

parafilm at 80 °C for 2 hr. Next, the suspension was filtered cleanly through a 0.45 micron Nylon 

filter into a NMR tube that was baked for 10 min at 150 °C prior. The NMR spectra were 

recorded at 298 K. 

Density Functional Theory (DFT) Calculations. All the DFT calculations were 

performed using the Gaussian 16 suite of programs.58 Becke’s three-parameter hybrid functional 

(B3LYP)59,60 and Def2-TZVP basis set61,62 were used. For dispersion correction, Grimme’s 

dispersion with Becke-Johnson damping (GD3BJ) was applied.63,64 Gaussian 16 software offers 

a calculation option with solvent which is performed by placing the molecules within the solvent 

reaction field. The Polarizable Continuum Model (PCM) using the integral equation formalism 

variant (IEFPCM) is the default method for solvation.65 However, our proposed addition-

elimination mediated reaction mechanism could be affected by the partial charge of the IL 

molecules, which is not captured well by mean field models such as PCM. So, we simulated here 

the presence of the IL by using an individual EMIM-HSO4 complex interacting with the either 

the precursor or counter-reactant molecule. The thermochemical values such as thermal energy 

(E), enthalpy (H), entropy (S), and Gibbs free energy(G) were considered by using vibrational 

frequency calculations. The temperature was set to 100 °C for this study.  

 

 

Results and Discussion 

Characterization of the EMIM HSO4 IL Layer. The IL layer should possess two properties 

for the ionic liquid assisted ALD process to be feasible:33 (1) The IL must not evaporate under 

the deposition conditions in the reactor and (2) the IL must wet the Si substrate to form a 

continuous wetting layer. Ionic liquids possess extremely low vapor pressures compared to 
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conventional solvents, which enables their use in our low-vacuum deposition chamber and in 

principle should ensure their stability at the reactor pressures.34–36,66,67 To confirm the thermal 

stability of the IL layer, we investigated both its thickness by VASE and its composition by XPS. 

The IL layer was deposited onto Si substrates via spin-coating as described in the Methods 

section then loaded into the reactor. After leaving the IL-coated substrates under reaction 

conditions (100 °C stage temperature, 2.5 torr working pressure), the thickness remained 

unchanged via VASE. XPS of the IL layer after the stability tests in SI Figure S2 also revealed 

that the nominal elemental composition did not change, which suggests its thermal stability.  

Next, we examined the wetting of the IL on the substrate. Good wetting behavior for the 

IL is necessary because it enables the solvent to be a uniform thickness across the entire 

substrate. Because we hypothesize that the IL solvent layer is necessary for our solvent-mediated 

deposition process, if the IL layer is not conformal, the subsequent IL-ALD of the SnO film may 

also not be conformal. We confirmed the 2d wetting behavior of the IL layer on the Si substrate 

using AFM, by which we characterized the conformality of the IL films on the Si substrate using 

the RMS roughness metric. AFM results are shown in SI Figure S3. The IL layer possessed an 

RMS (Rq) roughness of 3 Å, which is a value relatively close to that of the underlying Si 

substrate (1 Å for Si). In our previous investigation,33 we show that a poorly wetting IL shows 

visible de-wetting with an RMS roughness of 31 nm, which is 2 orders of magnitude more rough. 

Thus, we conclude that the IL layer is wetting the surface in a 2D continuous manner, as desired. 

As described in Methods, the IL layer was removed prior to any characterization of the 

SnO film itself via sonication in DI water. However, we note that our prior work on IL-MLD33 

suggested that increasing the reactor wall temperature to raise the vapor pressure of the IL is 

another viable option to removing the IL layer in-situ via purging. 
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SnO ALD growth characterization. Literature on Sn(acac)2 reported that tin acetylacetonate 

does not react with oxygen nor water at deposition temperatures below 375 °C in a traditional 

ALD process,39 but rather is only reactive with ozone to deposit SnO2 films at a growth per cycle 

(GPC) of 1 Å /cycle.39 Hence, we do not expect growth to occur with Sn(acac)2 and water in 

control experiments without an IL.  

