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Amorphous metal thin films lack the grain boundaries and dislocations present in 

crystalline metal films. As a result, amorphous metal films can be more mechanically robust, 

atomically smooth, and more resistant to chemical attack than crystalline metals. However, 

amorphous metals are meta-stable and subject to crystallization upon heating, thus limiting their 

usefulness in applications where materials processing and or environmental conditions involve the 

heating of materials to high temperatures. This thesis explores the relationship between 

composition and thermal stability in an attempt to find amorphous metal materials that can resist 

crystallization at higher temperature.  As a result, a new class of tantalum and silicon-based 

amorphous metal film materials has been designed, including TaNiSi, TaMoSi, and TaWSi. The 

effect of both refractory metal and metalloid content is tested and discussed as the morphology, 

thermal stability, electrical properties, and thermal oxidation of amorphous metal films are 

characterized.    
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 Amorphous metallic materials, whether in the form of a bulk metallic glass (BMG) or an 

amorphous multi-component metal film (AMMF), offer unique properties, different from their 

crystalline counterparts, that make them prospective materials for many existing and emerging 

applications. To date, most work has focused on amorphous materials in bulk form.[1] AMMFs, 

however, possess several properties that make them promising for Thermal Inkjet (TIJ) resistor 

applications. Among these properties are the absence of crystalline grains, grain boundaries, and 

lattice defects; high resistance to corrosion; and mechanical hardness and strength.[2-4] In addition, 

AMMFs are atomically smooth, providing consistent physical and electric properties across their 

entire surface.[5-6] The lack of crystalline grains minimizes problems in patterning thin-film 

electronic or MEMS devices, since grain size can limit patterning resolution. Grain boundaries and 

lattice defects act as pathways for diffusion or chemical attack and points of mechanical stress 

when placed under load. Atomically smooth surfaces minimize surface area, leaving minimal 

material vulnerable to corrosion and moderating localized mechanical stress by distributing it over 

the full area of the film. For TIJ resistor applications, thermal and chemical stability are of 

particular concern.[7]  

  

1.1 Composition and Thermal Properties of Amorphous Alloys 

 The thermal properties of amorphous alloys are dependent upon their composition. 

Changing the number of components and their relative ratios allows for tunable thermal 

characteristics. These characteristics are often assessed through the use of differential scanning 

calorimetry (DSC). Figure 1.1 shows a theoretical representative DSC curve. When characterized  
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by DSC, metallic glasses display a characteristic behavior that shows a flat heating curve 

interrupted at the glass transition temperature (Tg), followed by a wide super-cooled region (ΔTx) 

consisting of an endothermic trough on the DSC curve, and finally a large exothermic peak that 

denotes the crystallization temperature (Tx). For TIJ resistor applications the primary property of 

concern here is Tg, with larger values allowing higher operating temperatures.  

 Inoue[8-10] proposed three rules for determining the glass forming ability (GFA) of a multi-

component material: 

1. The material should be composed of a mixture of at least three different elements.  

2. There should be a difference of at least 12% in the atomic size ratios of each of the 

components.  

3. There should be a negative heat of mixing among the components.  

These three rules can be motivated through thermodynamic considerations.[9] Given the definition 

of Gibbs free energy, 

∆𝐺𝐺 = ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆      (1) 

where ΔG is the change in Gibbs free energy for a process, ΔH is the change in enthalpy, T is 

absolute temperature, and ΔS is the change in entropy. A negative value of ΔG denotes a 

spontaneous process. As this value becomes more negative, the process becomes more 

thermodynamically favorable and the product will be more stable. It is apparent from Eq. (1) that 

thermodynamic stability can be enhanced in an amorphous alloy by making ΔH more negative and 

ΔS more positive. If the sum of the heats of mixing between all of the components is negative and  
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less than the heat of crystallization (usually the case), the overall change in enthalpy will be 

negative. A valuable collection of calculated heat of mixing values for a wide variety of multi-

component metal and metalloid alloys is available from Takeuchi and Inoue.[8] An increase in 

entropy is achieved through incorporation of more elements with differing atomic radii.  

 The effect of thermodynamic contributions can be seen in the value of Tg as well. There 

exists a positive correlation between mixing enthalpy and Tg.[16] Within a given materials system, 

the composition that is optimized to have the largest negative heat of mixing is found to also have 

the highest Tg. In a physical sense, a large enthalpy of mixing can be seen as increasing the energy 

required to displace the atoms from their position in the mixed state[17]. Zhang et al.[18] showed an 

increase in Tg with incorporation of more component elements in Mo-based BMGs.  They made 

the argument that this was due to both size-distribution (entropic) and heat of mixing (enthalpic) 

effects. They observed a six-percent increase in Tg between quaternary and septenary (7-

component) alloys of a Mo-based system. Takeuchi and Inoue [8] calculated the entropic effects of 

atomic size mismatch as well as the heat of mixing for ternary systems and quantified their glass 

forming ability as a product of those two contributions, with critical values for each to achieve an 

amorphous material. Therefore, it appears possible to at least semi-quantitatively predict the 

relative Tg of an amorphous alloy based on the identity of its components and their proportions. 

 In addition to the rules proposed by Inoue for glass forming ability, the literature has 

provided other strategies for increasing the value of Tg. The glass transition temperature is directly 

proportional to the melting point of the main component element of the alloy.[18] Therefore, 

refractory metal-based materials should possess the highest Tg. Another trend is an increase in the  
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glass transition temperature with increasing silicon content.[13, 19] It is shown that the formation of 

silicon-metal polyhedra in higher Si content alloys correlates to a higher Tg.  

 

1.2 Kinetics of Amorphous Alloys 

 Glass transition and crystallization are both thermally activated processes. Various kinetic 

models are discussed in the literature. The temperature dependence of the rate of a process is 

typically given by the Arrhenius equation, 

𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇      (2) 

where k is the rate constant, A is the pre-exponential factor (which may depend upon temperature), 

Ea is the activation energy, kB is Boltzmann’s constant, and T is temperature. For TIJ applications, 

the rate of the glass transition or crystallization is not of primary concern. Instead, the goal is to 

design a material with a sufficiently high Tg that normal operation will occur below that 

temperature.  

 An effective way to estimate Tg is to (i) recognize that Tg is not a constant value, but 

depends on the heating rate,[20] (ii) formulate an Arrhenius equation similar to Eq. (2) for the 

heating rate, and (iii) assume that the pre-exponential factor has a Tg2 dependence. Kissinger[21-22] 

derived such an expression which leads to,  

ln 𝛽𝛽
𝑇𝑇𝑔𝑔2

= − 𝐸𝐸𝑔𝑔
𝑘𝑘𝐵𝐵𝑇𝑇𝑔𝑔

+ 𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
     (3) 

where β is the heating rate, Eg is the glass transition activation energy, kB is Boltzmann’s constant 

and Tg is the glass transition temperature. Figure 1.2 shows theoretical DSC curves with different  
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heating rates. Similar curves for a Se-based alloy produced by Imran and Lafi.[25] Evident is the 

increase in Tg with increasing heating rate. Using data gathered as in Figure 2 in conjunction with 

Eq. (3), it is apparent that a plot of 𝑙𝑙𝑜𝑜 � 𝛽𝛽
𝑇𝑇𝑔𝑔2
� versus  1

𝑇𝑇𝑔𝑔
  will yield a line with a slope of−𝐸𝐸𝑔𝑔

𝑘𝑘𝐵𝐵
. This 

method is employed extensively in the literature for calculating the activation energy of transition 

processes in amorphous materials.[9,23-26] 

 

