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Abstract

:

Coatings of zirconium compounds are used in a wide variety of fields, yet an understanding and descriptions of deposition mechanisms are scant in the public literature. The mechanisms of deposition for metallic zirconium, ZrC, ZrN, ZrO2, ZrB2, and zirconium silicides are discussed based on the direct vapor deposition research of those compounds where possible or compared to complementary titanium systems when direct research is lacking. Both inorganic and organometallic deposition systems are discussed. As a class of compounds, an understanding of the vapor deposition mechanisms can be significantly improved by investigations on metallic zirconium deposition by zirconium halides and hydrogen and by in situ analysis techniques such as Fourier-transform infrared (FTIR) spectroscopy or x-ray photoelectron spectroscopy (XPS).
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1. Introduction


Coatings of zirconium compounds, such as ZrC, ZrN, ZrO2, ZrSi2, and ZrB2, have been studied for use in a variety of applications in the fields of aerospace, nuclear, and microelectronics. Despite the interest in Zr-based coatings over the past seventy years [1], there is very little published on the kinetics and mechanisms of deposition for many of these materials. Understanding the deposition chemistry of the target material and byproducts is fundamental to controlling the reaction.



In nuclear science, zirconium metal alloys and compounds are used in a wide array of applications due to the very low thermal neutron capture cross-section of zirconium [2]. Zirconium and zirconium alloys have been used in fuel and fuel cladding [3,4,5,6,7], as well as for structural applications [2], ZrH2 in hydride fuels and as a neutron reflector [8,9,10,11], ZrC as cladding for TRISO fuel particles [12,13], ZrN as the matrix in nitride fuels [14,15], zirconium silicides as neutron reflectors and cladding [16,17,18], and ZrO2 in matrix material in fast reactors and as fuel cladding [11,19,20,21]. Zirconium compounds have also been used outside of nuclear science. The refractory nature of many zirconium compounds combined with favorable mechanical and electrical properties lends them to a variety of specialty applications. Tool tips and coatings have been made from ZrB2 and ZrN [22,23,24,25,26], and optical coatings from ZrN and ZrO2 [27,28,29]. In microelectronics, zirconium silicides can be used as ohmic contacts on silicon [30,31]. Diffusion barriers have been made from ZrB2 and ZrN [32,33,34], and ZrN can also be used in diodes, transistors, and low-resistance contacts [35,36]. The low electrical conductivity and chemical inertness of ZrO2 make it advantageous for transistor insulation and in gate dielectrics [37,38]. Lastly, ZrO2, ZrB2, and ZrC have all been investigated or used as thermal barrier coatings in aerospace [39,40,41,42,43]. All of these applications are specifically for zirconium compounds, and ignore the usage of equivalent compounds of hafnium. It should be noted that zirconium and hafnium are chemically identical [44], so many if not all, of the chemical behaviors identified in the processing and handling of zirconium, also apply to hafnium and its compounds.



Following a description of chemical vapor deposition (CVD) and the chemical behavior of zirconium compounds, this review discusses the vapor deposition of some binary Zr-based coatings. Where possible, the current understanding of deposition kinetics and reaction mechanisms for zirconium compounds are discussed. When knowledge of a zirconium system is lacking, comparisons to complementary Group IV compounds (i.e., titanium and hafnium systems) are made to predict behavior for zirconium deposition. The surface chemistry and production of zirconium have previously been reviewed [45,46], and several sources cover the chemical behavior and historical metallurgy of zirconium and zirconium compounds [47,48]. To the best of the authors’ knowledge, this is the first review of the CVD of zirconium compounds.



1.1. Chemical Vapor Deposition


CVD has been defined as the deposition of a solid on a heated surface from a chemical reaction in the vapor phase and belongs to the class of atomistic vapor-transfer processes (i.e., deposition of species as atoms or molecules, or in a combination of these) [49,50]. The design and components of CVD reactors, the chemistry of general CVD reactions, the history of CVD developments, and reviews of the CVD of several classes of materials are discussed thoroughly elsewhere [51,52,53]; a brief description is included here.



As defined, CVD requires the following few general components: a heated substrate, a controlled vapor environment, and a supply of volatile precursors [50,54,55]. Precursors—the chemical reactants or starting materials—can be inorganic, organometallic, or a combination of these. The liquid and solid precursors can be used by heating them above room temperature and transporting them to the reactor by carrier gases, such as argon, nitrogen, or hydrogen. The vapor environment is typically an air-tight vessel, such as a quartz or metal tube with vacuum flanges connected to a vacuum pump to control the system pressure, but it can be a completely sealed vessel. Finally, the heating of substrates is achieved typically by either “hot-wall” or “cold-wall” systems. Hot-wall systems use a heating source to heat the pressure vessel, or a section of the vessel, to radiantly heat the substrate; for example, a clam-shell tube furnace. Cold-wall systems selectively heat just the substrate, which can be achieved by resistive or RF induction heating of the substrate directly or by mounting the substrate to a heater plate.



The fundamental kinetics and thermodynamics of CVD are covered in more detail elsewhere, but the general CVD reaction can be divided into five stages [56]. (1) Reactant gases first enter the reactor by forced flow before (2) diffusing through the boundary layer (the layer between the bulk gas flow and the zero-velocity gas at the substrate surface). (3) Gases come into contact with the substrate surface, then (4) deposition reactions take place on the surface. Finally, (5) gaseous byproducts diffuse away from the substrate through the boundary layer. The slowest step in the sequence determines the reaction rate and is generally either surface reaction kinetics (step 4) or mass transport (step 2). The parameters that affect the rate-limiting step in this sequence—temperature and pressure—also affect the microstructure of the deposit.



Deposit microstructure is relevant in any coating application, as the microstructure directly affects the thermomechanical properties of the film. Based on the results of sputtering studies for a variety of metals, [57,58] the microstructure formed can be related to both the temperature of the substrate and the partial pressure of reactants. Generally, higher temperatures increase surface and/or bulk diffusion, thereby improving the organization of surface species and increasing grain structure. Likewise, the reactant partial pressure affects microstructure. Low partial pressures can produce voids at grain boundaries, while high partial pressures (especially at higher temperatures) promote gas phase reactions and soot formation. Additional information about the control of CVD microstructure can be found elsewhere [56,59]; as microstructure development is largely independent of the chemical mechanism of deposit formation, it is beyond the scope of this review.



CVD is adaptable to many process variations [49], allowing for changes in the elemental composition of the deposit, and does not normally require an ultrahigh vacuum. It is not restricted to line-of-sight deposition, as is typical of physical vapor deposition processes such as sputtering. However, CVD equipment can be costly to operate and maintain; precursors are inherently reactive, often flammable, and sometimes extremely toxic; many CVD processes are most versatile above 600 °C, which excludes many substrates. Some of these limitations are overcome by using lower-temperature techniques, such as plasma-enhanced CVD (PE-CVD) [54,60,61], laser-assisted CVD (LA-CVD) [55,60,61], or metal-organic CVD (MO-CVD) [62]. As discussed further in later sections, MO-CVD behaves chemically much the same way as CVD with inorganic precursors—via thermal excitation to decompose or otherwise activate species for reaction in either the gas phase or on the substrate surface. The key difference between organometallic and inorganic precursors is the temperatures needed for a reaction to occur; organometallic compounds generally are more reactive than, for example, metal halides, and can form deposits on lower-temperature capable substrates. PE- and LA-CVD use plasma or lasers to form highly reactive species to deposit on low-temperature or even room-temperature substrates. The chemical reactions and kinetics of these processes are significantly different than what are found in conventional thermal CVD and are beyond the scope of this review.