We investigated the growth characteristics of the SnO ALD process with Sn(acac)2 and 

water both in the presence of the IL layer and without the IL. For these studies, the thickness of 

the deposited film under both conditions was measured by VASE. The results of the growth 

characterization studies are shown in Figure 1, as a function of the Sn(acac)2 and water dose 

time, the number of ALD cycles, and IL thickness. Saturation studies were performed in order to 

confirm the self-limiting nature of the surface reaction. The saturation curves shown in Figure 

1a, b reveal that without the IL layer (data shown in red), the deposition rate is extremely low, 

~0.07 Å/cycle. However, for substrates coated with the EMIM HSO4 IL layer, Sn(acac)2 is able 

to react with water, leading to GPC at saturation of ~0.7 Å/cycle. Saturation of the GPC is 

observed for both Sn(acac)2 and water, which confirms the self-limiting nature of the IL-ALD 

process. The GPC was also studied as a function of number of ALD cycles: Figure 1c shows the 

growth curve for IL-ALD and traditional ALD. The results reveal linear growth behavior in IL 

for at least 200 cycles with a GPC of 0.67 Å /cycle extracted from a least squares fit. In contrast, 

a lack of growth is observed on bare Si, with the film thickness never exceeding 7 Å even as the 

cycle number increases to 200 cycles, which agrees with previous reports on the standard 

thermal process. 
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Finally, as in our previous study on IL-MLD,33 we investigated how the GPC varies with 

the thickness of the IL layer, summarized in Figure 1d. It is conceivable that the presence of the 

IL layer could hinder the effective purging of by-products, which would lead to CVD-like 

growth. This would be detected by a monotonic increase of the GPC with respect to IL layer 

thickness. As shown in Figure 1d, three GPC regimes are observed. There is a region in which 

the GPC of the IL-ALD process is constant at ~0.7 Å/cycle, between 120 – 200 Å of IL. At IL 

thicknesses larger than this window, the GPC increases significantly to ~3 Å/cycle. We have 

hypothesized in previous work that the cause of this rapid increase in the GPC in IL-ALD is due 

to insufficient purging at higher IL thicknesses, leading to CVD-like behavior, and we propose 

the same explanation here.33 There are also some notable features in the data when using IL 

thicknesses below 120 Å: at IL thicknesses smaller than this value, the growth increases 

monotonically from a value of 0 Å/cycle with no IL to 0.7 Å/cycle at 120 Å. We attribute this 

behavior to artifacts arising from insufficient wetting of the surface at the lower IL thicknesses. 

Post-deposition, these thinner IL layer showed signs of de-wetting from the substrate; as we 

hypothesized above, the wetting of the IL layer is crucial to the IL-ALD process and the 

conformal growth of the ALD film. Furthermore, the nano-confinement effect of the IL 

adsorption on a solid substrate may affect the ability of these thinner IL layers to act as a 

solvent.68–71 This phenomenon arises as the strongly interacting ionic liquid forms a solid-like 

phase near the surface of the substrate, which reduces its degrees of freedom, leading to loss of 

certain bulk-phase, liquid-like properties such as solvation strength and conductivity.68 On the 

basis of the results in Figure 1d, we chose to use an IL thickness of 165 Å for all other 

experiments because it is in the region where GPC is constant. 
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Figure 1: Saturation curve of the SnO ALD process as a function of (a) Sn(acac)2 dose time, and 

(b) water dose time. (c) Growth curve for IL-ALD process, showing linear growth behavior up to 

200 cycles at a growth per cycle (GPC) of 0.67 Å/cycle. (d) GPC as a function of IL thickness, 

showing a central region of constant growth. Data points shown in black are ALD processes with 

IL and points shown in red are traditional ALD processes without IL. Dashed curves and dotted 

lines in (a), (b), (d) are guides to the eye. Dotted lines in (c) are a result of a two-parameter least-

squares linear regression fit. 
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Analysis of IL-ALD films. We performed XPS to determine the elemental composition and 

oxidation state information of the IL-ALD films grown with Sn(acac)2 and water. Previously, 

ALD of tin oxide using tin acetylacetonate had only been reported using ozone, which deposited 

a film of SnO2 with a Sn oxidation state of +4.39 Due to the highly oxidizing nature of ozone, the 

Sn(II) metal center in tin acetylacetonate oxidizes to Sn(IV) during the deposition process with 

ozone. However, it was not known a priori what Sn oxidation state might form in a process using 

water as a counter-reactant, as in the gentler IL process used in this work. 
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Figure 2: (a) XPS survey scan of IL-ALD tin oxide film. (b) XPS Sn 3d high-resolution scan. (c) 

XPS valence band spectrum. The sample used in these measurements was 100 Å thick. 

