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Abstract

:

The thermal atomic layer deposition (ThALD) of yttrium oxide (Y2O3) was developed using the newly designed, liquid precursor, Y(EtCp)2(iPr2-amd), as the yttrium source in combination with different oxygen sources, such as ozone, water and even molecular oxygen. Saturation was observed for the growth of the Y2O3 films within an ALD window of 300 to 450 °C and a growth per cycle (GPC) up to 1.1 Å. The resulting Y2O3 films possess a smooth and crystalline structure, while avoiding any carbon and nitrogen contamination, as observed by X-ray photoelectron spectroscopy (XPS). The films showed strong resistance to fluorine-containing plasma, outperforming other resistant materials, such as silicon oxide, silicon nitride and alumina. Interestingly, the hydrophilic character exhibited by the film could be switched to hydrophobic after exposure to air, with water contact angles exceeding 90°. After annealing under N2 flow at 600 °C for 4 min, the hydrophobicity was lost, but proved recoverable after prolonged air exposure or intentional hydrocarbon exposure. The origin of these changes in hydrophobicity was examined.
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1. Introduction


Yttria offers properties that are attractive for a variety of industrial applications. Bulk Y2O3 has a high thermal conductivity (0.27 W cm−1 K−1 at 300 K) and a high melting point (2430 °C). Its refractive index of about 1.9 also allows it to be used in the fabrication of planar waveguides for high-power lasers [1,2]. Yttria already has a wide range of applications in electronics and related fields [3,4]. For example, thin films of yttrium-based oxides, in combination with zirconium oxide, are useful as high-k gate dielectrics due to the large intrinsic band gap in the range of 5.5 to 5.8 eV, which displays improved electrical properties on current commercial examples (e.g., lower leakage current) [5]. Moreover, Y2O3 thin films have been employed as optical, anticorrosive coatings and dielectric insulators in electroluminescent devices, such as light-emitting diodes (LEDs), in which metals such as Eu, Er, Tb and Yb have already been applied as dopants [6]. In the field of emerging energy devices, yttrium-stabilized zirconia (YSZ) and yttrium-doped ceria (YDC) are useful as solid-state electrolytes for solid oxide fuel cells (SOFCs) [7,8]. Particularly interesting properties of yttria are its good wear resistance, high mechanical and dielectric strength, as well as strong corrosion and chemical resistance, making it ideal for wear-resistant coatings in plasma equipment [9]. For such applications, silicon oxide and aluminum oxide are commonly used to shield ceramic components in etchers and plasma-enhanced chemical vapor deposition (PECVD), equipment used in semiconductor processing [10,11]. As semiconductor manufacturing continues to scale down, these materials are becoming increasingly exposed to higher density plasma, which causes faster erosion and ultimately leads to the formation of contaminating particles and defects, resulting in yield loss. Y2O3 is now being considered for this application, as its resistance to erosion and degradation is much higher than conventional coatings [12,13,14,15,16,17]. In addition, Y2O3 has already been applied as a hydrophobic layer in various industrial components. Metal oxide hydrophobic coatings are of increasing interest as they exhibit better mechanical durability and thermal stability than organic hydrophobic coatings, properties essential for their use in electronics-related applications, such as in microelectromechanical systems (MEMS) manufacturing.



Y2O3 deposition can be achieved by various methods, such as physical vapor deposition (PVD), thermal or plasma-enhanced chemical vapor deposition (CVD) and related variations on atomic layer deposition (ALD). In recent decades, Y2O3 studies have shown that important film properties, such as crystal structure, crystallinity and film purity, may be changed or adjusted by the selection and combination of the particular precursor and co-reactant(s) which can alter the deposited film’s electronic properties. ALD, as a deposition technique, is of particular interest as it can be performed sequentially, allowing for the production of high-quality, uniform and conformal films with targeted composition and thickness control, thanks to its inherent, self-limiting mechanism. ALD is performed by delivering a precursor in its vapor phase to a substrate surface where it then chemisorbs. The precursor in excess is then purged from the system after each subcycle. This subcycle of flow-purge is then repeated with any other reactants before another cycle of precursor addition. To achieve an ideal ALD process, a suitable organometallic compound is required. Generally, a precursor should possess good thermal stability to enable continuous and constant vaporization from source to deposition without decomposing. This is a minimum requirement in order to achieve a chemically driven, self-saturated growth regime across a wide temperature window; meanwhile, insufficiently stable precursors typically result in non-conformal deposition. An ideal precursor must also contain highly reactive chemical bonds to afford high growth per cycle (GPC), which is expected on a commercial scale. Finally, the precursor must have optimal physical properties that make it practical for high-volume manufacturing. This typically means being liquid at or near room temperature, which allows for the easier and more consistent transfer of bulk quantities into containers, and ideally delivering approximately 1 Torr vapor pressure significantly below 180 °C.