1.2. Chemistry of Zirconium Compounds


Covalent materials such as SiC have very narrow stoichiometric ranges before becoming biphasic as follows: silicon-rich compositions produce Si-SiC mixtures and carbon-rich compositions produce C-SiC mixtures. In contrast, zirconium intermetallic compounds generally exist as solid solutions of, for example, carbon in metallic zirconium to form zirconium carbide (ZrC) [63]. Small elements such as boron, nitrogen, carbon, and oxygen can all readily dissolve into zirconium to occupy octahedral sites either singly (ZrB, ZrN, ZrC, etc.) or as mixtures such as zirconium cyanonitride, Zr(O,C,N) [63]. In some cases, the additional filling can occupy tetrahedral sites by a rhombohedral distortion of the original rock-salt crystal structure [63,64]. Stoichiometric compositions exist solely on geometry and not from balancing of valences—pure ZrC exists in a C/Zr range of 0.58-0.98 [65]—while the N/Zr ratio in zirconium nitride can range from 1.03 (ZrN) to 1.35 (Zr3N4) [64]. Historically, researchers attempted to characterize the composition of intermetallic zirconium compounds by X-ray diffraction (XRD), using the lattice parameters to estimate stoichiometry. However, samples are easily contaminated—for example, carbon vacancies in ZrC being filled by oxygen or nitrogen from the air. Since each species (carbon, oxygen, nitrogen, or vacancy) affects the lattice parameters differently, it is unreliable to use only XRD to determine stoichiometry. Recent efforts have largely overcome this limitation by augmenting XRD with other analytical methods [66,67].



Larger elements from the second row or higher in the periodic table, such as silicon, are too large to occupy interstitial sites and form semimetallic compositions, combining metallic and covalent bond characteristics and maintaining most of the original metallic zirconium structure. Semimetallic compositions can also have a range of compositions, as in the case of the zirconium silicides with Si/Zr ranging from 0.25 (Zr4Si) to 2 (ZrSi2) [63].



Covalent zirconium compounds can be formed from the halogens [63], and direct halogenation of zirconium is one of the most common methods of introducing zirconium halides to vapor deposition processes [68]. Zirconium halides are also a key intermediate product in the refining of zirconium metal and the separation of zirconium from hafnium [46]. The purification of zirconium is primarily important for nuclear applications, where the high neutron-capture cross section of hafnium is detrimental [46]. Otherwise, the chemical similarities between zirconium and hafnium are close enough that the naturally occurring Zr-Hf (1–3% Hf) can be used directly after refining from ore [44,46].





2. Metallic Zirconium


Early reports on the vapor deposition of metallic zirconium started in 1896, initially as studies on plating metallic filaments prior to evolving into methods for zirconium purification [69,70,71,72,73]. The van Arkel-de Boer iodide process (1920s) [72,73], discussed in more detail elsewhere [46,74], was scaled up by the 1950s as part of the development of nuclear reactors [1,75]. Improvements to the Kroll process [76] led to the replacement of the iodide process for the purification of bulk zirconium, but metallic zirconium coatings by zirconium iodides, chlorides, and bromides have continued [46].



In the van Arkel-de Boer iodide process, a sealed, evacuated bulb is charged with ZrI4 or I2 and crude zirconium. The iodine or iodide is heated along with a zirconium or tungsten filament; ZrI4 vapor is generated either by evaporation or by reaction of iodine with the crude metal source. This was originally accomplished with filament temperatures of 2000 °C [72,73], but this high temperature was decreased to 1200-1300 °C with further process development [44]. The zirconium iodide vapor deposits purified metallic Zr on the hot filament and (re)generates I2 as follows [74,77]:


  2  I 2   g  + Zr   crude    →  300 − 450   ° C     ZrI  4   g   



(1a)






    ZrI  4   g  + Zr   filament    →  > 950   ° C   Zr  s  + 2  I 2   g   



(1b)







As the process was scaled up, glass bulbs were replaced with metallic containers, and the process was adopted to be dynamic instead of static [74].



Deposition from Zirconium Halides


Studies on the deposition of zirconium from its halides have found that describing the reactions generally as decomposition (Equation (2)) or reduction (Equation (3)) reactions [1] does not fully represent the chemistry of this system as follows [77]:


    ZrI  4   g  → Zr  s  + 2  I 2   g   



(2)






    ZrCl  4   g  + 2  H 2   g  → Zr  s  + 4 HCl  g   



(3)







Instead, the iodides [77,78], chlorides [79], and bromides [80] of zirconium are interconnected with their respective subhalides by disproportionation reactions, as described for ZrI4 (Equation (4)) as follows [77]:


  3   ZrI  4   g  + Zr  s  ⇌ 4   ZrI  3   s   



(4a)






  2   ZrI  3   s  ⇌   ZrI  2   s  +   ZrI  4   g   



(4b)






  2   ZrI  2   s  ⇌   ZrI  4   g  + Zr  s   



(4c)







These equilibria for the disproportionation of zirconium halides contribute significantly to low-temperature (<800 °C) deposition of zirconium, and to a lesser extent at higher temperatures, as decomposition or reduction mechanisms become preferential. Regardless of temperature, the formation of subhalides is a critical step in zirconium deposition.



Examining the decomposition of zirconium tetrachloride, two paths are expected to occur depending on the absence or presence of hydrogen. In the absence of hydrogen, ZrCl4 can be expected to dissociate into subchlorides of zirconium and chlorine, as shown in Figure 1 (initial hydrogen partial pressure, P°H2 = 0, shown as solid lines with triangles). At P°H2 = 0.5 torr (dashes with triangles), corresponding to a hydrogen mole fraction (χH2) of 0.01, the partial pressure of zirconium chlorides is significantly higher than in the absence of hydrogen. For example, at 700 °C, there is approximately 0.1 µmol of ZrCl3 at equilibrium in the absence of hydrogen (red solid line with triangles). However, at P°H2 0.5 torr, the equilibrium amount of ZrCl3 has increased to 107 µmol, an increase of three orders of magnitude. As temperature increases, thermal decomposition (vs. chemical decomposition) increases, but even at 1500 °C, there is still nearly an order of magnitude increase in the equilibrium amount of ZrCl3 as P°H2 increases from 0 to 0.5. Beyond this initial spike, the increase in subchloride partial pressure is less significant. In the absence of a substrate (e.g., Zr metal) to drive the reaction forward by disproportionation, no condensed phases are predicted to form thermodynamically (calculated in FactSage 8.1).



Atomic hydrogen radicals have been shown to significantly reduce the activation energy of dissociation reactions, for example, in thermal CVD of CH4 or plasma-enhanced CVD of BCl3 [81,82,83,84,85]. Accordingly, the addition of H2 to ZrCl4 might improve the dissociation rate of chlorides via the abstraction of chlorine by atomic hydrogen (Equation (5)). Indeed, the equilibrium amount of atomic hydrogen in Figure 1 is calculated to increase to a similar degree as the zirconium chlorides as P°H2 increases (i.e., ×10 to ×100, depending on temperature).


    ZrCl  4   g  + H  g  →   ZrCl  3   g  + HCl  g   



(5)







With the formation of zirconium subhalides and the subsequent adsorption to a substrate, the further reduction could proceed by either a continued disproportionation (Equation (4)) or, in the presence of hydrogen, a hydrogen-mediated surface reaction could occur similar to the formation of silicon from SiCl2-H2 [86,87]. However, there appears to be no information in the published literature on heterogeneous reactions in the deposition of zirconium halides in the presence of hydrogen.





3. Zirconium Carbide


The carbide of zirconium has been of particular interest to the nuclear community as a particle fuel coating [68,88,89,90,91,92,93], as well as a thermal barrier coating for nuclear thermal propulsion [65,94,95,96]. Accordingly, the deposition of ZrC has been the subject of both experimental and theoretical studies.