1.3 Reference Materials Review 

 Table 1.1 is a list of TIJ-relevant amorphous metals found in the literature, their Tg and 

specifying whether they were synthesized as a BMG or thin film. The primary search criterion was 

for Ta-based compositions, due to tantalum’s use in most TIJ resistor applications. Also of interest 

to the materials search were alloys with relatively high Tg values. Finally, the inquiry sought trends 

in material compositions and their effect on Tg. The materials with the highest Tg values all have 

a refractory metal as the primary element in the material. It has been noted by several authors in 

the literature that Tg will scale with the primary element’s melting point in the alloy.[18, 27] The Ta 

and Mo-based materials (Material #1 to #6) all have Tg values over 700 °C. Additionally, the Ta-

W based compounds, Ta-W-Si-C and W-Ta-Si-B, and those formed from the refractory metals in 

Material #20 have achieved even higher transition temperatures, approaching 1200 °C. When 

comparing Zr55Cu10Al5Ni30 or Zr63Cu18Al10Ni9 to Ta55Zr10Cu10Al10Ni15, a large increase of 150 °C 

in Tg occurs due to the addition of Ta.  This large change is due to the refractory metal becoming 

the dominant element in the composition. As Table 1 demonstrates, Tg can be greatly increased 

through the use of a refractory element as a primary component.  
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Using multiple elements with differing atomic sizes has been found to increase Tg. The Tg 

of Ta-Ni was increased by 50 °C when adding a third element creating the Ta-Ni-Co composition. 

Ni and Co have similar properties (+2, +3, +4 oxidation states with similar ionic radii; Ni and Co 

form solid solutions; Ni and Co have similar heats of mixing with Ta).Thus, adding more Ni or Co 

mainly increases the entropy of mixing, raising Tg. Similarly, a 10 °C increase to Tg is seen by 

adding a small percentage of Ta, to Zr63Cu18Al10Ni9 creating Zr58.8Cu16.8Al10Ni8.4Ta6.[32] The Mo-

based alloys, Materials #4 – #6, show a 70 °C increase in Tg by adding three more elements to the 

alloy.  The authors specifically chose the additional elements Ta, Zr, and Fe in order to achieve a 

distribution of sizes. They attribute this wider size distribution to the observed rise in Tg.[18] As 

seen from these examples, Tg can be increased by using more components and by selecting 

elements of various radii. 

 A large negative heat of mixing between the elements will promote thermal stability and 

increase Tg. When forming the base elements in Materials #4 - #6, a large negative heat of mixing 

due to the inclusion of Si was cited as promoter of thermal stability allowing Tg to increase.[18] The 

Pd-Cu-Si compositions, Materials #11-#15, show a higher Tg with increasing Si content. There is 

a high negative heat of mixing between Si and many metals. Some of the authors attribute the rise 

in Tg in these materials to the formation of local Si-metal structures, such as Si-centered 

polyhedral.[13, 19] Li et al. investigate the heat of mixing relationship to Tg in ternary amorphous 

metals.  They found by changing the elemental ratio in a given composition, the Tg increased with 

increases in the magnitude of calculated heat of mixing.[16] 
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1.4 Amorphous Metal Design 

 A search of the literature was conducted with the intent of formulating design rules to guide 

materials selection for amorphous metal films suitable for TIJ resistor applications. To be suitable 

for such applications, these films must be stable at high temperatures. Existing materials were 

evaluated based upon their glass transition temperature (Tg). The result of this search has led us to 

conclude that a suitable material for an amorphous metal film will meet the following criteria:  

• The material should be composed of three or more different component elements with the 

major component being a refractory metal. 

• The components should have a wide distribution of atomic radii, with at least a 12% 

difference in size between any two components. 

• There should be a large negative heat of mixing among each of the components. 

• At least one of the components should be a metalloid such as Si. 
 

 Over the course of this work, several new amorphous metals were proposed. Ta40Ni40Si20, 

Ta40Mo40Si20, Ta40W40Si20, Ta30W50Si20, Ta30W30Si40, Ta40Pt40Si20, were among these metals. Thin 

films of each were deposoted by sputter deposition from a homogeneous pressed powder target. 

Metals were evaluated for chemical composition, amorphous structure, electrical resistivity, 

thermal stability, and thermal oxidation. The overreaching goal of each part of this work was to 

determine the effect of composition, most notably refractory metal content, metalloid content, and 

oxygen content, on the properties of the thin films. 
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Figure 1.1. Theoretical differential scanning calorimetry (DSC) curve indicating the glass 
transition temperature (Tg), crystallization temperature (Tx), and the width of the super-cooled 
region (ΔTx). 
 

 
 

Figure 1.2. Theoretical differential scanning calorimetry (DSC) curves showing increasing glass-
transition temperature (Tg) and crystallization temperature (Tx) at increasing heating rates. Such 
data may be used in conjunction with Eq. (3) for estimating the glass-transition activation 
energy.  
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Table 1.1. Amorphous metals, their composition, glass-transition temperature (Tg), and material 
type (BMG=Bulk Metallic Glass, TF=Thin Film) 
 

# Material Composition (at%) Tg (°C) Material Type Reference 

1 NiTa 
Ni-59-62 

659 BMG [14] 
Ta-38-41 

2 TaNiCo 
Ta-50 

706 BMG [28] Ni-32 
Co-18 

3 TaNiCo 
Ta-42 

731 BMG [28] Ni-36 
Co-22 

4 MoSiCoY 

Mo-55 

862 BMG [18] 
Si-28 
Co-12 
Y-5 

5 MoSiTaCoY 

Mo-45 

864 BMG [18] 
Si-28 
Ta-10 
Co-12 
Y-5 

6 MoSiTaZrFeCoY 

Mo-44 Fe-3 

928 BMG [18] 
Si-26 Co-12 
Ta-5 Y-5 
Zr-5  

7 NiNbTaSn 

Ni-60 

647 BMG [27] 
Nb-6.8 
Ta-27.2 

Sn-6 

8 NiNbTaSn 

Ni - 60 

607 BMG [27] 
Nb-27.2 
Ta - 6.8 

Sn-6 

9 TaZrAlNiCu 
Ta - 55 Ni - 10 

561 BMG [29] Zr – 10 Cu - 15 
Al - 10  

10 ZrCuAlNi 

Zr - 55 

419 BMG [3] Al - 10 
Ni - 5 

Cu - 30 
 
 



14 
 

 

Table 1.1 (Continued) 
# Material Composition (at%) Tg (°C) Material Type Reference 

11 PdCuSi 
Pd - 67.8 

387 TF [13] Cu - 14.3 
Si 17.9 

12 PdCuSi 
Pd - 75.1 

361 TF [13] Cu - 6.6 
Si - 18.3 

13 PdCuSi 
Pd - 67.7 

354 TF [13] Cu - 18.2 
Si - 14.1 

14 PdCuSi 
Pd - 80.7 

318 TF [13] Cu - 6.9 
Si - 12.4 

15 PdSi 
Cu - 81.8 

365 TF [13] 
Si - 18.2 

16 
TaCu 

Ta-95 
600-700 TF [12] 

Cu-5 

17 CoFeTaB 

Co-43 

622-638 TF [24] 
Fe-20 
Ta-5.5 
B-31.5 

18 TaWSiC 
 

Ta-40 

≥1120 TF [30] 
W-40 
Si-10 
C-10 

19 WTaSiB 
W-56  Ta-24 1100-

1200 BMG [31] 
Si-10 B-10 

20 
MM'SiB 

(M, M'=Ti, Zr, Hf, 
V, Nb, Ta, Cr, Mo, W) 

M+M'-80 
400-1200 BMG [31] Si-10 

B-10 

21 ZrCuAlNi 

Zr – 63 

397 BMG [32] 
Cu – 18 
Al – 10 
Ni – 9 

22 ZrCuAlNiTa 

Zr – 58.8 

407 BMG [32] 
Cu – 16.8 
Al – 10 
Ni – 8.4 
Ta – 6 
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2.1 Introduction 

 An amorphous microstructure differs from that of a crystalline microstructure since it lacks 

long-range, atomic-scale order, as well as grains and grain boundaries. Grain boundaries act as 

pathways for rapid atomic diffusion, facilitating chemical reactions within the bulk of a thin film. 