A wide variety of ALD rare earth precursor complexes have been previously reported; β-diketonates [18,19,20], silylamides [21,22], cyclopentadienyls [23,24,25,26], amidinates [27,28], guanidinates [29,30,31,32,33] and pyrazolates [34], to name a few examples. β-diketonates, such as tris(2,2,6,6-tetramethyl-3,5-heptanedionate)yttrium, Y(thd)3 [18], and tris(2,7,7-trimethyl-3,5-octanedionate)yttrium, Y(fod)3 [20], were among the first examples to be assessed; these compounds typically exhibit undesirably high melting points (generally exceeding 150 °C). Their primary advantage is superior thermal stability, but at the cost of low vapor pressure. Furthermore, they often suffer from high bulkiness and poor reactivity with oxidants, which results in low GPC and the need for high deposition temperatures [35] or plasma enhanced methods [36]. In addition, while they may have similar thermodynamic vapor pressures compared with liquid precursors, they are still limited by slower evaporation kinetics. For this reason, liquid precursors are typically preferred for ALD processes. Silylamides, such as tris(N,N’-bis(trimethylsilyl)amido)yttrium, Y(tmsa)3, have sufficient stability and volatility, but when applied in modern techniques regularly lead to silicon incorporation [22]. Thus, silicon-free options are also desirable, such as cyclopentadienyls and amidinates, which will be discussed in detail later in this paper. In this work, we report the design and preparation of novel heteroleptic rare earth compounds which possess melting points at or below room temperature, specifically exemplified by the yttrium complex, Y(EtCp)2(iPr2-amd). The ALD of Y2O3 films illustrate the use of such a liquid precursor in combination with ozone, oxygen and water. The ALD process conditions that are required to deposit Y2O3 films were developed to optimize the composition, morphology, uniformity, conformality and the crystallinity of the resulting films. The obtained films were also investigated for plasma etch resistance and hydrophobicity applications.




2. Experimental Section


2.1. General Analysis


1H and 13C nuclear magnetic resonance (NMR) spectra were measured on a Bruker AVANCE NEO 400 spectrometer (Billerica, MA, USA) at 298 K. All signals were referenced to the residual proton signals of deuterated solvents and corrected to the tetramethylsilane (TMS) standard values. The melting point of all compounds was analyzed by differential scanning calorimetry (DSC, Bruker DSC3100SA). Volatility and thermal stability were analyzed in the range of 25−500 °C (heating ramp of 10 °C/min; N2 gas flow: 220 sccm) at atmospheric pressure by thermogravimetric analysis (Mettler Toledo TGA/DSC 3+) using a typical sample size of 20−25 mg in an aluminum crucible. Alternative TGA experiments were run at a reduced pressure of 10−20 Torr and closed cup experiments using an aluminum crucible sealed by a perforated cap with a hole of 0.1 mm diameter.




2.2. General Conditions for Inert Reactions


All compounds were highly sensitive to moisture and oxygen. Solvents were dried by a solvent purification system (MBraun). The handling and syntheses of all air and moisture-sensitive compounds were carried out under argon atmosphere using standard Schlenk techniques. All chemicals and reagents used were commercially acquired, unless otherwise stated. All mentions of YCl3 were in the form of an anhydrous salt.



Li-iPr2-amd 1 equivalent of diisopropylcarbodiimide was added into dry THF under an inert atmosphere. The solution was cooled to −78 °C by a dry ice bath followed by the dropwise addition of 1.1 equivalents of MeLi (1.6 M in diethyl ether) via a dropping funnel over a period of 30 min. The resulting yellowish solution was brought to r.t. and stirred for a further 2 h.



LiRCp (R = Me, Et, iPr) was prepared by cracking a corresponding dicyclopentadiene derivative at 200 °C under inert atmosphere, purified via distillation and collected at −78 °C. The relevant Cp derivative was then dissolved in dry THF under N2 and deprotonated with nBuLi and allowed to reach r.t. over 3 h. Obtained Li-RCp solution was typically 1−2 M.