Studies have primarily focused on ZrX4-CxHy-H2 systems. The most popular system by far has been ZrCl4-CH4-H2 [68,89,90,94,97,98,99,100,101,102,103,104]; however, investigations have included zirconium bromide or iodide [91,105,106,107,108], as well as other hydrocarbons such as propane and hexane [68,89,90,103]. Typical deposition conditions are temperatures of 1000–1400 °C; total reaction pressures are reported up to 760 torr; however, published partial pressures of zirconium halides are consistently below 50 torr and are typically around 25 torr.



Despite its use as a critical material in the nuclear industry that has garnered international research interest for over half a century, the understanding of the mechanisms for the deposition of ZrC remains inadequate. There is currently no published research analyzing the surface chemistry—the chemical reactions occurring on the coating surface—of this system. Currently, the mechanisms proposed are as follows: (i) a solid-state diffusion mechanism and (ii) a “droplet” mechanism.



3.1. Diffusion Mechanism


The solid-state diffusion mechanism was first proposed for the deposition of ZrC on graphite tubes by ZrCl4-H2-HCl [94]. Initially, the carbon source was the substrate itself, diffusing through the building zirconium layer to form the carbide. This concept was later altered for the codeposition of zirconium and carbon (Scheme 1) as follows: the separate deposition of carbon and zirconium, where pyrolytic carbon (PyC) deposition is described generically (Equation 6a) and hydrogen reduces zirconium chlorides homogeneously to deposit fully reduced zirconium (Equations (6b) and (6c)) as follows [68,88,89]:


    CH  4   g  → C  s  + 2  H 2   g   



(6a)






    ZrCl  4   g  +  1 2   H 2   g  →   ZrCl  3   g  + HCl  g   



(6b)






    ZrCl  n   g  +  n 2   H 2   g  → Zr  s  + n HCl  g   



(6c)







Following the initial deposition, zirconium is proposed to diffuse into the previously deposited graphite to form the carbide.



Studying the effect of gas flow rates and bed area in the fluidized bed CVD of oxide particles [88], Wagner and colleagues observed that increasing the partial pressure of hydrogen (PH2) improved the “metallic luster” of the deposit while increasing PCH4 dulled the appearance of the coating. Coating appearance was a qualitative representation of the amount of free carbon in the C-ZrC deposits formed. From these results, Wagner and colleagues concluded that the improvement in deposit luster was due to an increase in zirconium deposition, described generally in Equation (6c) and that hydrogen could not be influencing the reaction by any other mechanism [88].



The diffusion mechanism proposed by Wagner and colleagues ignores the effect of hydrogen on carbon deposition. In a series of works investigating the CVD of PyC [81,109], the Hüttinger group observed significant inhibition of PyC deposition by hydrogen. From their analysis, Hüttinger and co-workers propose that small, stable hydrocarbons form progressively heavier species via unsaturated or radical intermediates. Increasing PH2 works to inhibit this mechanism by pushing reactants towards stable species such as CH4 or C2H6. Additionally, surface-adsorbed hydrogen can inhibit the deposition of heavier hydrocarbons by blocking surface sites [110]. The diffusion mechanism also ignores the significant difference in vapor pressure of ZrCl4 compared to ZrCl3 or ZrCl2. Even under reduced pressure, both subchlorides are much more likely to condense (i.e., vapor deposit) compared to the tetrachloride [79], suggesting a heterogeneous adsorption process. Finally, carbon is more likely to diffuse into zirconium than vice versa [63], as was originally suggested by Wallace [94], as demonstrated by tracer diffusion studies in β-Zr and ZrCx [111].




3.2. Droplet Mechanism


First proposed in 1979 for ZrC [107], the droplet mechanism continues to be referenced in the literature [100,103,112,113,114,115]. The defining feature of this mechanism (Scheme 2) is the formation of polyunsaturated (low hydrogenation) liquid or plastic carbonaceous droplets on the surface of the substrate via Equation (7a). Zirconium chlorides from the surface or reaction gas then diffuse into the droplet [100] (Equation (7b)) prior to forming ZrC and releasing atomic chlorine (Equation (7c)). Finally, evolved atomic chlorine reacts with hydrogen to form HCl (Equation (7d)) [103].


    CH  4   g  →  C   l  +  H 2   g   



(7a)






    ZrCl  n    g , s   +  C   l  →   ZrCl  n  •    C   l   



(7b)






    ZrCl  n  •    C   l  → ZrC  s  + n Cl  g   



(7c)






  n Cl  g  +  n 2   H 2   g  → n HCl  g   



(7d)







This mechanism is essentially the diffusion mechanism modified by including a mechanism for carbon deposition proposed by Grisdale and colleagues in the early 1950s [116,117]. In Grisdale’s work at Bell Labs, a tumbling bed of ceramic substrates (e.g., beads or rods) were heated to a range of 975–1300 °C; once at temperature, a hydrocarbon source diluted by nitrogen was introduced to deposit carbon black. At a “suitably high” hydrocarbon partial pressure, a sooty fog developed in the furnace [116]. The sooty droplets were thought to form from homogeneous nucleation of heavy hydrocarbons, eventually condensing onto the substrates as complex hydrocarbon plastic droplets. Dehydrogenation continued to form a carbonized coating [117].



The PyC droplet mechanism, as proposed for the work at Bell Labs, is consistent with more contemporary studies on PyC deposition. As the residence time increases, progressively heavier hydrocarbons form, including aromatics such as benzene, naphthalene, and indene within a 1-s residence time from a methane source gas [81]. Thus, a combination of high hydrocarbon partial pressures and long residence times could be expected to form sooty products in the gas phase. However, the CVD ZrC studies proposing the droplet theory [100,103,107,112,113] have sufficiently low hydrocarbon partial pressures that soot formation is unlikely. Additionally, Zr-Cl bonds are quite stable, with standard enthalpies of formation around −250 kJ/mol [118]. Compared to the standard enthalpy of formation for atomic chlorine (121.2 kJ/mol) [118], Zr-Cl bonds are unlikely to decompose to atomic chlorine, requiring around 370 kJ/mol per Zr-Cl bond. In comparison, the experimental enthalpy of formation for ZrCx ranges from −146 to −204 kJ/mol as ‘x’ increases from 0.63 to 0.98 [119], implying a more exothermic mechanism than the droplet mechanism. Lastly, the arguments against the diffusion mechanism—e.g., carbon diffusing into zirconium versus zirconium into carbon—apply to the droplet mechanism as well.




3.3. The Role of Hydrogen


Some of the earliest studies on CVD ZrC have suggested that zirconium and carbon deposit independently [90,91,105], supporting a separate treatment of zirconium and carbon deposition mechanisms. The effect of hydrogen on ZrCl4 in the deposition of zirconium has been described in a previous section, and a discussion of the effect of hydrogen on PyC deposition follows.



An examination of CH4-H2 mixtures by calculating thermodynamic equilibrium (Figure 2A) shows the increase in the moles of hydrocarbon at equilibrium as the P°H2 increases. In the absence of hydrogen (solid lines with triangles), methane (gold curves) dissociates primarily into a methyl radical (purple curve), with further homogeneous reactions forming acetylene, ethene, and ethane as the majority gaseous reaction products (green, red, and blue curves, respectively). Very little change in the equilibrium partial pressures is observed, even up to P°H2 of 24 torr (dashed lines with triangles; equivalent to a hydrogen mole fraction of χH2 = 0.48). The calculated amount of deposited PyC has decreased slightly over this range (Figure 2B, pink vs. yellow curves). As the initial partial pressure of hydrogen increases further (P°H2 ≥ 48 torr, χH2 ≥ 0.96), the amount of deposited PyC decreases significantly with a corresponding increase in the partial pressures of all hydrocarbon species. Hydrogen participates in the equilibrium reactions occurring in the gas phase, shifting the equilibrium towards (less reactive) saturated hydrocarbons, and can impact the reaction kinetically by inhibiting surface deposition by blocking surface sites, as observed experimentally by the Hüttinger group in the deposition of PyC from several hydrocarbons (Figure 2C) [81,110,120]. In their work, PyC deposition rates decrease in proportion to increasing P°H2 for all hydrocarbon sources reported. Benzene is particularly affected. This feature was attributed by Becker, and colleagues to the preferential adsorption of benzene parallel to a surface (compared to adsorption end-on or perpendicular to the surface), resulting in increased contact surface area. As the coverage of atomic hydrogen on the surface increases, more surface sites are blocked per unit surface area, reducing the area available for benzene to adsorb in the lowest energy orientation [110]. Additional experimental support can be found when comparing the results of ZrC deposition to thermodynamic predictions, where a greater suppression of carbon deposition is observed with increasing hydrogen concentration than is predicted from thermodynamic equilibrium alone [88,91,104,106,121].