 

Shown in Figure 2a, the XPS survey scan reveals the presence of tin oxide with minor carbon 

contamination. We note that due to the ex-situ nature of this XPS measurement, there will be 

adventitious carbon contamination. The high-resolution region of Sn 3d is shown in Figure 2b, 

but because Sn(II) and Sn(IV) are very similar in XPS binding energy (486.5 eV vs 486.7 eV), 

we used two other methods to determine the oxidation state of the tin. First, we determined the 

elemental ratios in the high resolution XPS spectra. The measured Sn:O ratio of 45:55 ratio 

suggests that the nominal composition of our IL-ALD film is SnO1+δ, i.e., nearly SnO with slight 

non-stoichiometry. Next, we measured the valence band XPS spectra of the IL-ALD film, with 

results shown in Figure 2c. Because SnO and SnO2 have different electronic band structures, 

their valence band XPS spectra are different,72,73 so we can use this region of the XPS spectrum 

as a fingerprint to corroborate the tin oxide stoichiometry. By referencing literature spectra for 

SnO73 and SnO2 as shown in SI Figure S3,72 it is evident that the valence spectrum best matches 

that for SnO. Notably, the onset of the first peak at low binding energies in the valence band 

spectra of the IL-ALD film occurs near 0 eV, which is indicative of SnO and not SnO2. This 

result is reasonable since the tin precursor originally exists as Sn(II) and because water is not an 

oxidizing counter-reactant. Furthermore, as discussed next, in the proposed solvent-mediated 

reaction mechanism, the water acts solely as a nucleophile and not as an oxidant. 

 

Reaction mechanism between Sn(acac)2 and H2O. The mechanism of the reaction between tin 

acetylacetonate precursor and the water counter-reactant in the IL is important to establish. We 
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can look to literature results of other metal acetylacetonates with water to understand likely 

reaction pathways, making comparisons between what takes place in the gas-phase versus in 

solution. First, in vapor-phase reactivity studies of metal acetylacetonates, chromatography-mass 

spectrometry (GM-MS) of various metal acetylacetonates74–76 showed that the entire 

acetylacetonate ligand is exchanged during reaction as acetylacetone. However, because 

acetylacetonate is a very strong chelating ligand and thus bound tightly to the metal center, this 

ligand exchange reaction does not take place until temperatures above 300 °C. Furthermore, 

these gas-phase reactivity studies were done with co-flow of both the metal acetylacetonate and 

water at once, which resembles a CVD process rather than an ALD one. In particular, in the 

reactions of Ni(acac)2 (300 °C),75 Co(acac)2 (310 °C),75 and Cu(acac)2 (432 °C)76 with water, 

acetylacetone (Hacac) is produced as a product of the ligand exchange reaction at these elevated 

temperatures. At a lower reaction temperature of 100 °C, as in our process, this type of reaction 

has not been demonstrated to occur at appreciable rates in vapor-phase.76  

Even though the previous reports on metal acetylacetonate precursors were performed 

under CVD-like conditions, because ligand exchange chemistry is so prevalent in ALD, it is 

perhaps still reasonable to expect this reaction mechanism to permit ALD of metal oxides from 

metal acetylacetonates and water. The mechanism of full ligand exchange is depicted in Figure 

4b. Yet, successful reports of metal acetylacetonate ALD processes with water are scarce, likely 

because at lower deposition temperatures, this ligand exchange reaction is kinetically prohibitive. 

For example, in a previous study on tin acetylacetonate ALD processes,39 it was reported that 

water was insufficiently reactive as a counter-reactant even at 375 °C, and an ozone counter-

reactant was required for any growth to occur. Similarly, we did not see significant deposition in 

our studies with Sn(acac)2 and H2O in the absence of the ionic liquid. However, we did see 
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deposition in the presence of the IL, and consequently we expect the operative reaction 

mechanism in IL-ALD to be different than simple ligand exchange.  

 

To investigate the reaction mechanism operative within the IL-ALD process, we first 

performed the reaction directly in a bulk IL solution as a reference. We prepared the reaction 

mixture as described in the Methods section to mimic the reaction conditions as closely as 

possible. We then used NMR to detect reaction species post-reaction. Figure 3a,b shows the 13C 

and 1H NMR spectra collected, respectively. Looking first at the 13C results, the spectrum shows 

peaks that correspond to both acetone and acetic acid, labeled as molecule A and B respectively. 