2.3. General Procedure For Preparation of Y(RCp)2(iPr2-amd) (R = Me, Et, iPr)


YCl3 was stirred in dry THF at r.t. The reaction was then cooled to −78 °C followed by slow addition of 2 equivalents of Li-RCp (R = Me, Et, iPr) and allowed to reach r.t. before being stirred for a further 12 h to produce Y(RCp)2Cl, without isolation. The solution was once more cooled to −78 °C, followed by the slow addition of 1 equivalent of the aforementioned Li-iPr2-amd solution. The solution was allowed to reach r.t. and stirred for a further 12 h. The mixture was evaporated to dryness under vacuum and followed by re-dissolving either into pentane or toluene. Pentane or toluene was then isolated by filtration. The solvent was evaporated to dryness under vacuum to obtain a pale-yellow oil, or waxy solid. Purification was carried out either by sublimation or via short-path distillation.



Y(MeCp)2(iPr2-amd), the yellow waxy solid, was sublimed at 115 °C at 14 mTorr. Yield was 67.8%, m.p. 26.1 °C. 1H NMR (C6D6, 400 MHz): δ 0.95 (d, 12H, 3JHH = 8.0 Hz, Y-NCHMe2), 1.50 (s, 3H, Y-N2CMe), 2.14 (s, 6H, Y-CpMe), 3.28 (m, 2H, Y-NCHMe2), 5.98−6.11 (m, 8H, Y-CpMe).



Y(EtCp)2(iPr2-amd) purification was carried out using a short-path distillation column at a temperature of 90−120 °C, at 20 mTorr. Yield was 45.7%, m.p. 5.7 °C. 1H NMR (C6D6, 400 MHz): δ 0.96 (d, 12H, 3JHH = 4.0 Hz, Y-NCHMe2), 1.22 (t, 6H, 3JHH = 4.0 Hz, Y-CpCH2CH3), 1.51 (s, 3H, Y-N2CMe), 2.54 (q, 4H, 3JHH = 4.0 Hz, Y-CpCH2CH3), 3.29 (m, 2H, Y-NCHMe2), 6.04−6.11 (m, 6H, Y-CpMe).



Y(iPrCp)2(iPr2-amd) purification was carried out by short-path distillation at 120−150 °C at 20 mTorr. Yield was 76%. 1H NMR (C6D6, 400 MHz): δ 0.98 (d, 12H, 3JHH = 8.0 Hz, Y-NCHMe2), 1.26 (d, 12H, 3JHH = 4.0 Hz, Y-CpCHMe2), 1.51 (s, 3H, Y-N2CMe), 2.14 (s, 6H, Y-CpMe), 2.92 (m, 2H, Y-NCHMe2), 3.30 (m, 2H, Y-CpCHMe2), 6.10−6.13 (m, 8H, Y-CpCHMe2).




2.4. Y2O3 Film Analysis


Y2O3 thin film thicknesses and refractive indexes were routinely measured using a spectroscopic ellipsometer (SEMILAB, SE-2000, Budapest, Hungary) with a wavelength from 245 to 1000 nm. The corresponding surface and in-depth film compositions were determined by X-ray photoelectron spectroscopy (XPS) using Al Kα (λ = 0.834 nm) X-rays generated at 15 kV and 70 W (Thermo Fisher Scientific, K-alpha, Waltham, MA, USA). Surface morphology was characterized by atomic force scanning electron microscopy (SEM, Hitachi High-tech, S-5000, Tokyo, Japan) and atomic force microscopy (AFM, Asylum Research MFP-3D, Santa Barbara, CA, USA) in tapping mode. Fourier transform infrared spectroscopy (FTIR, Thermo Scientific, Nicolet iS-50, Waltham, MA, USA), performed in a 600−4000 cm−1 spectral range, was used to detect surface chemical functional groups. The data were collected from 600 to 4000 cm−1 with a resolution of 4 cm−1. XRD patterns were acquired on Rigaku SmartLab diffractometers (Rigaku, Tokyo, Japan) using Cu Kα radiation (λ = 0.154 nm).




2.5. ALD of Y2O3 Films


Yttrium oxide films discussed in this paper were grown on HF-cleaned silicon substrates either in a 150 mm Atomic-Premium CN-1, a Beneq TF-200 reactor or in home-built tubular ALD systems. During the development of the Y2O3 ALD process, Y(EtCp)2(iPr2-amd) was selected as the yttrium precursor, due to its superior volatility, stability and melting point (liquid at 6 °C). Water and ozone were assessed as oxygen sources. The precursor was held in a stainless-steel bubbler at 95 °C for optimal vapor pressure, and the delivery line was maintained slightly above, at 120 °C, to prevent precursor condensation. Nitrogen was used as a purge gas, and was introduced in the precursor bubbler through a dip-tube for effectively carrying regular flow rates of the precursor vapors to the ALD chamber. Water was kept at room temperature, and the delivery line was heated to 35 °C. The as-deposited ALD yttrium oxide films were used as such, or annealed in vacuo in a furnace from 600 °C for 4 min in a flow of 35 cc of nitrogen.