Once zirconium and carbon species are bound to the surface, several possible reaction paths can be envisioned. Zirconium subchlorides and methyl groups, for example, could alternate binding (Zr to C, C to Zr), reacting to produce hydrogen chloride and thus form new surface sites via a Langmuir-Hinshelwood mechanism, as is seen in silicon carbide deposition [122]. Alternatively, carbon and zirconium could nucleate independently, followed by ZrC formation via solid-state diffusion of carbon into zirconium grains, consistent with the deposition of ZrN from ZrCl4 in the presence of nitrogen or ammonia and with the deposition of ZrB2 from ZrCl4-BCl3-H2 (vide infra). However, without a systematic study of surface chemistries and growth mechanisms, the discussion of CVD ZrC mechanics is necessarily limited.





4. Zirconium Nitride


Group IV nitrides can form as cubic MN or rhombohedral M3N4, where M = Ti, Zr, Hf [64,123]. The cubic phases are metallic, extremely hard, high melting (~3000 °C), conductive, and chemically stable materials [123]. These properties make them attractive for such applications as cutting tools, optical coatings, microelectronic contacts, and diffusion barriers. When deposited by CVD, ZrN has been grown by either inorganic (ZrCl4-N2-H2 or ZrCl4-NH3) [124,125] or organometallic [64,123,126,127,128,129,130,131] (e.g., Zr(N(CH3)2)4-NH3) routes.



4.1. Inorganic CVD


Zirconium nitride can be deposited from ZrCl4 in the presence of N2-H2 mixtures or NH3 alone. Similar to the deposition of ZrC discussed above, little analysis has been published on the surface chemistry of ZrN deposition from these systems.



In the deposition of ZrCl4-NH3 [125], the formation of ZrN powder was possible at >1000 °C. Lower temperatures produced Zr3N4, ZrClN, and/or ZrCl4•2NH3 adducts depending on the reaction temperature. Earlier studies exposing ZrX4 powders (X = Cl, Br, I) to ammonia also identified an initial formation of ZrCl4•4NH3 adduct followed by decomposition to Zr3N4 [63]. It was proposed that ZrCl4 first reacts with ammonia to form ZrCl4•2NH3 [125]. The adduct reacts with additional ammonia to form ZrClN and NH4Cl. ZrClN, in turn, reacts with ammonia to form ZrNx, Zr3N4, and NH4Cl. At approximately 900–1000 °C, the ratio of N/Zr in the deposit begins to decrease. The Zr3N4-ZrN1.28 mixture observed at ~700 °C shifted to phase-pure ZrN1.28 by 1100 °C. Further increases in temperature continued to alter the N/Zr ratio, decreasing to ZrN1.12 by 1400 °C. A stable ZrN1.03 phase could be isolated from ZrN1.28 deposits by annealing in argon at ≥1100 °C [125]. The stoichiometry of compounds formed in this study was evaluated by both XRD and gravimetric chemical analyses, with an estimated accuracy for the atomic ratio N/Zr of ±0.01.



The addition of hydrogen to the ammonia-based system (i.e., ZrCl4-NH3-H2) should improve the efficiency of ZrN deposition. Replacing the argon carrier gas [125] with hydrogen would promote the formation of zirconium subchlorides and improve the efficiency of zirconium deposition, as discussed in the section on zirconium metal deposition. Mixtures of NH3-H2 are also used in gas nitriding. Gas nitriding is treated theoretically by the sum of Equations (8a) and (8b) (giving overall Equation (8c)) as follows [132]:


    NH  3  ⇌  1 2   N 2  +  3 2   H 2   



(8a)






   1 2   N 2  ⇌    N   



(8b)






    NH  3  ⇌  N  +  3 2   H 2   



(8c)




where [N] represents dissolved nitrogen. These reactions can be used to derive the chemical potential of nitrogen in the system, which is directly related to the partial pressures of ammonia and hydrogen [132,133]. Thus, by controlling the ratio of ammonia to hydrogen in the gas stream, the nitriding potential of the system can be manipulated. It is worth noting that thermodynamically, Equations (8a) and (8b) are accurate—at equilibrium, ammonia is predicted to be completely dissociated at >450 °C. However, reaction kinetics dominate the nitriding process under typical conditions [134], and experimental values of ammonia dissociation have been shown to be <20% at 600 °C [134]. Additionally, the fugacity of the hypothetical N2 gas in Equation (8b) has been calculated as several gigapascals for the equilibrium between Fe and NH3-H2, indicating that nitrogen gas is less suitable than ammonia for producing nitrides from metals [134]. Therefore, representing nitriding by Equation (8c) is appropriate in dynamic systems [134,135].



While Group IV nitride formation in the presence of nitrogen is less efficient than ammonia, examples of the growth of ZrN, HfN, and TiN from N2/H2 gas mixtures have been published. In the work of van Arkel and de Boer to form high-purity metals [72], the authors reported that metal nitride coatings grew to a limited extent on resistively heated tungsten filaments in the presence of trace nitrogen in hydrogen—e.g., ZrN growth from ZrCl4 + H2/N2. Unfortunately, no further details of the reaction (temperature, pressures, gas ratios, etc.) were included in the manuscript. Subsequent work by Moers targeting the growth of refractory nitrides is more informative [136]. Here, nitrides of zirconium, hafnium, and titanium were grown from metal chlorides in the presence of ammonia, N2/H2 mixtures, or pure N2—the order of gases corresponding to ease of deposition. While the temperature of the resistively heated tungsten filament was not stated for the ZrCl4-NH3 reaction, ZrN deposition proceeds from 2000 to 2400 °C in N2/H2 and at >3000 °C with N2 alone. Similar results were also reported for HfN and TiN depositions. The deposition temperatures reported are significantly over the melting point of zirconium metal (1854 °C) [137]; while this feature was highlighted by Moers, its impact on the deposition mechanism remains undetermined.



Additionally, ZrN and HfN whiskers have been grown by MCl4-N2-H2 mixtures (M = Zr or Hf) [124,138]. The growth of whiskers by CVD has been proposed to occur via a vapor-liquid-solid mechanism [139], where gaseous reagents dissolve into a liquid bead (e.g., Pd, Mn, Fe, Ni, or Sb) [124,138] isolated at the top of a growing whisker. Whiskers up to 100 µm long with a 5 µm diameter have been reported [138]. The process also appears to be temperature-sensitive as follows: whiskers can be grown from 1000 to 1200 °C, but higher temperatures only grow flat coatings [124,138]. Once in solution, whisker-growth reactions occur more rapidly than in the gas phase, promoting a deposition front and whisker growth under proper conditions. In whisker growth systems, the relatively rapid solution reactions were originally attributed to liquid droplets acting as the preferential site for vapor precursors, resulting in supersaturation and precipitation [139]. Alternatively, it could be expected that solvent cage effects are increasing the probability of chemisorption and reaction at the droplet-solid interface [140]. Briefly, the frequency of collision of a gas-phase reaction is not increased by an equivalent reaction in solution if a reaction can occur in both systems [141]. However, the distribution of collisions is significantly altered [142], increasing the collision rate by 2–3 fold in the solution compared to the gas phase [140]. Increasing the number of potential collisions prior to a reactant diffuses away from a surface is particularly important for molecules with low sticking coefficients, such as nitrogen.