The peak shifts, assignments, and literature references are described in SI Section A. In 

particular, there are two extremely deshielded carbons that correspond to the carbonyl carbon on 

both acetone and acetic acid. There are also two aliphatic carbons that are attributed to acetone 

and acetic acid. Of note, the 13C shift for acetate at 191.76 ppm is quite downfield from free 

acetic acid which typically occurs as 178 ppm in CDCl3; this shift is attributed to metal-chelating 

carboxylates,77–79 a binding configuration which is possible in our system due to the presence of 

tin ions. Next, the 1H spectrum reveals signatures of acetone and acetic acid as well, again 

labeled as molecules A and B. The NMR spectra also contain multiple peaks that correspond to 

the solvent, which is the EMIM HSO4 IL and D2O. We do not expect to detect the acidic proton 

in acetic acid because of rapid proton exchange with deuterium present in D2O, which is not 

NMR active.  

Most notably, in the NMR spectra we do not see either intact tin acetylacetonate or 

acetylacetone, which have unique characteristic peaks near 100 ppm in the 13C NMR spectrum 

and 5.52 ppm in a 1H NMR spectrum, as labeled in Figure 3a,b.53,54 The absence of acetylacetone 
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suggests two main characteristics about the IL-mediated reaction mechanism: 1) the mechanism 

is different than the higher temperature, gas phase mechanism, since acetylacetonate is known to 

undergo ligand exchange to form intact acetylacetone in the gas phase in that process, and 2) the 

mechanism likely breaks up the acetylacetonate ligand during the process since acetylacetonate 

is absent in the NMR spectrum. 
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Figure 3: (a) 13C and (b) 1H NMR for reaction products of tin acetylacetonate and D2O in EMIM 

HSO4. Peak assignments are in SI section A and also labeled in the spectra, with A1 and A2 

corresponding to acetone peaks, B1 and B2 corresponding to acetic acid peaks, and S 

corresponding to solvent peaks. (c) IR spectrum of the same reaction products of tin 

acetylacetone and water in EMIM HSO4 and D2O. Key peak positions given in wavenumbers are 

shown in parentheses on the figure. 

 

 We also compare the NMR results with FTIR spectroscopy analysis of the reaction 

products, shown in Figure 3c. The peak assignments are tabulated and show with reference peak 

assignments in SI Table S1. Here, we also observe the presence of carbonyl functional groups 

through peaks at 1720 and 1695 cm-1, which are consistent with acetic acid and acetone, 

respectively. The appearance of both the symmetric and asymmetric stretching modes of a 

carboxylate at 1573 and 1365 cm-1 is also consistent with acetic acid, since it is in acid-base 

equilibrium with the acetate form. However, since FTIR spectroscopy is less analytic in practice 

compared to NMR analysis of small molecules, we use this FTIR analysis only as corroborating 

evidence to the conclusions made via NMR. 

We propose that the presence of these two species suggests an addition-elimination 

reaction mechanism of the acetylacetonate ligand with water in which a C-C bond in 

acetylacetonate is broken to form acetone and acetic acid; this type of reaction mechanism has 

been observed in the solvent-facilitated reaction of metal acetylacetonates with amines54 and 

alcohols.53 We hypothesize that the same addition-elimination mechanism is operating in the 

current reaction with water as the nucleophile, as shown in Figure 4a. This reaction mechanism 
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involves a C-C bond cleavage of the acetylacetonate ligand, which is typically energetically 

unfavorable. In fact, literature has reported that when acetylacetone (Hacac) was refluxed with 1-

butanol or isobutanol to determine its stability,53 no alcoholysis was observed after 24 hours of 

reflux, suggesting that free acetylacetone is stable to reaction with alcohol nucleophiles. 

However, it is known that when acetylacetonate is chelated to metal ions, taking the 

acetylacetonate form, it becomes more reactive towards nucleophiles,53 whereby the metal ion 

activates the acetylacetonate ligand. Our hypothesized reaction mechanism in Figure 4a is 

consistent with the addition-elimination mechanism that has been reported for other metal 

acetylacetonates with amines and alcohols, but in this case water serves as the nucleophile. 