2.6. ICP Plasma-Etching Experiments


Y2O3 and other representative thin films, each deposited on silicon substrates, were introduced into an inductively coupled plasma (ICP) etcher tool (200 mm Alcatel MS100). The erosion behaviors of such protective coatings were analyzed under the plasma etching conditions using the same bias power and processing gases (CF4 and O2) where high-density CF4/O2 plasma are produced (RF source power: 1300 W. RF bias power: 200 W. Chamber pressure: 1.1 Pa. CF4:O2 flow rates: 30:5 sccm. Etching time: up to 4 min). Y2O3 tested here was deposited by ALD as described in the corresponding section below. For comparison, different relevant materials were tested: 200 nm-thick PECVD SiO2 and 100 nm-thick LPCVD SiO2 films were obtained from Advantec and SUMCO, respectively; 300 nm-thick SiN LPCVD samples were provided by Advantec; 550 nm-thick Y2O3 ALD and 500 nm-thick Al2O3 ALD films were obtained from Beneq; 35 nm-thick YF3 ALD was prepared internally, using a process that will be described separately.




2.7. Water Contact Angle (WCA) Measurements


The Y2O3 ALD films, used for hydrophobic tests, were prepared using Y(EtCp)2(iPr2-amd) and O3 at 200 °C. Water contact angles were measured by the water drop technique using a contact-angle analyzer (Excimer, Simage AUTO 100, Tokyo, Japan) with deionized water (1.8 × 105 Ohm at 20 °C). Contact angle pictures were obtained by a charge-coupled device video camera and drop shape analysis software. The volume of each deionized water droplet used was 5 μL.





3. Results and Discussion


3.1. Y2O3 ALD Precursor Selection


In previous studies, thermal- and plasma-enhanced ALD of Y2O3 have both been investigated using several known derivatives of cyclopentadienyl (Cp) yttrium precursors, with YCp3 and Y(MeCp)3 receiving the most interest. Generally, yttrium cyclopentadienyl compounds are solid at room temperature and have moderate vapor pressures; however, they do display high GPC, typically exceeding well beyond 1 Å/cycle. They quickly react with water [23,24,25,26], O2 plasma, [34] and O3 [7]. Another common compound, Y(iPr2-amd)3, is part of the yttrium amidinate family of precursors, which are also solid at room temperature; have relatively low volatility; and deliver comparatively lower GPC, generally below 1 Å [27].



A promising approach to improving physical properties lies in targeting stable heteroleptic precursors, a strategy that can deliver considerable benefits over their homoleptic counterparts. This concept was first introduced in the late 2000 s and has since then gained tremendous attention, resulting in significant ALD process improvements [25].



In order to overcome the physical limitations of the Y(RCp)3 and Y(R-amd)3 families, we applied this approach by investigating a series of yttrium heteroleptic compounds containing a combination of diisopropyl amidinate (iPr2-amd) and cyclopentadienyl derived ligands, which separately have shown varied success in ALD and CVD processes. Our study primarily focused on the preparation and deposition of Y(RCp)2(iPr2-amd) compounds (R = Me, Et, iPr), consisting of cyclopentadienyl and amidinate ligands bonded to the same yttrium core. To the best of our knowledge, they are the only yttrium precursors reported to be liquid at room temperature to date, making them highly interesting for Y2O3 ALD at an industrial scale.



The preparation of the target compounds was generally conducted by reacting two equivalents of Li-RCp with YCl3 followed by one equivalent of Li- iPr2-amd and purified via vacuum distillation, or sublimation. Each compound was assessed by thermogravimetric analysis (TGA) using approximately 20 mg of Y(MeCp)3, Y(EtCp)3, Y(MeCp)2(iPr2-amd), Y(EtCp)2(iPr2-amd) and Y(iPr2-amd)3, in order to compare their volatility and stability. Initial tests suggested excellent evaporation behavior for the heteroleptic compounds, as illustrated in Figure 1. A comparison between the vapor pressures of Y(MeCp)3, Y(MeCp)2(iPr2-amd) and Y(EtCp)2(iPr2-amd) is shown in Figure 2 for the low-temperature domain. All data were acquired by the TGA isotherm method [37,38] under standard operating temperatures used to vaporize ALD precursors. These results indicate that Y(EtCp)2(iPr2-amd) possesses superior volatility in the low-temperature region, with a partial pressure of 1 Torr at 150 °C. Table 1 summarizes the most relevant physical properties of the complexes Y(RCp)3, Y(iPr2-amd)3 and Y(RCp)2(iPr2-amd). Remarkably, all heteroleptic compounds prepared showed significantly lower melting points than either of their homoleptic counterparts.