While surface chemistry of ZrN growth by ZrCl4 + N2/(H2) has not been reported, the similarities to metallic Zr deposition (i.e., ZrCl4-H2) [1] and nitriding of zirconium (i.e., Zr(m) + N2(g)) [63,143] suggests a mechanism where metallic zirconium deposits and is simultaneously nitrided. This is supported by studies on the surface chemistry of N2 on pure zirconium, where several groups have found evidence that N2 dissociates upon chemisorption and diffuses to octahedral sites between the first and second zirconium layers [45]. Further, zirconium nitride can be prepared by forming zirconium metal (by reducing ZrO2 with magnesium, for instance) in the presence of nitrogen [63,144]. Atomic nitrogen is attributed as the reactive nitrogen species when nitriding via N2-H2 [145,146], additionally with charged species (e.g., N+, N2+, NH+, NH2+) in plasma nitriding [146,147,148]. Atomic nitrogen is also the chemisorbed species on other metals such as tungsten and ruthenium [149,150].




4.2. Organometallic CVD


With applications in such diverse fields as radiological coatings, optics, and microelectronics, deposition of zirconium nitrides (ZrN, Zr3N4) at low temperatures (<500 °C) and with a low halide contamination have been of interest [123]. To that end, research has been reported for the deposition of ZrN from zirconium amido complexes, such as tetrakis(diethylamino)zirconium (Zr(NEt2)4) [64,123,127,128,129,151,152], tetrakis(dimethylamino)zirconium (Zr(NMe2)4) [128,129,130,131,152,153], and tetrakis(ethylmethylamino)zirconium (Zr(NEtMe)4) [129,152]. Deposition of ZrN from these organometallic precursors can be accomplished as a single-source precursor (e.g., Zr(NMe2)4 alone) [127,128,129,130,131,151] or in the presence of ammonia [123,129,152,153], nitrogen, or hydrogen [128].



When used as single-source precursors, amido-containing zirconium complexes usually suffer from high carbon contamination [129,130], sometimes to such an extent that resulting deposits are described as carbonitrides [128]. Growth rates can also be very slow, for example, as low as 1.1 µm/day at 280 °C [131].



In contrast, depositing ZrN from the same organozirconium compounds in the presence of ammonia can be much more successful. Early work on this system (specifically, Zr(NEt2)4 + NH3) [64,123] conceived the system based on the result of solution reactivity studies [154,155,156], proposing that transamination and amine elimination reactions between Zr(NEt2)4 and NH3 occur to produce zirconium nitrides (Equation (9)) [123,157].


  Zr     N       CH  3     2     4   g  +  4 3    NH  3   g  → ZrN  s  + 4 HN       CH  3     2   g  +  1 6   N 2   g   



(9)







However, the reactivity of this reaction is high enough that premature deposition and consumption of reactants can occur [129]. Dividing the reaction into sequential pulses via atomic layer deposition (ALD) of Zr(NMe2)4 + NH3 was recently demonstrated to produce ZrN coatings with minimal carbon and oxygen contamination, albeit at 0.3 um/day growth rate in a non-optimized system [153].



Surface chemistry and film growth studies on ALD of TiN [157] from Ti(NMe2)4 + NH3 support the transamination and amine elimination mechanisms proposed for organometallic ZrN deposition [123]. Elam and colleagues proposed that the TiN-equivalent to Equation (9) occurred as two binary reactions (Equations (10a) and (10b)) as follows [157]:


  2   NH  *  + Ti     N       CH  3     2     4  →  N 2  Ti     N       CH  3     2     2 *  + 2 HN       CH  3     2   



(10a)






   N 2  Ti     N       CH  3     2     2 *  +  4 3    NH  3  →  N 2    TiNH  2 *  + 2 HN       CH  3     2  +  1 6   N 2   



(10b)




where asterisks designate surface-bound species. As shown in Scheme 3, Elam and colleagues proposed that Ti(NMe2)4 and surface-bound amides and imides react by transamination exchange to form Ti(IV) surface groups. Following a nitrogen purge to clear excess reactants and reaction byproducts, the NH3 pulse initiates another transamination exchange reaction. During the ammonia pulse, titanium is formally reduced from +4 to +3. This mechanism is supported by results from in situ FTIR (high vacuum, <5 × 10−7 torr) and quartz crystal microbalance (QCM) vacuum (1 torr) studies of the half-cycle reactions as well as analysis of the resulting films by XRD, XPS, and AFM.



The results presented by Elam and colleagues also demonstrated that Ti(NMe2)4 deposition was not a self-limiting reaction [157], a critical requirement for ALD processes [158]. It was found that NH3 did not replace all of the methylamino groups, resulting in a build-up of carbon within the coating. Besides being detrimental to certain applications, the carbon contamination was also expected to lower film density and facilitate the oxidation of TiN upon exposure to air [157]. Using the QCM mass data during a full pulse cycle of [Ti(NMe2)4—purge—NH3—purge], researchers predicted that Ti(NMe2)x* surface species could retain one to three of the original dimethylamino ligands (x = 1, 2, or 3), resulting in the incorporation of up to two dimethylamino ligands into the TiN film per Ti unit.



Zr(NMe2)4, and the other alkylamino complexes, have a formal oxidation state of +4 on zirconium versus a +3 state in ZrN. Oxidation is thought to occur in the NH3 step (Equation (10b)); however, as noted above, an incomplete reaction with NH3 can leave residual ligands in the coating [157]. Ammonia is a strong transamination reagent but a relatively weak reducing agent. Adding stronger reducing compounds to the ammonia stream, such as <2 mol% hydrazine in ammonia, has been shown to decrease carbon contamination, improve crystallinity, and reduce deposition temperatures to <300 °C in CVD TiN [159]. Hydrazine decomposes into NH2• radical, forming NH* and NH2* surface sites more readily than NH3 [159,160]. It is important to note that bonding in ZrN is largely metallic [161], and traditional ionic valences are not present [161]. However, ammonia is still required to be reduced to atomic nitrogen and the remaining alkylamino complexes removed from the surface; thus, some redox chemistry can be expected in the reaction mechanism.



Understanding of the deposition mechanisms for ZrN from ZrCl4-NH3 and Zr(NMe2)4-NH3 has been assisted greatly by surface chemistry studies on TiN depositions in complementary precursor systems. From ALD TiN studies, it was identified that TiN (and ZrN) likely forms from MCl4-NH3 by thermal decomposition of metal chloride-ammonia adducts; alternatively, metal nitrides deposited from dialkylamido complexes and ammonia form via transamination exchange reactions at the substrate surface. ZrN deposition from dialkylamido complexes might be further assisted by adopting some of the advancements in TiN deposition, such as adding dilute amounts of hydrazine (or similar compounds) to improve the reducing strength of the nitrogen source(s).





5. Zirconium Dioxide


Zirconia (ZrO2) coatings are used in microelectronics and similar applications as an oxidation-stable resistor. CVD preparation of ZrO2 can be accomplished by oxidation of ZrCl4 [162], hydrolysis of ZrCl4 by water vapor, or by forming H2O in situ from CO2 and H2 [163], among others [164], with deposition temperatures between 800 and 1550 °C [163,164,165]. It was noted that both the ZrCl4-O2 and ZrCl4-H2O systems are very reactive and prone to homogeneous nucleation and condensation at 800–950 °C [163]. The ZrCl4-CO2-H2 system is more controllable at intermediate temperatures (e.g., 900–1200 °C) and thus is the preferred precursor system in this temperature regime.