Consistent with the mechanism involving water instead of an alcohol or an amine, acetic acid is 

produced as the first byproduct rather than esters and amides. Acetone is produced in all three 

mechanisms (i.e., with water, amines, or alcohols) as the second byproduct. This proposed 

reaction mechanism is in agreement with the observed reaction products by NMR and IR. 

The proposed mechanism can also help explain why the solvent-mediated reaction 

(Figure 4a) is possible at lower temperatures compared to the vapor-phase, ligand-exchange 

mechanism (Figure 4b). The chelate effect mentioned above suggests that acetylacetonate is very 

strong bonded to Sn(II), making it difficult to remove by ligand exchange. However, if water can 

initiate the addition-elimination reaction to cleave the C-C bond in acetylacetonate rather than 

simple ligand exchange, then the bidentate nature of acetylacetone is lost when it forms the two 

separate products of acetone and acetic acid. Although acetate, the deprotonated form of acetic 

acid, is also a bidentate ligand, it is not nearly as strongly binding a ligand as acetylacetonate;80 

moreover, the acid-base equilibrium of acetic acid means that acetate is not present in the same 

stoichiometric concentration as acetylacetonate. The Hammett acidity function, H0, of the IL 
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used in this study, EMIM HSO4, is 1.9481. This value suggests that acetic acid, which possesses a 

pKa of 4.76, should be primarily in the protonated form, which is a more weakly chelating ligand 

than the deprotonated form due to the lack of negative charge. 

 

Figure 4: (a) Proposed addition-elimination reaction mechanism between tin acetylacetonate and 

water in solvent. (b) Established ligand-exchange reaction mechanism75,76 between metal 

acetylacetonate and water in vapor-phase, typically at high temperatures. 
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Figure 5. Bond dissociation energies of H2O and Hacac with or without ionic liquid. All 

geometries optimized with DFT calculation. (red=oxygen, white=hydrogen, grey=carbon, 

blue=nitrogen, yellow=sulfur) 

To further probe the feasibility of the proposed addition-elimination mechanism, we 

investigated the effect of an IL on dissociation of H2O and on C-C cleavage of Hacac using DFT 

calculations. Both the O-H and C-C bonds must be dissociated in the mechanism illustrated in 

Figure 4a. As shown in Figure 5, 394.1 kcal/mol of energy is required to dissociate H2O into H+ 

and OH- without the IL, a formidably high value. On the other hand, in the presence of the IL, 

which is simulated as a single EMIM-HSO4 complex, a much lower energy of 38.4 kcal/mol is 

required to dissociate H2O. Since the EMIM of the IL has a positive charge and the HSO4 has a 

negative charge, it can be inferred that the polarity of IL helps the dissociation of H2O. This 

polarity of the IL leads to similar results in the dissociation of Hacac. To cleave the C-C bond in 

Hacac, 233.8 kcal/mol of energy is required without the IL. However, with the IL, a much lower 

energy of only 44.2 kcal/mol is required. Consequently, the results of the DFT calculations help 
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support the conclusion that the presence of the IL is involved in the dissociation of H2O and the 

C-C bonds in the acac ligand, making it easier for the reaction to occur. 

 

Ligand modification mechanism: non-ligand preserving chemistry. With both the 

experimental and theoretical results supporting the presence of an addition-elimination 

mechanism in the IL-ALD of SnO, we next turn to understand how this reaction mechanism fits 

into the context of known thermal ALD reactions. Generally, four classes of reaction 

mechanisms for thermal ALD have been identified: ligand exchange, associative adsorption, 

dissociative adsorption, and oxidation.32 Furthermore, we can differentiate the latter mechanism 

class from the former three by its non-ligand preserving nature. That is, an ALD reaction 

mechanism which occurs by oxidation does not preserve the chemical functionality of the ligand 

being modified, since the ligand is oxidized during the reaction process. This can be seen in the 

reaction byproduct differences between the ALD of trimethylaluminum (TMA) and water versus 

ALD of TMA and ozone to form alumina.82 In the water ALD case, ligand exchange occurs and 

methane is formed as a byproduct, so that the methyl ligands are preserved. In contrast, when 

ozone is used as the reactant, the methyl ligands are oxidized to CO and CO2, thus following a 

“non-ligand preserving” mechanism. 

 With these differentiators, we can see that the addition-elimination mechanism we 

identify in our Sn(acac)2 and water reaction also falls within this non-ligand preserving class. 

