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Table 1 Dielectric constant and physicochemical properties of

rare metal oxides

. Dielectric
Materials

Physicochemical property
constant, k

Wide bandgap (E=5.1 — 7.8 ¢eV); high
reaction free energy of silicon (1000 K,
199.2 kJ/mol)

Zr0,*7  15-30

Energy band gap of 5.8 eV; compatible
HfO,™ 25 complementary metal-oxide-semiconductor

polycrystalline silicon gate process

Excellent chemical and thermal stability;
compatibility in precision component
processing; high refractive index, with

Ta,0,""  25-35 . .
optical  properties that allow the
transmission of visible and near-infrared

light while reflecting infrared light

Excellent chemical and thermal stability;
Nb,0,*"™  35-50  compatibility in precision component

processing
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Table 2 Electrosynthesis process of metal alkoxides

Materials Supporting electrolyte/mol Electrolytic condition Anode current efficiency/% Ref.

) Current density: 115-120 A/m’;
Tantalum ethoxide (C,H,),NHSO, 0.04 ) . . 111.34 [22-23]
polar distance: 1.2 cm; boiling point

. Constant potential: 60 V; polar
Tantalum propoxide (C,H,),NC10.04 ) o ) >95 [22-24]
distance: 2.0 cm; boiling point

. . Constant potential: 60 V; polar
Tantalum isopropoxide (C,H,),NC10.04 ) o ) >95 [22]
distance: 2.0 cm; boiling point

. Constant potential: 60 V; polar
Tantalum butoxide (C,H,) NC10.04 ) o ) >95 [22]
distance: 2.3 cm; boiling point

o ) Constant potential: 20-30 V; polar
Niobium ethoxide (C,H,),NC10.04 ) o ) >96 [22]
distance: 2.3 cm; boiling point

) ) . Current density: 145-150 A/m?; polar
Zirconium ethoxide (C,H,),NC1 0.05 ) . ) 95.5-99.6 [19]
distance: 1.5 cm; boiling point

) ) . Current density: 145-150 A/m?; polar
Zirconium propoxide (C,H,),NC1 0.05 . . . 84.0-95.2 [19]
distance: 1.5 cm; boiling point

Current density: 100 A/m’; polar
Zirconium n-butoxide (C,H,),NBr 0.08 distance: 1.2 cm; temperature: 86.4-95.6 [19]
60-70 °C

. ) Current density: 100—400 A/m?; polar
Hafnium ethoxide (C,H,),NBr 0.04 . . . 89.2-98.5 [19, 25]
distance: 2.0 cm; boiling point

. ) Current density: 98 A/m?; polar
Hafnium n-propoxide (C,H,),NC10.05 ) > . 86.1-97.3 [19]
distance: 2.0 cm; boiling point

. . Current density: 145 A/m’; polar
Hafnium n-butoxide (C,H,),NC10.05 ) o ) 96.4 [19]
distance: 1.5 cm; boiling point

Note: Current efficiencies exceeding 100% are due to the direct reaction of rare metals with anhydrous HSO,.
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Fig.5 Nuclear magnetic resonance hydrogen spectra of various alkoxides
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Fig.6 Thermogravimetric-differential thermal-derivative thermogravimetric curves

[18192228]: (3) tantalum propoxide; (b) tantalum isopropoxide;

(c) tantalum butoxide; (d) niobium ethoxide; (e) hafnium isopropoxide; (f) hafnium n-propoxide; (g) zirconium ethoxide; (h)

zirconium propoxide; (i) zirconium n-butoxide
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Table 3 Fitting data of vapor pressure curves of partial metal alkoxides

Material Vapor pressure equation Evaporative enthalpy /kJ-mol” Ref.

Tantalum propoxide InP=-10937.23/7+28.05 90.93 [22]

Tantalum isopropanol Over 128.5 °C: InP=-5002.28/T+17.86 41.59 22]

Below 128.5 °C: InP=-28579.16/T+76.51 237.61

Tantalum butoxide InP=-12834.49/T+30.26 106.71 [22]
Niobium ethoxide InP=-9027.2/T+28.1 75.1 [18, 26]

Hafnium ethoxide InP=-9510.3/T+24.1 79.1 [25]

Hafnium isopropoxide InP=-13130.57/T+31.157 109.2 [28]

Hafnium n-propoxide InP=-20367.9/T+40.822

169.4 [28]
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Fig.7 Cyclic voltammetry curves and SEM images of hafnium in 0.06 mol/L tetracthylammonium chloride ethanol/acetonitrile solution at

different potentials (a); cyclic voltammetry curve of zirconium in 0.08 mol/L tetraethyl ammonium chloride ethanol solution (b); cyclic
voltammetry curve of tantalum in 0.06 mol/L anhydrous ethanol solution of tetracthylammonium chloride (c); cyclic voltammetry curve of

zirconium in 0.08 mol/L tetrabutylammonium chloride anhydrous isopropanol solution (d)!'72***
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Research Progress in Electrochemical Synthesis and Purification of Rare Metal Alkoxides
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Abstract: Rare metal alkoxides, as key precursors for gate dielectric materials in semiconductor chips, particularly involving the oxides of rare
metals such as zirconium, hafnium, tantalum, and niobium, play a crucial role in high-tech fields. Although the traditional halide synthesis method
for preparing alkoxides has been widely used, it has drawbacks such as complex processes and low yield. In contrast, electrochemical synthesis is
gaining attention due to its simpler process and higher yield, offering significant cost advantages over traditional methods and enhancing the
economic benefits for related enterprises. The review summaries our group, research over the past two decades on the electrochemical synthesis of
zirconium, hafnium, tantalum, and niobium alkoxides was reviewed, including studies on the electrode reaction mechanisms, determination of
process parameters, and physicochemical characterization of the products. The aim is to drive the optimization of the electro-synthesis technology
for rare metal alkoxides, provide solid technical support to relevant enterprises, and accelerate the rapid development of integration of production,
education, research, and application.
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