5.1. ZrCl4-CO2-H2


Deposition of ZrO2 from ZrCl4-CO2-H2 proceeds overall by [164] as follows:


    ZrCl  4  + 2   CO  2  + 2  H 2  →   ZrO  2  + 2 CO + 4 HCl  



(11)







Equation (11) is the product of two equilibria [163,166] as follows:


   H 2   g  +   CO  2   g  ⇌  H 2  O  g  + CO  g   



(12a)






    ZrCl  4   g  + 2  H 2  O  g  ⇌   ZrO  2   s  + 4 HCl ( g )  



(12b)







Here, Equation (12a) is regarded as the rate-limiting step [163,167] in the deposition of ZrO2 due to slow reaction rates up to 1100 °C [164], as determined by experimental analysis of the reaction from 950 to 1650 °C.



Equation (12a) is also the reverse water-gas shift (rWGS) reaction [168,169,170,171]. The rWGS reaction can be modeled as either a homogenous gas phase or a heterogenous surface-catalyzed reaction. The following homogeneous reaction is known as the Bradford mechanism (Equation (13)) [169]:


  M +  H 2  → 2  H •  + M  



(13a)






   H •  +   CO  2  ⇌ CO  + •  OH  



(13b)






   H 2   + •  OH ⇌  H 2  O +  H •   



(13c)






  2  H •  + M →  H 2  + M  



(13d)




where M is any molecule in the gas phase. Notice that this mechanism is catalyzed by atomic hydrogen. Bradford’s study used low-pressure explosions, seeing temperature and pressure ranges of 500–4000 °C and ~0–475 torr, respectively. Importantly, general features of this mechanism are supported by studies at conditions more consistent with CVD. For example, Graven and Long, studying the CO2 + H2 reaction at 900 °C and 760 torr in either empty or packed quartz vessels, found evidence for a homogeneous reaction, which includes either atomic or radical species [171]. Additionally, Holgate and Tester suggested that hydroxyl radicals are also critical to the reaction mechanism based on modeling studies of 28 elementary reactions [172]. A reaction scheme for homogeneous ZrO2 deposition is given in Figure 3A.



The second mechanism specifies a surface-catalyzed mechanism based on analysis of apparent reaction kinetics (Equation (14) and Figure 3B) as follows [164]:


    CO  2   g  ⇌   CO  2 *    ads    



(14a)






    CO  2 *    ads   +  H 2   g  ⇌  H 2   O *    ads   + CO  g   



(14b)






  2  H 2   O *    ads   +   ZrCl  4   g  ⇌   ZrO  2   s  + 4 HCl  g   



(14c)




where the heterogeneous formation of H2O on ZrO2 (Equation (14b)) was identified as the rate-determining step in this mechanism. Notice that the combination of Equations (14a) and (14b) is equivalent to Equation (12a) and that Equation (14c) varies from Equation (12b) only by the substitution of gaseous water for surface-adsorbed water. Equation (14) is consistent with mechanisms for catalyzed rWGS reactions [173,174]. Copper-catalyzed rWGS has been proposed to proceed by forming a cupric or cuprous oxide surface species from CO2, evolving CO. Cu(2)O reacts with H2 to form H2O [173,174]. A surface-catalyzed mechanism is supported by the relatively low apparent activation energy (Ea) of the process. Sipp, and colleagues reported a reaction Ea of 40 kJ/mol for reaction temperatures of 1050–1650 °C and total reaction pressures >37 torr [164]. In comparison, homogeneous rWGS reaction kinetics have reported Ea of 326 kJ/mol [168], while the activation energy of alumina-catalyzed rWGS reactions can be as low as 67 kJ/mol.




5.2. ZrCl4-H2O


The growth of ZrO2 coatings by ALD has also been studied, typically using ZrCl4 or ZrI4 as the zirconium source and H2O or H2O2 as the oxygen source [175,176,177,178,179,180]. Rahtu, and colleagues studied the ZrCl4 + D2O system by QCM and quadrupole mass spectroscopy (QMS) from 250 to 375 °C, observing both the mass change of the surface and the pressure of deuterated reaction products (i.e., DCl) during each step of the ZrCl4-purge-D2O-purge cycle. Analysis of the results suggested that the mechanism proceeds as follows (Equation (15) and Figure 3C) [175]:


  2   OH  *  +   ZrCl  4   g  →   OOZrCl  2   * *    + 2 HCl  g   



(15a)






    OOZrCl  2   * *    + 2  H 2  O  g  → Zr       OH  *     2  + 2 HCl  g   



(15b)




where ZrCl2 forms a bridging complex between two O* surface sites in Equation (15a). From 400 to 500 °C (the upper-temperature limit of the study), Rahtu and colleagues reported singly bound zirconium chloride complexes based on the reduced partial pressures of DCl in the effluent gas following ZrCl4 exposures compared to lower-temperature exposures. The change in reaction mechanism was attributed to dehydroxylation of the surface at higher temperatures [175].



The vapor deposition of ZrO2 is perhaps the best-studied zirconium system in terms of kinetics and surface reaction mechanics. Both ZrCl4-H2O and ZrCl4-CO2-H2 systems have accepted mechanisms based on kinetics and surface chemistry studies. Studying the surface chemistry occurring during ZrCl4-CO2-H2 deposition or the chemistry of the rWGS reaction over zirconium could offer insights to unify the mechanisms between these two ZrO2 deposition systems. Existent studies on the interaction between H2O and D2O vapor on zirconium surfaces, reviewed elsewhere [45], has observed autocatalytic oxidation of the zirconium surface to as low as −50 °C [181].





6. Zirconium Diboride


Zirconium and hafnium diborides (ZrB2, HfB2) are of interest for use in high-temperature applications [41,182] as well as microelectronics [33]. The deposition of group IV diborides can be accomplished by either independent reactants (e.g., ZrCl4-BCl3-H2 or TiCl4-B2H6-H2) [183,184,185,186] or single-source precursors (e.g., Zr(BH4)4) [187,188,189].



The earliest reports of ZrB2 deposition utilized the ZrCl4-BCl3-H2 system [190,191] or ZrCl4-BBr3-H2 [136]. The all-chloride system continues to be one of the most common processes employed [183,192,193]. A complementary system has been demonstrated for the deposition of TiB2 (i.e., TiCl4-BCl3-H2) [184,194,195], as well as TiCl4-B2H6-H2 [185]. Interest in deposition temperatures below 1000 °C has led to the development of a halogen-free single-source deposition system, Zr(BH4)4 [187,188,189], which also remains in use [196,197].



6.1. ZrB2 from Independent Precursors


In the all-halide deposition of ZrB2, multiple researchers have suggested that BCl3 reduction is independent of zirconium [183,186,193,198], implying that zirconium and boron deposit independently and not cooperatively. The reduction of ZrCl4 in the presence of H2 has been discussed previously, vide supra, with undefined mechanics. The second half of the deposition, the reduction of BCl3 or BBr3 by H2, has been investigated more thoroughly.