The rest of this study focuses on the Y(EtCp)2(iPr2-amd) precursor, which we concluded to possess the most suitable physical properties, as it is liquid well below room temperature and delivers the highest volatility in the low-temperature region.



In order for an ALD precursor to be deemed a viable candidate, its long-term thermal stability must also be assessed to ensure consistent performance over an extended period of use. This was of particularly critical importance as some heteroleptic complexes have been reported to undergo ligand exchange reactions [39]. To ensure its long-term stability, the Y(EtCp)2(iPr2-amd) precursor was subjected to a series of thermal stress tests. The compound was placed in an airtight vessel and continuously heated, with periodic analysis, so as to observe any chemical changes. Y(EtCp)2(iPr2-amd) was heated over a 4-week period at 120 °C and monitored via 1H NMR every 2 weeks; these conditions were intended to reflect the delivery conditions of the precursor as closely as possible. A comparison of the 1H NMR spectra taken during the study can be seen in Figure 3: no appearance of detectable free-ligand, or conversion to homoleptic compounds, Y(EtCp)3 and Y(iPr2-amd)3, was observed. A separate measurement by TGA also supports the absence of changes in the compound’s physical properties beyond a reasonable margin of error. These initial results indicated that the precursor was sufficiently stable for ALD testing.




3.2. Y2O3 ALD Process Characterization


The ALD evaluation of Y(EtCp)2(iPr2-amd) with various oxidants, such as ozone, water and oxygen, was performed on bare 150 mm Si substrates. Initial tests with ozone were carried out at 300 °C while increasing source introduction time from 5 up to 25 s (shown in Figure 4 below). From 10 to 25 s, the GPC was found to remain close to 1−1.1 Å/cycle, with the deposited films also displaying excellent uniformity (N.U. < 3%). This experiment suggests that the precursor is capable of depositing via a self-limiting mechanism, consistent with expected ALD behavior, with each of the co-reactants (Figure 4).



Based on optimized process conditions, the ALD window for Y(EtCp)2(iPr2-amd) was determined to be between 300 and 450 °C, using ozone as the co-reactant. Under these conditions, a GPC of 0.9−1 Å and non-uniformity of less than 5 % on a 150 mm wafer was achieved (Figure 5). Deposited films were stoichiometric with a Y:O ratio of about 40:60, as observed by XPS, with negligible carbon and nitrogen impurities. The refractive index values ranged from 1.9 to 2.0.



Water as the co-reactant was found to require similar process conditions as established for ozone with the ALD window being similarly observed from 300 to 450 °C. GPC reached 0.9 Å (Figure 4), and non-uniformity was less than 5 %. The refractive index values also ranged from 1.9 to 2.0, in line with the value observed for other films deposited by ALD. A notable difference in behavior was observed by altering water pressure, which was found to affect GPC. When low partial pressure (<0.1 Torr) was employed, the GPC was shown to continuously increase as a function of wafer temperature up to 450 °C, whereas with higher partial pressure (>0.2 Torr), a constant GPC was observed across the same temperature range. This suggests that high partial water pressure is required in order to achieve a complete reaction at the surface during the water pulse. This was attributed to lower reactivity between Y(EtCp)2(iPr2-amd) and water, compared with ozone. This may imply that a self-limited reaction is incomplete or imperfect at low partial pressure. Alternatively, the observations may be explained by an unfavorable adsorption/desorption equilibrium at low partial pressure of water, resulting in an incomplete oxidation of the ligands.