Thus, avoiding grain boundaries by employing an amorphous material can improve chemical 

stability. Amorphous materials, free of grains, grain boundaries, and dislocations, often exhibit 

improved strength, hardness, and elasticity compared to corresponding polycrystalline, 

microcrystalline, or nanocrystalline materials.[1] When an amorphous thin film is properly 

deposited onto a correspondingly smooth substrate, it also exhibits an ultra-flat surface, often 

approaching the limit of atomic smoothness. Ultra-smooth surfaces are advantageous for 

applications such as micro-electromechanical system (MEMS) microactuators,[2,3] biomedical 

devices,[4,5] metal-insulator-metal (MIM) tunnel diode electrodes,[6,7] and complementary metal 

oxide semiconductor (CMOS) gate metal.[8,9,10]  

 Poor thermal stability associated with the metastable nature of an amorphous material is a 

liability for their use in many applications. For microelectronics processing, a thermal stability to 

400 °C is commonly required for back-end-of-line processing[11] and to over 1000 °C is required 

for gate metal annealing. Furthermore, MEMS devices may operate at a temperature in excess of 

600 °C for pressure sensor or other applications.[12] A high operating or processing temperature 

can lead to partial or full crystallization of an amorphous metal, a serious liability when an 

amorphous microstructure is required.  Common amorphous metals, such as Zr-, Cu-, Al-, or Ni-

based amorphous metals crystallize at temperatures below 600 °C.[13] Recently, Ta-, W-, Si-, and  

 



17 
 

 

C-based amorphous metals have been reported to remain amorphous to temperatures above 1000 

°C.[8] 

 We describe herein the properties of two new refractory amorphous metal thin films 

(AMTFs) with approximate compositions Ta2Ni2Si and Ta2Mo2Si. These compositions were 

selected to provide thermal stability higher than that of Ta metal. A second metal and a metalloid 

were added to Ta to promote the formation of an amorphous phase.[1,14,15] In this contribution, we 

describe results from studies of the structures and electrical properties as well as the thermal 

stability of Ta2Ni2Si and Ta2Mo2Si thin films. We demonstrate the production of new amorphous 

films with improved thermal stability relative to that of a sputtered Ta metal thin film.  

 
2.2 Experimental 

 Thin films were deposited by RF magnetron sputtering onto 25-mm square Si/SiO2 

substrates at a base pressure < 10-6 Torr. Dense metal targets of nominal composition Ta40Ni40Si20 

and Ta40Mo40Si20 were purchased from Kamis and Materion, respectively. A deposited film 

thickness of 200 nm was confirmed using an Alpha-Step 500 Surface Profilometer. Resistivity was 

measured using a Jandel RM-2 collinear four-point probe and the measured thickness. To obtain 

an estimate of the thermal-coefficient-of-resistance, the sheet resistance was measured from 5 to 

300 K using a Quantum Design Physical Properties Measurement System (PPMS) and a custom-

built thin-film measurement system.  

 Transmission electron microscopy (TEM) and convergent beam electron diffraction (CBED) 

were performed using an FEI Titan 80-200 TEM/STEM. TEM samples were first coated with 

amorphous carbon (a-C) before being sectioned for analysis. Surface roughness and morphology  
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were determined through atomic force microscopy (AFM) using an Asylum atomic force 

microscope operating in contact mode.  

 Crystallization temperatures were measured by placing samples in sealed, fused-silica tubes, 

evacuated to 20-50 mTorr and subsequently annealing at selected temperatures between 500 and 

1100 °C. Grazing-incidence X-ray Diffraction (GI-XRD) studies were performed by using a 

Rigaku Ultima IV X-ray diffractometer equipped with a thin-film stage.  

 Elemental compositions of films, deposited on polished Cu substrates, were determined by 

electron probe microanalysis (EPMA) using a Cameca SX100 electron probe micro-analyzer. 

 X-ray photoelectron spectroscopy (XPS) measurements were made using a PHI Quantera 

Scanning ESCA.  The spectrometer was equipped with a monochromatic Al X-ray source having 

a photon energy of 1486.6 eV. The data were charge-corrected to carbon 1s at 284.8 eV. The 

binding energy (BE) scale was calibrated using the Cu 2p3/2 feature at 932.62 ± 0.05 eV and 

Au 4f at 83.96 ± 0.05 eV.  Compositions were determined using standard elemental relative 

sensitivity factors corrected for the transmission function of the analyzer. Sputter depth profiles 

were acquired by alternately sputtering and acquiring spectral data. Samples were sputtered using 

a 2-kV Ar+ ion beam with a sputter rate of ~5 nm / min relative to SiO2. The sputter depth-profile 

data were reduced using a linear least-squares method to separate overlap of the tantalum 4f and 

the oxygen 2s signals and assign the chemical state of silicon as silicide and oxide.[16] 
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2.3 Results and Discussion 

 2.3.1 Composition, Structure, and Electrical Properties  

 Thin films based on TaNiSi and TaMoSi formulations are deposited via RF magnetron 

sputtering at rates near 6 nm/min and 9 nm/min, respectively, to film thicknesses near 500 nm. 

Film compositions, determined by EPMA, are Ta42.6Ni43.5Si13.9 and Ta43.4Mo42.3Si14.3. The Ta:M 

ratios are essentially the same as those of the targets, while the concentrations of Si are much lower 

than those of the specified target compositions, i.e., Ta40M40Si20 (M = Ni, Mo). Deposition of a 

thin film via magnetron sputtering using a multicomponent target often results in a thin film 

composition different from that of the target.[17,18] Sputtered WTi[19] and WSi[20] thin films, for 

example, exhibit deficiencies in the lighter elements, Ti and Si, consistent with the trends observed 

in our ternary materials. An XPS composition and chemical-state depth profile of a 200-nm 

TaMoSi thin film is shown in Fig. 2.1. The Ta, Mo, and Si concentrations are quite uniform 

throughout the bulk of the film. Note that the atomic ratios in Fig. 2.1 cannot be compared directly 

to the composition established by EPMA, as the compositional depth profile has not been corrected 

for preferential sputtering.  

GI-XRD patterns for Ta42.6Ni43.5Si13.9 and Ta43.4Mo42.3Si14.3 thin films are shown in Fig. 

2.1.(a). Both GI-XRD patterns are indicative of amorphous films, as the broad 2θ features from 

approximately 35 to 45° and 60 to 75° are attributed to diffuse scattering from a disordered atomic 

structure. The absence of any sharp, distinctive peaks (Bragg reflections) indicates a lack of long-

range crystalline order. 
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Likewise, there is no evidence of crystalline grains in the TEM image of TaNiSi (Fig. 2.2.(b)). The 

amorphous structure is confirmed by the diffuse halo of the convergent beam electron diffraction 

image (Fig. 2.2.(c)).  

 The as-deposited AFM root-mean-square (RMS) surface roughness is found to be 0.2 and 

0.3 nm for TaNiSi and TaMoSi, respectively, as shown in Fig. 2.3.(a), approaching the limit of the 

measuring instrument noise. The existence of an ultra-smooth surface is further evidence of the 

absence of grains and grain boundaries in the film, supporting the assertion that these thin films 

are indeed amorphous. 

 Resistivities of as-deposited TaNiSi and TaMoSi thin films, confirmed over a range of thin-

film thickness from 100 to 500 nm, are summarized in Fig. 2.3.(a). TaNiSi films exhibit an average 

resistivity of 224± 4 μΩ•cm, while TaMoSi films exhibit an average resistivity of 177±3 μΩ•cm. 