A theoretical examination of the deposition of boron by BCl3-H2 and BBr3-H2 by Naslain and colleagues calculated the equilibrium conditions of the systems in the presence of nonreactive (tungsten or boron), reactive (titanium), and partially reactive (tantalum) substrates [199]. At equilibrium on nonreactive substrates, the partial pressure of boron subchlorides (BCl2, BCl) is significant (0.049 and 0.0019 torr, respectively, at 1030 °C). The subchlorides are likely to adsorb to the substrate surface (Figure 4A, step (i)), similar to the deposition of BH3 via -BH2 surface groups [200,201]. Thermodynamics calculations of the ZrCl4-BCl3-H2 system suggest BHCl2 to be another important boron-containing intermediate [198] and would likely adsorb via a similar mechanism to other boron chlorides or hydrides. Boron (di)chloride surface groups could then be reduced by molecular or atomic hydrogen (PH = 6.5 × 10−4 torr at 1030 °C) [199] to form HCl (Figure 4A, step (ii)). This is in agreement with the ZrCl4-BCl3-H2 study, which saw increased reaction efficiencies as the amount of hydrogen increased [198]. When comparing nonreactive and reactive substrates in the deposition of borohalides [199], the most significant difference in the mechanism when depositing onto reactive substrates was substrate corrosion, for example, generating TiCl4 when depositing onto titanium. Substrate corrosion could be mitigated by very hydrogen-rich gas compositions (e.g., [BCl3]/[H2] < 1.7 × 10−5 at 1030 °C, 760 torr) [199]. Etching of zirconium by BCl3 has been reported, for instance, in the remote plasma-enhanced CVD of Ar-BCl3 onto zircaloy-4 to grow ZrB2 thin films [183,192]. In a codeposition system (e.g., ZrCl4-BCl3-H2), the presence of zirconium chlorides in the vapor phase should limit zirconium corrosion via chlorination from BCl3, as seen in the codeposition of TiCl4 and SiCl4 for TiSi2 [202], which is discussed in more detail in the following section.



Boron can also be deposited from boranes. Diborane (B2H6) is frequently used to grow pure boron coatings [201,203,204] and codeposit to form diborides [185] or as a dopant [200,205,206,207,208,209,210,211]. The deposition of boron from diborane proceeds overall as follows (Equation (16)) [203]:


   B 2   H 6  → 2 B + 3  H 2   



(16)







The growth of pure boron from boranes can be quite complicated, with homogeneous gas-phase reactions forming progressively higher boranes [212]. The allotropes of boron all include icosahedral B12 clusters, whereas boron in diborides (i.e., TiB2, ZrB2, and HfB2) forms a two-dimensional network [213], suggesting a different growth mechanism could be occurring in the diborides. The deposition of diborane onto silicon has been extensively studied due to diborane’s use as a CVD precursor in the fabrication of p-type doped silicon electronics. From the results of various studies on the Si-B2H6 system, including thermally programmed desorption (TPD) [214], experimental reaction kinetics probing radical chemistries [205], and scanning tunneling microscopy [206,207,208,209], the surface reactions of diborane on silicon have been developed (Figure 4B). The first step in this mechanism is the gas-phase decomposition of diborane to borane (Equation (17a)), which can adsorb directly to the surface (Equation (17b)), shown in Figure 4B step (i). There is evidence that, at room temperature, diborane can bind to the surface intact, forming *B2H5 and *H surface species [209]. Surface-bound *B2H5 decomposes in ~30 min to *BH2 groups and additional H (as surface groups or free species). Hydrogen evolves from *BH2 units, resulting in surface *B (Equation (17c)); atomic H desorbs at T > 427 °C [209]. The final step involves the diffusion of boron into the bulk of the substrate (Figure 4B step ii) [206,207,211]. At moderate temperatures (T > 500 °C), boron can diffuse into silicon over several hundred angstroms and over a 1000 Å layer at 1000 °C [210]. In comparison to silicon, zirconium and boron have a much greater size difference and less covalent bond character, increasing the diffusivity of boron in zirconium relative to silicon.


   B 2   H 6  ⇌ 2   BH  3   



(17a)






    BH  3  ⇌   BH  2 *  +  H *   



(17b)






    BH  2 *  →  B *  +  H 2   



(17c)







There appear to be no published studies of ZrB2 deposition from zirconium halides and boranes; however, TiB2 has been deposited from TiCl4-B2H6-H2 [185,215] and can provide insights into ZrB2 deposition. While surface chemistry studies have not been reported, the authors noted that no chlorine was detected in the deposits. In contrast, all-chloride systems (e.g., TiCl4-BCl3-H2) are reported to trap chlorine within the deposit to the detriment of material properties [184,194]. While the reduction in chlorine contamination could be from the increased deposition temperature when using diborane (≥1150 °C) [185], compared to ~950 °C for the all-chloride system [184,194], the colocation of *Ti-Cl and *B-H surface species could enable surface reactions to form Ti-B surface bonds by elimination of HCl (Figure 4C).




6.2. ZrB2 from Single-Source Precursor


Interest in using transition metal diboride coatings (i.e., TiB2, HfB2, and ZrB2) for electronics applications necessitated a deposition technique at low temperatures (<600 °C) and with no halogen contamination. Three independent research groups nearly simultaneously published on the deposition of the metal diborides from metal tetrahydroborates—Zr(BH4)4 [187,188,189], Hf(BH4)4 [187,189], and Ti(BH4)3(dme), dme = 1,2-dimethoxyethane [187]. Early work was accomplished in greaseless equipment [187,188,189], similar to that developed for researching borane chemistry [213]. More recent reports indicate commercial CVD reactors can be used as well [196,197].



Deposits are amorphous below 500 °C [187,188,189,196,197] but can be crystalline above this temperature [196]. Most reports indicate that the stoichiometry of deposits is related to the deposition temperature, with lower temperatures producing boron-poor deposits and higher temperatures producing boron-rich deposits. Rice and Woodin reported ZrB1.6 at 265 °C and ZrB3.1 at 398 °C. However, the results can vary significantly depending on the deposition parameters and reactor characteristics. For example, Jensen and colleagues stated that all deposits >250 °C had a B/Zr > 2, [187] Jayaraman and colleagues found B/Hf of 2 from 250 to 900 °C, [196] and Sulyaeva and colleagues found B/Zr of 4-15 from 100 to 300 °C [197]. In addition to the deposition temperature, residence time and composition of dilution gases (e.g., Ar or H2) could also have a significant effect on deposit stoichiometry [188], but studies of such effects have not been reported to date.



Currently, the only deposition mechanism proposed is that ZrB2 forms via a metal hydride intermediate, followed by reductive elimination of H2 [187]. The intermediate structure was proposed to be similar to compounds found in solution chemistry, such as (C5H5)2Zr(H)(BH4) or (BH4)LHf(µ-H)3HfL(BH4)2 (L = N [Si(CH3)2CH2P(CH3)2]2) [216,217]. Formation of the hydride intermediate would include the elimination of BH3 [217]. A temperature programmed reaction (TPR) study [196] involving in situ mass spectrometry of the vapor phase over a silicon wafer as it was heated from room temperature to 800 °C in the presence of 0.1–1 mtorr of Hf(BH4)4, identified both BHx and B2Hx fragments; however, only data down to m/z 10 were published. The onset of deposition was observed at 190 °C with an activation energy of 41 kJ/mol. As noted by the researchers, both BHx and B2Hx fragments are related to the deposition and decomposition byproducts of Hf(BH4)4 [196]. Both Zr(BH4)4 and Hf(BH4)4 are 12-coordinate, tetrahedral molecules where borane anions are tridentate [218,219,220]. In contrast, Ti(BH4)3(dme) is 8-coordinate with bidentate boranes, although it is also tetrahedral [187]. As reviewed elsewhere [220], transition metal tetrahydroborates are known to undergo a variety of intramolecular reactions, primarily due to the dynamic motion in –(BH4) ligands. Hydrogen exchange reactions between ligands directly or involving a zirconium- or hafnium-hydride intermediate have been observed [221]. Additional TPR studies with a wider mass spectrometry detection window, in situ XPS reaction analysis [222,223], or low-temperature neutron scattering [220] might give more information on the nature of reaction intermediates and the deposition mechanism in general.