However, although this addition-elimination mechanism is non-ligand preserving, it is not an 

oxidation mechanism. Since water is used as the counter-reactant, the acetylacetonate ligand that 

is being altered does not undergo oxidation. Rather, because the acetylacetonate ligand is being 

modified and cleaved to form acetone and acetic acid, the ligand is dissociated but not oxidized. 
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Hence, we define a new and more general class of reaction mechanisms in ALD as “ligand 

modification”, which encompasses both the previously-identified oxidation pathway as well as 

other non-oxidative non-ligand preserving mechanisms like the addition-elimination process 

introduced here. 

 

IL-ALD growth mechanism. In typical ALD schemes, the growth process is described as 

occurring by a sequence of layer-by-layer, self-limiting gas-surface reactions. Due to the 

introduction of the ionic liquid layer, we investigated whether the ALD growth mechanism is 

still both self-limiting and comprised only of surface (not bulk) reactions. In traditional ALD, the 

surface reactions take place at the substrate-vapor interface, where the presence of 

functionalization (typically -OH functional groups) allow for the reaction to occur. By coating 

our substrates with the ultrathin layer of IL, we hope to modify the surface energetics of the 

desired reaction, by allowing the reaction to take place at the solid-solvent substrate-IL interface 

instead.  

 To probe the self-limiting nature, we can consider the saturation experiments in which 

we fixed the exposure of one precursor and varied the exposure of the other. If the reaction is 

self-limiting even in the presence of the IL, then the GPC should reach a constant value as a 

function of increasing precursor pulse time. From Figure 1a,b, it is evident that the GPC is 

saturating for both Sn(acac)2 and water precursors, meaning the reactions are indeed self-

limiting.  

There are three reasonable locations where the SnO film growth may take place: at the 

substrate-IL interface, within the IL layer itself, and at the IL-vapor interface. To probe whether 

the reactions occur exclusively at the substrate-IL interface, we need to rule out the alternative 
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possibilities. Growth at the IL-vapor interface is not likely because our SnO films remain 

adhered to the Si substrate even after water sonication to remove the IL. If the SnO films grew at 

the IL-vapor interface, sonication and removal of the IL would also remove the SnO film. 

Furthermore, the XPS depth profile results shown in Figure 6a reveals that the IL layer is located 

above the SnO film rather than below it. The other possibility is that the ALD reactions are also 

taking place inside the bulk of the IL. This type of growth could occur if one precursor were 

retained within the IL upon dosing of the subsequent complementary precursor due to 

insufficient purging time. Such a CVD-like growth mechanism would be a function of the IL 

thickness, since a thicker ionic liquid layer would not only have the larger capacity to retain 

absorbed molecules but those precursors would also be harder to purge away. The growth studies 

performed in Figure 1d rule out the possibility of bulk growth when operating within the IL 

window: specifically, the GPC of SnO is nearly constant when the IL thickness is varied between 

120 and 200 Å. On the other hand, once the IL thickness is increased to ~230 Å, the GPC does 

increase. As in the previous work,33 we attribute this higher GPC in the SnO system to CVD-like 

bulk growth due to insufficient purging. At lower IL thicknesses below 120 Å, the IL layer de-

wetting during deposition prevents ideal growth. As long as the IL thickness is kept within the 

optimized range, bulk growth does not occur. This result is reasonable because the desired ALD 

reaction should take place wherever there are compatible reactive sites available. By allowing for 

sufficient purging of precursors out of the IL layer, we eliminate the presence of these reactive 

sites from the IL layer so that they are only present at the substrate-IL interface. 
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Figure 6: (a) XPS depth profile of an IL-ALD SnO deposition sample to investigate the location 

of the EMIM HSO4 IL layer after deposition, which is tracked via the C and N signals. The sum 

of all 5 atomic compositions measured is fixed at 100%. (b) Proposed IL-ALD growth 

mechanism of SnO in an ionic liquid layer, in agreement with the observed XPS depth profile in 

(a). In the mechanism, the SnO layer displaces the IL layer that is initially present directly on the 

Si substrate, pushing the IL outward and leaving the ALD film at the Si substrate. 