These resistivities are in the range expected for an amorphous metal and are greater than those 

expected for pure crystalline metals of the constituent elements.[1] Using the slope of the 

normalized resistivity versus temperature plot shown in from Fig. 2.3.(b), the thermal coefficient 

of resistivity (TCR) is calculated to be -1.49 x 10−4 K−1, or -149 ppm, over the temperature range 

of 50 to 300 K. A TCR of this magnitude is consistent with that expected for an amorphous metal, 

which are commonly reported to be on the order of 10−4 K−1.[21,22] The negative sign associated 

with the TCR is consistent with the measured resistivities of 177 and 244 μΩ•cm (Fig. 2.3.(a)) 

since the Mooij correlation[21,22] predicts that an amorphous metal with a resistivity greater than 

150 μΩ•cm typically displays a negative TCR. A negative TCR is in contrast to most crystalline 

metals, which possess a positive TCR because of strong phonon scattering at high temperatures.  
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2.3.2 Thermal Studies  

 GI-XRD patterns of TaNiSi thin films, heated in 100 oC increments in evacuated sealed tubes 

are presented in Fig. 2.4.(a). These XRD patterns exhibit no evidence of crystallization prior to 

700 °C. As the temperature is increased to 700 °C, a broad feature, characteristic of diffuse 

scattering from a fully amorphous material, begins to change its shape. The nature of this change 

suggests that the formation and precipitation of nanocrystalline ordering is occurring within an 

amorphous matrix. As the temperature is increased to 800 °C, the thin film has mostly crystallized, 

as indicated by the emergence of distinct Bragg reflections; an amorphous fraction, however, 

remains at this temperature. The crystallization temperature of the TaNiSi thin film is slightly less 

than that of a Ta42Ni38Co20 bulk metallic glass, which has a crystallization temperature of 765 

°C.[23]  

 GI-XRD patterns for TaMoSi thin films, annealed in 100 °C increments starting at 800 °C, 

are shown in Fig. 2.4.(b). The patterns contain no evidence of crystallization below 900 °C. As the 

temperature is increased to 900 °C, the broad amorphous feature begins to change shape, and 

crystalline peaks start to appear in the XRD pattern. As the temperature is increased to 1000 and 

1100 °C, clear Bragg reflections are present, consistent with crystallization.  

 Changes in surface roughness, caused by annealing below the crystallization temperature, 

are investigated by measuring the roughness of the thin film after annealing, as shown in Fig. 2.5. 

The measurements indicate a small increase in roughness of <0.1 nm after the annealing process. 

This shows that there is an insignificant increase in roughness, within the system noise. Roughness 

results post crystallization are not provided because of variation in results and delamination issues  
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post crystallization. Prior to crystallization, the surface smoothness is minimally affected by the 

annealing treatment, demonstrating that these thin films can be used in applications in which a 

smooth surface is required, even after annealing to a relatively high temperature.  

In comparison to the amorphous metals discussed above, sputtered Ta thin films are 

significantly rougher and display poorer thermal stability. A 200-nm Ta film possesses an as-

deposited roughness greater than 1 nm. Ta thin films, deposited by sputtering, are polycrystalline, 

exist in the hexagonal β-phase, and possess a resistivity of 165 μΩ•cm and a TCR of -160 ppm (α-

Ta possesses resistivity of 25 μΩ•cm and a TCR of 1600 ppm).[24] Ta thin films begin to transition 

from the β phase to the α phase near 700 °C, and complete this transition below 800 °C. The RMS 

surface roughness of a Ta thin film approaches 2.0 nm after an anneal near 700 °C, rising to greater 

than 2 nm after annealing at 800 °C.  

 

2.4 Conclusion 

 The properties of two new refractory AMTFs –TaNiSi and TaMoSi ‒ are described. These 

AMTFs were synthesized via sputtering using a multicomponent target. The amorphous nature of 

the films was confirmed via XRD, electron diffraction, and TEM; AFM RMS surface roughness 

was found to be  < 0.4 nm; and electrical resistivity of the films was measured as 224 μΩ•cm 

(TaNiSi) and 177 μΩ•cm (TaMoSi). These AMTFs possess ultra-smooth surfaces and an 

amorphous character that is retained up to an annealing temperature of 600 - 700 °C (800 - 900  
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°C) for the TaNiSi (TaMoSi) thin film. Thus, these films exhibit enhanced thermal stability in 

comparison to sputtered, polycrystalline Ta thin films, which considerably roughen and oxidize at 

elevated temperatures.  
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Figure 2.1 XPS composition sputter depth profile of a TaMoSi thin film showing uniform 
composition throughout the bulk of the film. Atomic concentrations are not corrected for 
preferential sputtering.  
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Figure 2.2. (a) As-deposited GI-XRD patterns for thin films of TaNiSi and TaMoSi with the silicon 
substrate peak identified. (b) TEM cross section of a TaNiSi thin film. (c) Convergent beam 
electron diffraction pattern of the TEM sample shown in (b). 
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Figure 2.3. AFM RMS roughness (blue on left) and resistivity (red on right) data for TaNiSi and 
TaMoSi thin films. (b) Normalized resistivity versus temperature for a TaNiSi thin film. 
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Figure 2.4. (a) XRD patterns from an as-deposited TaNiSi thin film and after a 20 minute anneal 
(5 °C per minute ramp rate) in a 50 mTorr sealed quartz tube. (b) XRD patterns from an as-
deposited TaMoSi thin film and after a 20 minute anneal (5 °C per minute ramp rate) in a 50 mTorr 
sealed quartz tube. The silicon substrate peak, which typically occurs at ~52.5°, is highlighted.  
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Figure 2.5. AFM roughness of TaNiSi and TaMoSi thin films after annealing at various 
temperatures prior to crystallization. 
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3.1 Introduction  

 In this contribution, we systematically vary composition across a narrow range to suppress 

the crystallization and oxidation of amorphous TaWSi thin films. Numerous applications require 

thermally robust metal thin films that possess both high strength and corrosion resistance. Example 

high-temperature applications include thermal inkjet printing,[28] pressure sensors in combustion 

engines,[12] and turbine blade protective coatings.[31] Semiconductor manufacturing also requires 

thermal stability of metals to 400 °C for back-end-of-line processing [11] and above 1000 °C for 

gate metal annealing.[36] 

 An amorphous metal thin film is an attractive option for such applications. It lacks the grain 

boundaries and dislocations of crystalline materials, which degrade mechanical strength and 

provide pathways for chemical attack. Additionally, an amorphous thin film possesses an ultra-

smooth surface when deposited onto a substrate with a smooth surface, a feature that often 

enhances device performance. These attributes have stimulated interest in their use for many 

emerging applications.[5,30]  

 Amorphous metals are metastable and prone to crystallize at high temperatures. Once 

crystallized, their performance advantages are lost. We examine here how to produce new 

refractory amorphous thin films with high crystallization and oxidation temperatures.  

 Amorphous metals comprising refractory elements, such as Ta, W, or both, are expected to 

crystallize at high temperatures, since the crystallization temperature of an amorphous metal 

depends on the melting point of its constituent elements.[15] Compositions with metalloids, such as 

Si, further enhance high-temperature stability. The metalloid contributes to large negative heats of  
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mixing, increases atomic-size diversity, and forms strong bonds with the refractory metals, all 

factors that increase the high-temperature stability of the amorphous structure.[1, 29] Refractory 

amorphous alloys that employ these features have crystallization temperatures ranging from 800 

to over 1100 °C.[8,9,14,26]  

 We describe herein the properties of three new refractory amorphous metal thin films 

(AMTFs) derived from the target compositions Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40. These 

compositions were chosen to examine the effects of both refractory metal and metalloid content. 