It is worth noting that Y(EtCp)2(iPr2-amd) also performed comparably well with O2 as a co-reactant in thermal mode. The ALD window closely matched those of ozone and water, 300 to 450 °C. The GPC fell into the range of 0.8−0.9 Å, similar to the other known processes, and non-uniformity was shown to be less than 5 % in 150 mm wafer; these data indicate a similar outcome to the earlier results. The refractive index values also ranged from 1.9 to 2.0, suggesting comparable film quality. It was noticed by XPS analysis that altering oxygen pulse times ultimately changed the level of impurities in the final film, especially for films deposited at 300 °C. Furthermore, 1 s of O2 resulted in a high carbon impurity of 5−6 at. %. If the pulse time was extended to 20 s, the percentage of carbon impurity was found to fall below the detection limit. As observed with water, high partial pressure, or long introduction time of oxygen, was shown to play an important role in achieving complete reaction and depositing high-purity films.



Figure 6 shows the X-ray diffraction (XRD) pattern of an 8−10 nm Y2O3 film deposited by Y(EtCp)2(iPr2-amd) and ozone from 250 to 400 °C under optimized conditions. Amorphous films were observed at 250 °C. The films became polycrystalline as the wafer deposition temperatures were increased, which was indicated by stronger peaks in the XRD patterns from 300 °C.



Scanning electron microscopy (SEM) was used to measure step coverage of a 1:20 aspect ratio structure deposited at 300 °C. The SEM image (Figure 7) shows that excellent step coverage was obtained (top: 42 nm/bottom: 40 nm), opening interesting perspectives for industrial applications requiring high conformality.




3.3. Y2O3 ALD Layers as Anticorrosion Protective Coatings


In the first set of experiments, Y2O3 coupons were introduced in an inductively coupled plasma (ICP) etch reactor together with silicon oxide and silicon nitride samples. Experiments were carried out using a low-pressure CF4/O2-based plasma. As shown in Figure 8, both thermal and PECVD silicon oxide films were etched out after less than 2 min of process time, with the silicon nitride film eroding at an even greater rate. By comparison, the erosion rate of Y2O3 remained moderate after 4 min. This observed fast etch rate of silicon-based materials is consistent with earlier reports by Riley et al. [40].



A second set of erosion tests involved Y2O3, YF3 and Al2O3 films, prepared by ALD either by Air Liquide (AL) or provided by Beneq Oy. Based on Table 2, alumina was found to be etched at least one order of magnitude faster than the yttrium-containing materials. Of these, YF3 was found to be eroded at a marginally faster rate than Y2O3. Importantly, the etching experiment found erosion rates to be nearly identical between the two, as well as very similar for both ultra-thin Y2O3 (35 nm, deposited at AL) and thin Y2O3 (550 nm, deposited at Beneq Oy). Although the reproducibility seems very good for each type of material, a further study needs to be conducted to determine if this is a consistent feature, or for instance if films deposited under altered conditions will display different behavior. The significantly higher performance of Y2O3 vs. Al2O3, with a ratio of etch rates > 12, should be noted and is consistent with literature values [40].



Some mechanistic insight may be gained from the provided XPS spectra (Figure 9) While the film was originally stoichiometric, with no detected impurities, plasma etching after 4 min revealed the surface to be rich in fluorine. F-contamination was also observed deeper into the bulk of the film. This may suggest that the abrasion mechanism consists of two steps: (1) fluorination of the Y2O3 at the surface, proceeded by (2) removal of the material in the form of a fluoride or an oxyfluoride. Such modification of the Y2O3 surface to the YOxFy surface after the first fluorine radical exposure was already reported [12] and suggests studying YF3 as an alternative protective ALD layer.




3.4. Y2O3 ALD Layers as Hydrophobic Coatings


Azimi et al. reported that rare earth oxide thin films deposited by PVD are hydrophobic [41], which was proposed to be a property derived from the unfilled 4f orbitals being shielded by the 5s2 and 5p6 electrons, though this conclusion was subject to controversy [42]. This approach was extended to materials deposited via ALD by Oh et al. [43] where the authors observed water contact angles (WCA) ranging between 90° and 105° for flat surfaces, and even demonstrated superhydrophobic behavior (WCA > 135°) on textured surfaces. The paper also reported that both Y2O3 and La2O3 (among other rare earth oxides) exhibit similar hydrophobic properties. However, their electronic orbital configurations differ, meaning the “5s2p6 orbital shielding effect” described for lanthanum oxide cannot be applied to yttrium oxide. This section attempts to elucidate the underlying causes of the hydrophobicity observed in rare earth oxide materials.