 

Elemental depth profiling was performed to shed further light on the IL-ALD growth 

mechanism. In this experiment, the elemental composition of the SnO and IL layers on Si was 

measured using XPS as a function of depth with sputtering. Prior to SnO ALD, the sample 
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contains a conformal IL layer of EMIM HSO4 on the Si substrate. Once the SnO is grown, the 

relative positions of the IL layer and the SnO need to be determined. In principle, the SnO layer 

could be (1) between the IL layer and Si (interface growth), (2) within the IL layer itself (bulk 

growth), or (3) on top of the IL layer (surface growth). In our previous IL-MLD studies of the 

growth of PEKK, we determined that the MLD film sat between the IL layer and the substrate, 

i.e., scenario (1).33 With sufficient purging for the given IL thickness, we avoided (2), and with 

correct choice of the IL layer to be inert with the precursors used, we avoided growth of the thin 

film at the IL-vapor surface (3).83 

The resulting XPS depth profile for the SnO IL-ALD film in this work is shown in Figure 

6a, in which the C 1s, N 1s, Sn 3d5/2, O 1s, and Si 2p signals were measured. The N 1s and C 1s 

signals correspond directly to the EMIM HSO4, since these two elements are only present in the 

IL layer, and not in SnO or the Si substrate. The N and C signals drop to the level of noise after 

~7 min of sputtering, as the signal from the underlying Si substrate begins to rise. On the other 

hand, the Sn and O signals continue to be detected throughout the sputtering process. The fact 

that XPS elemental signals attributed to SnO are still detected after those attributed to the IL are 

completely gone suggests that the EMIM HSO4 layer is located on top of the SnO film. Hence, 

the depth profile results are consistent with scenario (1), in which the SnO layer is between the 

IL layer and Si substrate, and in agreement with the results from the IL-MLD system.33 While 

the depth profile results by themselves do not rule out contribution from scenario (2), since 

signals attributed to SnO and the IL are both observed at the beginning of the sputtering process, 

the GPC studies in Figure 1d indicate that bulk growth is not occurring. Hence, the results 

support the conclusion that the IL-ALD process proceeds primarily by reaction at the IL-

substrate interface.  As shown in the schematic of Figure 6b, in the proposed growth mode, the 
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SnO layer displaces the IL layer that is initially present directly on the Si substrate, pushing the 

IL outward and leaving the ALD film at the Si substrate. The SnO ALD film remains tethered to 

the Si substrate due to the formation of Si-SnO bonds during the first few cycles of the ALD 

process. 

 

Conclusions 

The process of ionic liquid assisted atomic layer deposition (IL-ALD) has been 

successfully demonstrated with the deposition of tin oxide. The SnO films were grown using tin 

acetylacetonate and water as precursors with a GPC of 0.67 Å/cycle at a deposition temperature 

of 100 °C, in a reaction enabled by an ultrathin layer of the ionic liquid 1-ethyl-3-

methylimidazolium hydrogen sulfate. The IL-ALD SnO process introduced here demonstrated 

the essential properties of ALD: linear and saturating growth, and self-limiting surface reactions. 

Characterization of the tin oxide films revealed a stoichiometry of Sn(II) oxide, distinct from 

ozone-based ALD using the Sn(acac)2 precursor which deposits the Sn(IV) oxide. The solvent-

mediated reaction mechanism was explored via 1H NMR, 13C NMR, and FTIR spectroscopy of 

the reaction products: an addition-elimination mechanism was proposed whereby the water acts 

as a nucleophile, reacting with the acetylacetonate ligand and cleaving a C-C bond. As a result, 

this study introduces a new general type of ALD reaction mechanism, which we term ligand-

modification, made possible via a solution-mediated pathway. DFT showed that the presence of 

the ionic liquid is beneficial to the proposed solvent-mediated mechanism by lowering the C-C 

bond cleavage energy compared to the mechanism solely in the vapor phase. Along with our 

previous study of the IL-MLD of PEKK, this proof-of-concept demonstration of the IL-ALD of 

SnO from tin acetylacetonate shows that the ionic liquid layer approach allows solvent-mediated 

reaction mechanisms to take place in ALD. This technique provides a new optimization direction 



Accepted for Publication, Journal of the American Chemical Society 

28 
 

for the development of novel ALD and MLD processes, enabling the manipulation of the 

energetics of surface reactions which has traditionally been limited in scope. 

 

Supporting Information 

 The supporting Information is available free of charge at []. Spin curve for ionic liquid 

coating layer, XPS survey spectrum of ionic liquid layer, XPS valence band spectrum with 

comparisons to literature spectra of SnO and SnO2, AFM of ionic liquid layer, and detailed NMR 

and IR peak assignments of products. 
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