The structures, electrical properties, and thermal stabilities of these films are compared with those 

of sputtered Ta thin films. 

 
3.2 Experimental 

 Dense metal targets of nominal composition Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 

were purchased from Materion. Thin films were deposited by magnetron sputtering onto 25-mm 

square Si/SiO2 substrates at a base pressure < 10-6 Torr. Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 

thin films were sputtered at rates near 7, 10, and 8 nm min-1, respectively, to a thickness of 

approximately 200 nm, which were confirmed with an Alpha-Step 500 Surface Profilometer. 

Unless stated otherwise, measurements were made on the 200-nm thick films. Resistivity was 

assessed from film thickness and resistance measured with a Jandel RM-2 collinear four-point 

probe.  

 Transmission electron microscopy (TEM) and convergent beam electron diffraction (CBED) 

experiments were performed with an FEI Titan 80-200 TEM/STEM. TEM samples were first 

coated with amorphous carbon (a-C) and chromium before being sectioned for analysis. CBED  
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analysis was performed with a converged beam size of 50 to 200 nm2. Surface roughness and 

morphology were determined by atomic force microscopy (AFM) with an Asylum atomic force 

microscope operating in contact mode. Scanning electron microscope (SEM) images were 

acquired with an FEI Helios 650 dual beam SEM operating in immersion mode with a circular 

backscatter detector. 

 Crystallization temperatures were measured after heating samples in evacuated (20-50 

mTorr), sealed fused-silica tubes, at selected temperatures between 800 and 1100 °C. The tubes 

were heated at 5 °C min-1 with 20-min dwell at the final temperature. Grazing-incidence X-ray 

Diffraction (GI-XRD) data were acquired with a Rigaku Ultima-IV X-ray diffractometer equipped 

with a thin-film stage.  

 Film compositions were determined by electron probe microanalysis (EPMA) with a Cameca 

SX100 electron probe micro-analyzer. Films were deposited on Cu substrates for analysis. 

 X-ray photoelectron spectroscopy (XPS) measurements were made with a PHI Quantera 

Scanning ESCA spectrometer equipped with a monochromatic Al X-ray source having a photon 

energy of 1486.6 eV. The data were charge-corrected to carbon 1s at 284.8 eV. The binding energy 

(BE) scale was calibrated with the Cu 2p3/2 feature at 932.7 ± 0.05 eV and Au 4f at 84.0 ± 0.05 eV.  

Compositions were determined by using standard elemental relative sensitivity factors corrected 

for the transmission function of the analyzer. Sputter depth profiles were acquired by alternately 

sputtering and acquiring spectral data. Samples were sputtered with a 2-kV Ar+ ion beam at a  
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sputter rate of ~5 nm min-1 relative to SiO2. The sputter depth-profile data were reduced by using 

a linear least-squares method to separate overlap of the Ta 4f and the O 2s signals and to assign 

the chemical state of silicon to silicide or oxide.[16] 

  

3.3 Results and Discussion 

 3.3.1 Structure, Electrical Properties, and Composition   

 Figure 3.1.(a) shows GI-XRD patterns for Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 thin 

films. The broad features from approximately 35 to 45° and 60 to 75° are indicative of an 

amorphous thin film. The absence of Bragg reflections, i.e., sharp, distinctive peaks, indicates a 

lack of long-range crystalline order. Figures 3.1.(b), (c), and (d) show CBED patterns for the three 

compositions. The patterns for Ta40W40Si20 and Ta30W30Si40 exhibit diffuse halos, which and 

confirm the amorphous character of the films. Similarly, the pattern for Ta30W50Si20 shows diffuse 

halos, but also sharp spots. These spots represent nanocrystalline domains of WSi2 [33] embedded 

in an environment of amorphous metal. From the high resolution TEM image and the lack of 

diffraction peaks in the GI-XRD pattern, we estimate the diameter of the nanocrystallites to be < 

4 nm. Considering the small grain size and apparent low concentration of the crystallites, we 

consider the samples to be substantially amorphous.  

 Table 3.1 summarizes surface roughness, resistivity, and composition for each film as-

deposited. The root-mean-square (RMS) surface roughness, determined by AFM, is < 0.5 nm for 

each film. The ultra-smooth nature of the surfaces further characterizes the films as amorphous. 

The room temperature resistivities are all approximately 200 μΩ•cm, which is in the range  
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expected for an amorphous metal. Note that the resistivity of an amorphous metal is expected to 

be higher than that of its constituent crystalline elements. [1] Typical sputtered β-Ta, α-Ta, and W 

thin films possess resistivities of 165, 25, and 14 μΩ•cm, respectively. [24, 35] 

 The Si concentration in all of the TaWSi thin films is lower than that of the target. We find 

that Si is preferentially deposited off-axis onto the sputter chamber walls. Other researchers have 

previously reported that magnetron sputtering with a multicomponent target may result in a thin-

film composition different from that of the target.[17,18] For example, sputtered WTi [19] and WSi 

[20] thin films exhibit a reduced concentration of the lighter element, Ti and Si, respectively, 

compared with that of the target. These results are consistent with the compositional trends of the 

films. 

 Figure 3.2 shows XPS composition and chemical-state depth profiles of 200-nm thick 

Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 thin films. They demonstrate that the elemental 

distribution of Ta, W, and Si is uniform throughout the bulk of the thin film. Note that the atomic 

ratios in Fig. 3.2 cannot be compared directly to the composition established by EPMA, as the 

compositional depth profile has not been corrected for preferential sputtering. The data also show 

that Si is present as silicide, which is also consistent with the low, observed O content. 

 

3.3.2 Thermal Studies  

 Figure 3.3 shows GI-XRD patterns of Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 thin films 

as-deposited and heated in 100 oC increments to 1100 oC in evacuated, sealed silica tubes. The 

broad features in the patterns of Ta40W40Si20 (Fig. 3.3.(a)) indicate that the film remains amorphous  
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to 900 °C. At 1000 °C, the broad features change to sharp Bragg reflections arising from crystalline 

material. The remaining diffuse background indicates an amorphous fraction remains at this 

temperature and annealing time. At 1100 °C, the amorphous contribution reduces as the Bragg 

intensities increase because of additional crystal growth. Phase analysis shows the crystalline 

material to be W5Si3 (see supplemental Fig. 3A).  

 Figure 3.3.(b) shows Ta30W50Si20 to be amorphous at 800 oC. At 900 oC, a new sharp peak 

appears near 42o, indicating the film begins to crystallize. As the temperature increases to 1000 

°C, the intensity of this peak grows, while the broad diffuse background intensity decreases. The 

diffraction peaks at 900 and 1000 oC are consistent with elemental W or a WTa solid solution of 

TaW (see supplemental Fig. 3B). After the 1100 °C anneal, the thin film undergoes additional 

reaction and grain growth to form a mixture of crystalline W5Si3 and WSi2 (see supplemental Fig. 

3C).  

 Figure 3.3.(c) shows the GI-XRD patterns for Ta30W30Si40 change little up to 1000 oC; they 

exhibit only broad peaks consistent with an amorphous structure.  At 1100 °C, sharp Bragg peaks 

emerge that match those of W or a WTa solid solution. If the temperature were further increased, 

we expect a silicide phase to form.  

 To summarize, the X-ray data show crystalline W (or WTa) separates from Ta30W50Si20  

above 800 oC. This W segregation is suppressed with the smaller W content in Ta40W40Si20. This 

material clearly crystallizes as a mixture of silicides at 1000 oC. The increased Si content of 

Ta30W30Si40 then suppresses both silicide and W (WTa) formation, increasing the crystallization 

onset to temperatures above 1000 oC.  Consequently, the crystallization temperature of the  



38 
 

 

 

Ta30W30Si40 system is similar to that of quaternary amorphous metal systems based on Ta, W, Si, 

and C [8,9], which are among the higher reported crystallization temperatures for amorphous metals. 