In order to compare the hydrophobic character across a range of materials, our study considered the following films for WCA testing: Y2O3; La2O3 (trivalent rare earth oxides); ZrO2; HfO2 (group IV oxides); and finally, Nb2O5 and Ta2O5 (group V oxides). Each was deposited by ALD and exposed to an open-atmosphere for a period of at least one month prior to analysis. Our study concluded that a WCA of over 90° could indeed be observed in our rare earth oxide deposits before annealing (bottom left picture of Figure 10), after weeks of air exposure. For comparison, the thin films of non-rare earth oxides generally displayed a WCA of 60−80°, while 30° can be typically expected for silica or untreated silicon wafers. All films were then subjected to annealing at 600 °C for 4 min (N2 flow rate: 30 sccm, reactor pressure < 0.1 Torr). In each case, lower WCAs were observed when measured immediately after annealing, reaching down to about 10° for rare earth oxides vs. about 30−45° for non-rare earth films. After annealing, WCAs gradually recovered their original values within approximately one week (as illustrated Figure 10 for Y2O3). Subsequent annealing tests with either similar or different conditions provided roughly the same trends. Finally, dedicated thin films of yttrium oxide were deposited, immediately followed by WCA measurements. Films were found to be initially very hydrophilic (WCA < 10°), with WCAs rising over time, confirming the previous observations after annealing. These results indicate that the electronic configurations of the oxides seem unrelated to the observed hydrophobicity seen in rare earth oxides, and that reported hydrophobic properties are not inherent to the film’s bulk electronic configuration, but rather to its surface state.



Alternative hypotheses were proposed: (1) a possible roughness change due to the hygroscopic nature of rare earth materials; (2) thickness dependence and a possible correlated change in surface free energy [43]; (3) adsorption of ambient hydrocarbons [44,45,46,47].



In order to address the first hypothesis, AFM analysis was carried out on each sample available to assess the film roughness. The root mean square (RMS) values were typically near 100 pm and were never observed to exceed 260 pm (Figure 11). Each film had a relatively smooth surface both before and after annealing, as well as upon aging. No short-range or long-range microstructure was observed. Thus, we feel it can be concluded that roughness is unlikely to play a significant role in the observed phenomena.



Different depositions were then performed to assess a possible influence of the thickness on WCA. We compared the WCAs of annealed films of Y2O3 for thicknesses ranging from 12 to 34 nm on silicon or silica substrates. WCAs were found to fall in the 60−95° range. No significant difference was observed at constant thickness and time after annealing. As observed earlier, the WCA was found to increase with extended exposure to the open atmosphere. The study by Zhao et al. [44] revealed that the surface free energy is inversely proportional to the thickness of the material, where thinner films resulted in a lower WCA. Thus, films significantly below 20 nm are associated with a WCA of 90° or less. This inverse relationship was also observed in our deposited films, consistent with the findings of that report. However, it is likely that another phenomenon is working in tandem with this surface free energy/thickness observation.



The possible influence of atmospheric organic species on the WCA was finally examined. While no impurities were observed in the bulk of the film by XPS, carbon was expectedly observed in the surface of the films. WCA seems to also correlate with C content observed at the surface, as could be seen in our samples: 25° for 9%, C content, 37° for 18% and 61° for 25%, respectively.



Such observations needed to be complemented with a more systematic approach. Annealed Y2O3 samples of about 10 to 30 nm were initially checked to confirm their hydrophilic character (WCA ~11°) before exposure to an open-atmosphere or introduced in an enclosure containing a flask filled with toluene. A valve between the enclosure and a pump was opened allowing for gases to be purged, and closed once more, allowing the N2 atmosphere to become saturated with toluene. Y2O3 was then allowed to remain exposed to toluene vapors for periods of 6 to 24 h (Figure 12) The enclosure was purged prior to sample withdrawal. WCAs were then measured and compared with ambient atmosphere exposed Y2O3 films. A difference in WCA was observed between the two conditions, which increased further with extended experiment duration: 24° after 6 h, 29° after 8 h and 40° after 24 h (Table 3). The results of this experiment indicate that the intentional exposure of toluene leads to a dramatic increase in WCAs vs. unexposed films. This leads us to the conclusion that carbon incorporation into the surface of Y2O3 materials significantly contributes to its hydrophobic character, which can be observed after long periods of atmospheric exposure.