7. Zirconium Silicides


Zirconium disilicide (ZrSi2) has been studied for use as a neutron-tolerant cladding material for nuclear power generation [17,18], and the silicides of titanium, hafnium, and zirconium are also of interest in electronics applications [30,31,202,224,225]. Reports on the vapor deposition of zirconium silicides are very limited. The only instances found are in a historic review of CVD precursor systems [1] and a recent report on the Zr-Si-C codeposition system [104]. ZrSi and ZrSi2 were found to codeposit with ZrC and SiC from ZrCl4-CH3SiCl3-CH4-H2 at 1200 °C and 50 torr, depending primarily on precursor gas ratio [104]. Computational analysis of the Zr-Si-C system by minimization of Gibbs free energy predicted ZrSix deposition from 1150 to 1350 °C (maximum temperature limit studied) and from 0 to 160 torr within the precursor composition window reported [104]. Zirconium silicides can also grow from the reaction of SiCl4-H2 on zirconium (1100–1500 °C, 760 torr). While not verified experimentally, ZrCl4-SiCl4-H2 is also expected to produce silicides [1].



Using the CVD of TiSi2 as an analog for ZrSi2 and HfSi2, silicide coatings may also be deposited by TiCl4-H2, TiCl4-SiH4, or TiCl4 alone onto Si [202]. The general reaction proceeds according to (Equation (18)) as follows [202]:


    TiCl  4   g  + Si  s  →   SiCl  4   g  + Ti  s   



(18)







Note that the silicon substrate reduces TiCl4, becoming etched in the process; etching rates of up to 2 µm/min have been reported [202]. TiSi2 forms by diffusion of silicon into titanium; silicon is the dominant diffusion species in metal silicides at deposition temperatures (e.g., 900 °C) [31,225,226]. Sputter-coating hafnium onto silicon substrates at lower temperatures has been found to form Hf-Si phases via the diffusion of Si into Hf as well [225]. From 550–750 °C, HfSi was the only silicide formed and was related to the diffusion of silicon from the Hf-Si interface. At higher temperatures (750–900 °C), HfSi2 was found to form within the HfSi layer rather than from additional Si diffusion (i.e., forming at the Hf-Si interface) [225]. The etching of Si in the CVD of TiCl4 can be inhibited or eliminated by introducing another reducing agent and/or silicon source, for example, H2 or SiH4 to generate HCl instead of SiCl4 [202]. In the absence of a gaseous silicon source, silicon substrates must be carefully treated prior to the deposition to remove the native oxide present [202], as SiO2 is more stable than TiSi2 (ΔHf,SiO2 = −910.7 kJ/mol vs. ΔHf,TiSi2 = −160.5 kJ/mol at 25 °C) [118,227].




8. Conclusions


Zirconium compounds are utilized in a variety of fields, with applications in microelectronics, nuclear technologies, and aerospace. With contemporary interest in zirconium-based coatings [17,104,153,197], further understanding of the chemistry and mechanisms involved in material growth is critical to material adoption and scaling to industrial production. A summary of the key findings follows:



The vapor deposition of zirconium by ZrCl4-H2 is an important factor in several of the compounds covered in this review. Introducing an additional reactant can produce ZrC (CH4-H2), ZrN (N2-H2 or NH3-H2), ZrO2 (CO2-H2), ZrB2 (BCl3-H2), or ZrSix (SiCl4-H2). Research on the ZrCl4-H2 deposition mechanism could benefit the optimization of CVD for these materials.



The deposition of metallic zirconium via disproportionation of zirconium halides (van Arkel-de Boer process) is well understood and is supported by a series of studies on the three main halides of zirconium. The deposition of ZrC by ZrCl4-CH4-H2 is the most common, but other halides or hydrocarbons can be used successfully. However, the two most prominent mechanisms for ZrC growth are insufficient. In contrast, both ZrN and ZrO2 have well-supported mechanisms. ZrN by ZrCl4-NH3-H2 likely grows by the deposition of Zr(m) with concomitant nitriding; ZrO2 similarly grows Zr(m) and is oxidized by O2 or H2O directly (at low temperature) or by H2O formed in situ from CO2-H2 reactions. The growth of ZrB2 by ZrCl4-BCl3-H2 is most common, though other zirconium or boron halides have been used. Thermodynamic calculations suggest boron subhalides and hydroborohalides are important to the surface reaction. Analogous studies on TiB2 also suggest that the codeposition of ZrCl4 with B2H6 might improve the quality of the final deposit. The CVD of ZrSix coatings is the least studied of the compounds reviewed, with no accepted mechanisms in the literature. Diffusion studies on TiSi2 and HfSix suggest bulk or surface diffusion of silicon into Zr to be important to ZrSix growth.



The deposition of several zirconium compounds have benefitted from organometallic (ZrN from Zr(NMe2)4-(NH3)) or reactive single-source (ZrB2 from Zr(BH4)4) precursors. These precursors are more reactive than ZrX4, significantly reducing the substrate temperatures required for coating growth. Decreased substrate temperatures (e.g., <500 °C) expand the range of substrates that can be utilized, and correspondingly expand the potential applications that these coatings can be incorporated. Eliminating a halide source can also improve the electronic properties of the resulting coat.



Insight into the CVD deposition mechanisms of several precursor systems was also assisted by comparison to complementary titanium-based materials and/or by analysis of ALD mechanisms. The similarities between the Group IV compounds are useful for establishing reaction steps, though a comparison of actual kinetics via experimentation is important to clarify potentially significant differences. Additionally, the combination of in situ metrics and reduced kinetic rates in ALD enables access to vapor deposition mechanics not elucidated via CVD, providing a platform for detailed studies of deposition mechanisms.
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Figure 1. Graph of the moles of zirconium chlorides in ZrCl4-H2 mixtures at equilibrium as P°H2 increases, at a total pressure of 50 torr. Line styles (shown in black) indicate P°H2. Calculated in FactSage™ 8.1 (Thermfact Ltd. and GTT-Technologies). 
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Scheme 1. The deposition of ZrC by the diffusion mechanism. PyC deposition (i) is followed by zirconium deposition (ii). Deposited zirconium diffuses into PyC to form ZrC (iii). 
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Scheme 2. The deposition of ZrC by the droplet mechanism. (i) PyC droplets deposit on the substrate surface. (ii) Surface-bound or gaseous zirconium chlorides diffuse into droplets. (iii) Atomic chlorine evolves from the droplets, forming ZrC—atomic chlorine reacts with hydrogen to form HCl. 






Scheme 2. The deposition of ZrC by the droplet mechanism. (i) PyC droplets deposit on the substrate surface. (ii) Surface-bound or gaseous zirconium chlorides diffuse into droplets. (iii) Atomic chlorine evolves from the droplets, forming ZrC—atomic chlorine reacts with hydrogen to form HCl.



[image: Coatings 13 00266 sch002]







[image: Coatings 13 00266 g002 550] 





Figure 2. (A) The moles of hydrocarbons in CH4-H2 mixtures are at equilibrium as P°H2 increases, at a total pressure of 50 torr. Line styles (shown in black) indicate P°H2. (B) Moles of PyC deposited from 50 mol CH4 in CH4-H2 mixtures as P°H2 increases. Calculated in FactSage™ 8.1 (Thermfact Ltd. (Mont-Royal, QC, Canada) and GTT-Technologies (Herzogenrath, Germany). (C) Steady-state deposition rate of PyC from several hydrocarbons as the initial partial pressure of hydrogen increases; data taken from Refs [81,110,120], with lines added to highlight trends. 
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Scheme 3. ALD of TiN. (i) The TDMAT pulse reacts with surface amides and imides. Following the inert gas purge, the NH3 pulse (ii) reduces titanium and regenerates the amide/imide surface. 
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Figure 3. The growth of ZrO2 by ZrCl4-CO2-H2 via (A) homogeneous or (B) heterogeneous rWGS mechanics. (C) The growth of ZrO2 by ZrCl4-H2O. 
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Figure 4. The deposition of boron in (A) ZrCl4-BCl3-H2, (B) B2H6, and (C) TiCl4-B2H6-H2. 
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