TaWSi provides advantages under some conditions, as C commonly migrates from metals at high 

temperatures.  

 Figure 3.4.(a) shows a TEM image and a CBED pattern for the near-surface region of the 

most thermally stable film composition, i.e., Ta30W30Si40, after a 1000 °C anneal. The TEM image 

reveals the film to be continuous and smooth. The diffuse rings in the CBED pattern confirm that 

the film remains amorphous after the anneal both near the surface and throughout the entire bulk 

of the thin film. Image contrast between the area labeled “film surface” and the bulk of the film 

indicates that the near-surface region is less dense than the film bulk. This low-density region 

indicates that the film forms an oxide cap by reaction with the residual oxygen in the sealed tube.  

 Figure 3.4.(b) shows a TEM image and CBED patterns for the near-surface and bulk regions 

of the same Ta30W30Si40 composition after annealing at 1100 °C. The TEM image indicates that 

the film remains continuous and smooth at 1100 oC. The image displays distinct lattice features at 

the carbon-metal interface consistent with crystal formation. The CBED pattern of this interface 

region exhibits bright diffraction spots, also consistent with crystal formation. The bulk of the film 

remains amorphous, as indicated by the diffuse halos in the CBED image (right in Fig. 3.4.(b)).  

The TEM images and CBED patterns confirm that the Ta30W30Si40 film remains amorphous to 

1000 °C. Furthermore, they show a crystalline material preferentially nucleates and grows at the 

film surface. 

 Figure 3.5 shows plots of surface roughness versus annealing temperature for the three  
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TaWSi thin-film compositions.  Each film is 200-nm thick. Below 900 oC, each film exhibits a 

surface roughness of a few tenths of a nm, i.e., near the noise floor of the AFM instrument. This 

smoothness reflects the amorphous nature of the films. Above 900 oC, the surfaces of Ta40W40Si20 

and Ta30W50Si30 roughen considerably, with the roughness rising to 4.65 nm at 1000 oC for 

Ta40W40Si20 and 3.2 nm at 1100 oC for Ta30W50Si30. The temperature onsets for increased AFM 

roughness agree with phase-segregation and crystallization temperatures deduced from the X-ray 

data (see Fig. 3.3).  

 

3.3.3 Oxidation Behavior 

Thermally robust amorphous films are envisioned to replace sputtered Ta thin films in 

many applications. As-deposited, 200-nm thick Ta films generally exhibit surface roughness > 1 

nm, which derives from the crystalline nature of the hexagonal, β phase. Electrical resistivities 

near 165 μΩ•cm reflect this crystalline nature.[24] Under vacuum or inert atmosphere, the β phase 

transforms to the α phase between 700 and 800 °C. Through this transition, the electrical resistivity 

drops to 25 μΩ•cm [24], and the rms surface roughness rapidly exceeds 2 nm as grain-growth occurs.   

Figure 3.6.(a) shows an SEM image of a 200-nm thick Ta film after annealing in air at 700 

oC for 10 mins. Clearly, wide and deep cracks have compromised film integrity. Continued heating  

leads first to delamination, then conversion to Ta2O5 powder [27] and complete loss of film 

structure. Figure 3.6.(b) shows an SEM image of a Ta40W40Si20 thin-film surface under the same 

heating conditions. The film retains its smooth, featureless appearance after heating in air; 

oxidation negligibly affects film appearance and integrity. The rms surface roughness (0.3 nm)  
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indicates that the film remains amorphous through the anneal. These results demonstrate the  

intrinsic advantages of the TaWSi formulation and its amorphous nature to produce a thermally- 

robust, oxidation-resistant thin film that exceeds the performance characteristics of a crystalline 

Ta film.   

 

3.4 Key Findings and Conclusions 

 Three new amorphous metal thin films from target compositions Ta30W50Si20, Ta40W40Si20, 

and Ta30W30Si40 were deposited via magnetron sputtering. XRD, electron diffraction, AFM, and 

TEM analyses confirmed the films to be amorphous as deposited. Electrical measurements 

revealed resistivities, ~ 200 μΩ•cm, consistent with the amorphous character. Crystallization 

temperature increased in the order Ta30W50Si20 < Ta40W40Si20 < Ta30W30Si40. Each film exhibited 

stability to oxidation at temperatures above 700 oC, well above the oxidation temperature of Ta.   

 Considered design guidelines suggest stability to crystallization increases with rising 

refractory metal content. For the TaWSi system, W has the highest melting point, 3422 oC, 

compared with Ta, 3020 oC, and Si, 1414 oC. We find, however, that the W-rich Ta30W50Si20 thin 

film crystallizes approximately 100 °C lower than Ta40W40Si20 with a similar Si content. Ouyang 

and co-authors [9] described a similar result, wherein a W-rich amorphous metal crystallizes at a  

lower temperature than that of a Ta-rich amorphous metal. These unexpected results may arise 

from the larger enthalpy of mixing for Ta and Si, -56 kJ-1-mol-1, compared with mixing of W and 

Si, -31 kJ-1-mol-1 [29]. 

 An additional design rule suggests a metalloid composition of at least 20% considerably  
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enhances amorphous-metal thermal stability. Our study confirms this guideline, as increasing the  

silicon content in the sputter target from 20%, Ta0W40Si20 (or Ta30W50Si20), to 40%, Ta30W30Si40, 

produces a composition with at least 20% Si. The high Si-content Ta30W30Si40 thin film exhibits 

the highest crystallization temperature. 

 This study demonstrates the importance of refractory metal and metalloid contents for 

production of amorphous thin films that are thermally stable and resistant to oxidation at 

temperatures above 900 °C. Because commercial electronics already and widely employs Ta, W, 

and Si, tools and processes exist to integrate new and robust TaWSi films in the fabrication and 

manufacturing environments.[36] 
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Figure 3.1. (a) As-deposited GI-XRD patterns for thin films of Ta40W40Si20, Ta30W50Si20, and 
Ta30W30Si40 with the silicon substrate peak identified. TEM cross section and convergent beam 
electron diffraction (CBED) pattern of a (b) Ta40W40Si20, (c) Ta30W50Si20, and (c) Ta30W30Si40 thin 
film. Diffraction analysis of Ta40W40Si20 and Ta30W30Si40 confirms the amorphous structure and 
shows no evidence of crystallinity in the thin film.  Diffraction analysis of Ta30W50Si20 confirms 
the structure to be amorphous with a small fraction of nanocrystalline domains embedded in the 
amorphous structure. 
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Table 3.1.  Properties of as-deposited TaWSi thin films. 

Target Film Roughness 
(RMS, nm) 

Film Resistivity 
(μΩ•cm) Film Composition* 

Ta40W40Si20 0.3 199 ± 10 Ta45.3W43.7Si11.0 
Ta30W50Si20 0.5 201 ± 6 Ta35.4W53.3Si11.3 
Ta30W30Si40 0.25 218 ± 5 Ta41.7W38.4Si19.9 

*Film composition estimated via EPMA, neglecting oxygen (≤5%). 
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Figure 3.2 XPS composition sputter depth profile of (a) Ta40W40Si20, (b) Ta30W50Si20, and (c) 
Ta30W30Si40 thin films showing uniform composition throughout the bulk of the film. Atomic 
concentrations are not corrected for preferential sputtering. 
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Figure 3.3 XRD patterns from (a) Ta40W40Si20, (b) Ta30W50Si20, and (c) Ta30W30Si40 thin films as-
deposited and after post-deposition annealing. The silicon substrate peak at ~52.5° is indicated.  
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Figure 3.4 (a) TEM image of the near-surface region of a Ta30W30Si40 thin film after a 1000 °C 
anneal with CBED pattern (inset). (b) TEM image of near-surface region of a Ta30W30Si40 thin 
film after a 1100 °C anneal with corresponding CBED patterns from the surface (left) and bulk 
(right) regions of the thin film. The yellow dashed circle highlights the crystalline region. An 
amorphous carbon layer was deposited on the thin films for protection during the FIB process. 
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Figure 3.5 AFM roughness of Ta40W40Si20, Ta30W50Si20, and Ta30W30Si40 thin films after 
annealing between 700 and 1100 oC.  
 