4. Conclusions


There are a considerable number of applications for yttrium oxide thin films across various industries. Liquid, volatile and stable yttrium precursors are critical both to ensure the stable delivery of their vapors into deposition reactors and to obtain an industrially scalable process. It is also of vital importance that a compound results in a high GPC, which will enable high productivity. As reviewed in this paper, existing precursors suffer from at least one drawback, typically having a high melting point, insufficient thermal stability and/or low GPC. The design of yttrium molecules combining the features of two complementary moieties (cyclopentadienyl and amidinates) led to the identification of an optimal heteroleptic compound, Y(EtCp)2(iPr2-amd), a liquid at room temperature, which leads to a GPC of up to 1.1 Å in a process window ranging from 300 to 450 °C. The compound is reactive to O3, H2O and even O2, although the latter requires longer oxidant pulses and/or higher partial pressure to completely remove impurities. O3-based films appear smooth and crystalline, yielding the highest quality films of the three co-reactants with the shortest pulse times.



The films showed strong resistance to fluorine-containing plasma, outperforming other etch-resistant materials, such as silicon oxide, silicon nitride and alumina, behaving comparably to yttrium fluoride. Such described Y2O3 ALD films are thus promising candidates for potential applications in the field of anticorrosive coatings. The hydrophilic character initially exhibited by the rare earth oxide films turns hydrophobic after prolonged exposure to air or intentional organic exposure, which can be reversed upon annealing under N2 flow. These observations may be attributed to physisorption/adsorption of trace organic species from the atmosphere. Such hydrophobic materials may find various applications as water-repellent layers under ambient to moderate conditions.
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Figure 1. TGA comparison of yttrium precursors. 






Figure 1. TGA comparison of yttrium precursors.



[image: Coatings 11 00497 g001]







[image: Coatings 11 00497 g002 550] 





Figure 2. Vapor pressure comparison of selected yttrium precursors Y(EtCp)2(iPr2-amd) [R2 = 0.9988], Y(MeCp)2(iPr2-amd) [R2 = 0.9991] and Y(MeCp)3 [R2 = 0.9974]. 
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Figure 3. 1H NMR of Y(EtCp)2(iPr2-amd) before and during 120 °C thermal stability test. 
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Figure 4. Growth rate as a function of source introduction time at 300 °C using O3, H2O and O2 as co-reactant. 
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Figure 5. ALD window of Y(EtCp)2(iPr2-amd) and ozone. 
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Figure 6. XRD of Y2O3 films deposited by Y(EtCp)2(iPr2-amd) and ozone (★ by silicon substrate). 
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Figure 7. SEM images of a Y2O3 film grown by Y(EtCp)2(iPr2-amd) and O3 into a deep trench with aspect ratio 1:20: (a) top of trench; (b) bottom of trench. 
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Figure 8. Etch of silica, silicon nitride and yttrium oxide thin films vs. process time. 
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Figure 9. In-depth XPS analyses of as-deposited (a) and plasma etched (b) Y2O3 films. 
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Figure 10. WCAs on Y2O3 before and after different duration of air exposure. 
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Figure 11. AFM analyses of Y2O3 films before and after annealing. 
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Figure 12. Enclosure where Y2O3 films are exposed to toluene vapors, after being vacuumed. 
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Table 1. Thermal properties of homoleptic Y(RCp)3 and Y(iPr2-amd)3 vs. heteroleptic Y(RCp)2(iPr2-amd) compounds.
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	Y Precursor
	Molecular Weight (g/mol)
	Melting Point *

(°C)
	Temperature for VP = 1 Torr ** (°C)





	Y(MeCp)3
	326.27
	124
	155



	Y(EtCp)3
	368.34
	60
	200



	Y(iPrCp)3
	410.51
	55
	> 200



	Y(iPr2-amd)3
	514.03
	175
	201 [29]



	Y(MeCp)2(iPr2-amd)
	388.50
	26
	155



	Y(EtCp)2(iPr2-amd)
	416.55
	6
	150



	Y(iPrCp)2(iPr2-amd)
	444.60
	Liquid at R.T.
	168







* measured by DSC; ** measured by isotherm method.
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Table 2. Etch rates of Y2O3, YF3 and Al2O3 ALD thin films. The films were either atomic layer deposited internally, or provided by Beneq.
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	Y Film
	Etch Rate (nm/min)
	ALD Film Thickness (nm)





	Y2O3 AL
	1.04
	35



	Y2O3 Beneq
	1.10
	550



	YF3 AL
	1.85
	35



	YF3 Beneq
	13.53
	500
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Table 3. WCA evolution of Y2O3 ALD film before, immediately after annealing and over time.
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	Experimental Conditions
	Before Annealing
	Right After Annealing
	6 h
	8 h
	24 h





	In nitrogen, with hydrocarbon exposure
	86°
	41°
	69°
	71°
	87°



	In air, without hydrocarbon exposure
	91°
	39°
	45°
	42°
	47°
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