 

Figure 3.6 (a) SEM image of the surface of a 200-nm Ta thin film after a 700 °C anneal in air for 
10 mins. (b) SEM image of the surface of a 200-nm Ta40W40Si20 thin film after a 700 °C anneal in 
air for 10 mins.  
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Supplemental 

 
Figure S3.1 Crystalline pattern of Si3W5 (ICSD #: 733331 [32]) compared to that of Ta40W40Si20 
thin films crystallized at 1000 °C and 1100 °C. 

 
 

 
Figure S3.2 (a) Crystalline pattern of (i) TaW (ICSD # 106122 [33]) compared to that of 
Ta30W50Si20 thin films crystallized at 900 °C and 1000 °C. (b) Crystalline pattern of Si3W5 (ICSD 
# 733331 [32]) and Si2W (ICSD # 96024 [34]) compared to that of a Ta30W50Si20 thin film 
crystallized at 1100 °C. 
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Figure S3.3 (a) Crystalline pattern of TaW (ICSD # 106122 [33]) compared to that of a Ta30W30Si40 
thin films crystallized at 1100 °C. 
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Chapter 4 

THERMAL OXIDATION OF REFRACTORY 
AMORPHOUS METAL FILMS 

 

4.1 Introduction 

 Refractory metal thin films find use in many applications; including cavitation protection 

layers in thermal inkjet (TIJ) printing[1],  pressure sensors [2], and turbine blade coatings [3]. In many 

cases metal films are subjected to a high temperature environment, such as semiconductor 

processing [4] or gate metal annealing [5].  At elevated temperatures, the chemistry and mechanisms 

of oxidation become important, because they can potentially affect thin-film performance. 

Therefore, it is of critical importance to understand the properties and processes that affect the 

oxidation-corrosion-passivation of these thin-films. Our recent work [6] has focused on amorphous 

refractory metal thin films. Amorphous metal thin films may offer advantages over crystalline 

films in that they grain boundaries and dislocations, which may act as pathways for oxidation and 

chemical degradation of the films.  

 The thermal oxidation of crystalline tantalum metal films metal films is well documented in 

the literature. [7-12] Thermal oxidation of crystalline tantalum silicides have also been reported on. 

[13-14] Oxidation of amorphous films of Ta-Si-N has also been studied. [15] Previously, we have 

briefly reported on the thermal oxidation of Ta40W40Si20 thin films at 700°C and how they compare 

to films of crystalline tantalum[6]. Tantalum undergoes a phase transition between 700°C and 

800°C [16] which can lead to problems with film adhesion. [17] This work expands on our previous 

investigation, and will examine the effect of film composition as well as temperature on the rate 

and nature of the oxidation of the films. We describe the typical oxidation mechanism of  
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amorphous metal thin films as a top-down process, wherein the individual metals when subjected 

to a high temperature environment, become oxidzed at the surface first, and as time and or 

temperature increases, so does the amount of material oxidized, resulting in a thicker metal oxide 

layer.. We measure the rate of this oxidation by measuring the thickness of the surface oxide layer 

as a function of annealing time and temperature, and characterize the thin films layers both 

chemically and structurally. 

   

4.2 Experimental 

 All samples were prepared by magnetron sputtering from pressed-powder targets of nominal 

composition (TaxMySiz) where M is a metal such as W, Mo, Ni or Pt and (x+y+z = 100). Sputtering 

targets purchased from a commercial supplier. The TaPtSi film was co-sputtered from TaSi2 and 

Pt targets. Thin films were deposited on Si/SiO2 substrates at a rate of approximately 10nm/min 

and a base pressure of <10-6 Torr to a thickness of approximately 200nm as measured by Alpha-

Step 500 Surface Profilometer. Grazing incidence X-ray diffraction (GI-XRD) using a Rigaku 

Ultima-IV X-ray Diffractometer was used to confirm that all as deposited films were X-ray 

amorphous. Films were oxidized by heating in a box furnace for the prescribed lengths of time. 

Transmission electron microscopy (TEM) and convergent beam electron diffraction (CBED) 

experiments were performed with an FEI Titan 80-200 TEM/STEM. TEM samples were first 

coated with amorphous carbon (a-C) and chromium before being sectioned for analysis. CBED 

analysis was performed with a converged beam size of 50 to 200 nm2. Surface roughness and 
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morphology were determined by atomic force microscopy (AFM) with an Asylum atomic force 

microscope operating in contact mode.   

 X-ray photoelectron spectroscopy (XPS) measurements were made with a PHI Quantera 

Scanning ESCA spectrometer equipped with a monochromatic Al X-ray source having a photon 

energy of 1486.6 eV. The data were charge-corrected to carbon 1s at 284.8 eV. The binding energy 

(BE) scale was calibrated with the Cu 2p3/2 feature at 932.7 ± 0.05 eV and Au 4f at 84.0 ± 0.05 eV.  

Compositions were determined by using standard elemental relative sensitivity factors corrected 

for the transmission function of the analyzer. Sputter depth profiles were acquired by alternately 

sputtering and acquiring spectral data. Samples were sputtered with a 2-kV Ar+ ion beam at a 

sputter rate of ~5 nm min-1 relative to SiO2. The sputter depth-profile data were reduced by using 

a linear least-squares method to separate overlap of the Ta 4f and the O 2s signals and to assign 

the chemical state of silicon to silicide or oxide [18]. Films were thermally oxidized by heating in a 

box furnace in atmosphere at 300°C for a prescribed length of time. Spectroscopic Ellipsometry 

(SE) was performed using a JA Wooolam M-2000X Spectroscopic Ellipsometer with focusing 

probes installed. Data was collected at wavelengths of 200-1500nm and incidence angles of 65 

degrees. Oxide thickness was calculated from SE data using CompleteEASE software to model a 

Cauchy layer on top of the as-deposited metal acting as an absorbing substrate. This method of 

measurement was found to agree very well with other methods such as SEM and X-ray reflectivity 

(XRR).  
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4.3 Results and Discussion 

 4.3.1 Composition and Oxide Thickness vs. Time 

 Figure 4.1 shows the thickness of the surface oxide layer as measured by spectroscopic 

ellipsometry for  200 nm thick films of amorphous Ta40Mo40Si20, Ta40Ni40Si20, Ta40W40Si20, and 

Ta40Pt40Si20 annealed in air at 300 degrees C for times ranging from 1 minute – 720 minutes (12 

hours). Also included is a 1000 µm thick crystalline β-Ta film as a reference material. It should be 

noted that we chose this temperature because when heated to higher than 300°C in air, the 

crystalline tantalum film become completely oxidized and delaminated from the substrate. TaWSi 

and TaNiSi exhibited oxide growth comparable to that of crystalline tantalum at this temperature, 

where after an initial growth phase, the film became passivated and the oxide thickness did not 

increase substantially above 5-10 nm, even after 12-hours annealing time. TaPtSi showed very 

little measureable oxide growth, owing to Pt's known ability to form very thin, stable surface 

passivation layers. [ref] While this material displays very high oxidation resistance, it crystallizes 

at temperatures above 400° C. TaMoSi showed self-passivating oxide growth of a thicker layer 

(~12 nm) after 60 minutes. However, upon heating for 12 hours, the oxide layer continued to grow. 

This may be attributable to the relatively high vapor pressure of MoO3 causing the oxide layer to 

be a poor passivation barrier, allowing oxygen to continually reach the metal film surface. 

 

4.3.2 Low vs. High Temperature Oxide Growth 

 Figure 4.2 (a) shows the oxide thickness vs. time for Ta40W40Si20 and Figure 4.2 (b) shows 

the same for Ta30W30Si40. Both compositions showed similar oxide growth rates at both  
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temperatures. At 300°C, the oxide reached a thickness of <5 nm and did not increase significantly 

after the initial growth phase. At 500°C, the rate of oxidation was markedly increased, showing a 

a diminishing growth rate over time, but resulting in a much thicker oxide layer. The increased 

silicon content in Ta30W30S40 did not affect the oxide growth rate or the resulting oxide thickness 

at either temperature. 

 

4.3.3 Oxide Composition and Morphology 

Figure 4.3 shows an XPS sputter depth profile of Ta30W30Si40 annealed in air at 700 C 

for 02 minutes. Note that the data has not been corrected for preferential sputtering, therefore only 

relative atomic percentages of each element throughout the profile are relevant. At the surface, 

silicon is preferentially oxidized relative to tantalum and tungsten. The result is the presence of 

two distinct surface layers with the top layer being enriched in silicon, mostly present as silicide 

with trace amounts of unoxidized silicon. The relative amount of tantalum varies by only a small 

percentage throughout the entire film stack, while the oxide layers are deficient in tungsten relative 

to the amorphous metal below. The amount of oxygen in the uppermost oxide layer is higher than 

the oxide layer below it, indicating that the silicon in the top layer has been more completely 

oxidized to Si4+ (as in SiO2) while the lower relative amount of oxygen in the lower oxide layer 

indicates some silicon would be in the partially reduced form of Si2+ as in SiO. The boundaries 

of the individual layers are well defined, with very thin gradient regions between layers. 

Figures 4.4 (a) and (b) show TEM cross sections of Ta30W30Si40 oxidized in air at 500C 

for 15 minutes. The micrograph displays a clearly defined layer structure consisting of the dense  
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amorphous metal underlying a lower density surface oxide. The oxide thickness is uniform across 

the sample width. The oxide thickness observed with TEM was similar to the thickness measured 

by ellipsometry and XRR, validating the models used to calculate oxide thickness by those 

methods. 

Figure 4.5 shows GI-XRD patterns of Ta30W30Si40 oxidized in air at 300, 500, and 700C 

at both 30 minutes and 18 minutes at each temperature. The patterns demonstrate that both the 

oxide and the underlying metal film remained amorphous, even after heating for 180 minutes. The 

300C samples with diffuse scattering features centered around 39 and 67 2-theta are 

indistinguishable from unoxidized amorphous Ta30W30Si40, indicating the surface oxide is 

relatively thin compared to the underlying metal. The samples annealed at 500C show scattering 

features beginning to appear from 20-30 2-theta, indicating increased scattering from the oxide 

layer as it increases in thickness and becomes a larger fraction of the total thickness of the stack. 

Scattering from the underlying amorphous metal features still dominate the pattern.  At 700C, the 

pattern shape, with strongest scattering from 20-40 2-theta is characteristic of an amorphous oxide 

film, with none of the features of the amorphous metal visible. The similarity in the patterns of 

samples oxidized for both 30 and 180 minutes at each given temperature indicates that longer 

annealing time (beyond 30 minutes) does not lead to thicker oxide layers in this material and 

therefore we can say that the oxide layer is effectively passivating further oxidation of the metal 

at 300 and 500C. No sharp diffraction peaks, indicative of Bragg diffraction from crystalline 

domains, are present in the film. The sharper, low-intensity peaks seen at 52 2-theta are from the 

underlying silicon substrate. 
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4.4 Conclusion 

The oxidation of four amorphous metal alloys, all consisting of tantalum and silicon has 

been shown to be highly dependent upon the identity of the third element present. The metal 

containing molybdenum showed higher affinity to oxygen than the films containing tungsten and 

nickel, which became passivated after heating at 300C. The film containing platinum displayed 

superior passivation behavior relative to the other alloys. Two different alloys of TaWSi with 

varying relative amounts of each component were seen to exhibit similar oxidation and passivation 

behavior. This leads to the conclusion that the chemistry of the individual elements comprising an 

amorphous metal film will dictate the nature of the oxidation of the film at high temperatures. The 

rate of oxidation of TaWSi was found to be highly dependent on temperature, with self-passivating 

surface oxidation occurring at 300C. Oxidation was similarly passivating at 500C, although the 

oxide grew significantly thicker at an increased rate. Near complete oxidation of this alloy occurred 

at 700C. The surface oxide in TaWSi was found to be amorphous, and there was no change in the 

amorphous nature of the underlying metal. 
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Figure 4.1. Surface oxide thickness in nm of Ta40Mo40Si20, Ta40Ni40Si20, Ta40W40Si20, Tantalum, 
and Ta40Pt40Si20 films as measured by spectroscopic ellipsometry from (a) 15-120 minutes and (b) 
15-720 minutes. 
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Figure 4.2. Oxide thickness vs. annealing time at 300°C and 500°C for (a) Ta40W40Si20 and (b) 
Ta30W30Si40 as measured by spectroscopic ellipsometry. 
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Figure 4.3 XPS sputter depth profiling of Ta30W30Si40 annealed in air at 700°C for 15 minutes. 
Atomic percentages have not been corrected for preferential sputtering. 
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Figure 4.4. TEM image of Ta30W30Si40 annealed in air at 500°C for 15 minutes (a) showing the 
entire thin-film cross section, and (b) the film-oxide interface. 
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Figure 4.5. Grazing Incidence X-ray Diffraction Patterns (GI-XRD) of Ta30W30Si40 annealed in air 
for both 30 minutes and 180 minutes at 300, 500, and 700°C. 
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Chapter 5 

AMORPHOUS METAL PERSPECTIVES 

 

5.1 Summary 

This work has demonstrated the design of several new refractory amorphous metal thin 

film materials. It has been shown that the melting points of the component elements correlates 

positively with thermal stability in an amorphous metal. Increasing the relative amounts of 

refractory elements led to increased thermal stability and higher crystallization temperatures.  It 

was also found that increased silicon content also led to increased thermal stability. The amorphous 

metal films were found to be dense, homogeneous, and smooth even after annealing in vacuum to 

just below the crystallization point. Amorphous metals were shown to exhibit comparable thermal 

oxidation behavior after annealing in air to crystalline tantalum at lower temperatures, but superior 

resistance to oxidation and roughening at higher temperatures, while maintaining an atomically 

smooth surface. The oxidation of individual amorphous metal film compositions was found to be 

dependent upon the oxidation chemistry of their elemental components, with elements known to 

be easily oxidizable displaying similar behavior when incorporated into multi-component films. 

Conversely, passivating behavior was preserved when incorporating elements more resistant to 

oxidation. Finally, it was found that surface oxidation of the amorphous metal left the underlying 

metal unchanged chemically, structurally, and morphologically.  

 

 

 



68 
 

 

 

5.2 Future Work 

The findings of this research have provided and validated a system of guidelines that may 

be utilized for designing new metal films that will remain amorphous at high temperatures and will 

be resistant to oxidation. These guidelines provide the framework for tailoring new materials with 

desired thermal and chemical properties for an array of specific applications, including but not 

limited to, protective coatings, electrical devices, and MEMS. This work focused on materials 

composed mainly of tantalum, tungsten and silicon with select other elements substituted at times. 

Continued research could identify new alloys with different refractory elements. Some binary and 

ternary carbides and nitrides possess very high melting points. Further investigation is needed to 

determine if such materials could be alloyed with other refractory elements to produce amorphous 

films that display even higher thermal stability.  
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