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Abstract 

Metallic glass thin films (MGTFs) are a recently developed class of alloy coatings with 

potential applications ranging from biomedical devices to electrical components. Their tribological 

performance in service conditions is dictated by MGTF bulk composition but can be limited by the 

native oxide surface that inevitably forms upon exposure to atmosphere. Surface oxidation, 

thickness, and composition of ZrCuNiAl MGTFs were characterized using a combination of X-

ray photoelectron microscopy (XPS) and electron probe microanalysis (EPMA). MGTF samples 

with nominal thicknesses of 50, 500, and 1500 nm were sputtered onto Si and SiN wafer substrates 

within a high vacuum deposition chamber and their amorphicity was confirmed by X-ray 

diffraction. XPS depth profiling identified the thin film composition and showed that the surface 

oxide was dominated by a mixed layer of mostly ZrO2, a little oxidized Al, and some metallic Zr. 

EPMA X-ray intensities were acquired as a function of beam energy to excite characteristic X-

rays from different depths of the MGTFs and reconstructed using open-source thin film analysis 

software BadgerFilm, to determine the composition and thickness of sample layers. EPMA results 

constrain the composition to be Zr54Cu29Al10Ni7 within 0.7 at. % variation and total thicknesses to 

be 49, 470, and 1546 nm. Using the oxide composition identified from XPS depth profiling as an 

input for BadgerFilm analysis, EPMA results indicate the surface oxidation layer on each of the 

thin film samples was 6.5 ± 1.1 nm thick and uniform across a 0.25 mm region of the film.  

Keywords – metallic glass thin film, composition, electron probe, microanalysis, x-ray 

photoelectron spectroscopy 
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1. Introduction 

Thin film coatings offer tremendous technological applications in modern life including 

electronic devices, magnetic recording media, optical coatings, coated cutting tools, and others. 

Metallic glass thin films (MGTFs) are a recently developed alternative to conventional alloy thin 

films that exhibit several unique material properties that are beneficial in applications from 

biomedical devices to electrical components [1]. The surface of MGTFs is characterized by ultra-

low coefficient of friction, and combined with Zr-based MGTFs’ biocompatibility, makes them an 

advantageous coating material for minimally invasive surgical devices and syringes [2].  

The glass research community continues to demonstrate consistent interest in uncovering 

structure-property interrelationships in MGTFs to aid their rapid commercialization [3–9]. Driven 

by the size mismatch in individual atomic sizes, concrete evidence exists for interconnected atomic 

clusters strongly influencing mechanical and thermal properties in metallic glasses, both in bulk 

and thin film forms [7,10–13]. In turn, the emergence of key interconnected atomic clusters is 

shown to depend on alloy composition [12,14], creating a strong incentive to accurately 

characterize MGTF composition and thickness. Recent results have suggested that surface 

diffusivity plays an important role during MGTF growth [15–17], but the impact of surface 

composition on diffusivity remains unresolved. Additionally, developing technologically 

important MGTFs requires careful design considerations: for example, surface oxidation affects 

wear performance [18–20], but can improve superelasticity [21], and will ultimately prove decisive 

to long-term utility of Zr-based MGTFs in biomedical applications. Various thin film composition 

measurement techniques exist [22–25] and improvements in their accuracy, scope, and 

applications continue to attract scientific interest. Therefore, development of specialized 
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characterization tools to evaluate the composition and structure of multi-layered MGTF materials 

and their surface oxidation will benefit the glass community and other thin film applications.  

Electron probe microanalysis (EPMA) is a versatile technique for non-destructive 

elemental microanalysis of bulk specimens [26]. An electron beam focused onto sub-micron 

locations of the samples surface is used to excite characteristic X-rays which are then detected 

with wavelength dispersive X-ray spectrometers (WDS) [26]. EPMA uses diffraction crystal 

monochromators to selectively diffract X-rays of characteristic wavelength from thin film samples 

and high purity standards. Chemical composition is then calculated from the ratio of characteristic 

X-ray intensities from samples and bulk standards and corrected for matrix effects using a matrix 

correction procedure [27].  

Owing to excellent X-ray peak resolution and signal-to-noise ratio together with use of 

calibration standards, EPMA-WDS can produce precise and accurate quantitative measurements 

of microvolumes of solid materials. EPMA-WDS is a non-destructive technique that can analyze 

electrically conductive MGTF samples without surface preparation or coating. EPMA 

characterization of thin film samples, coated on top of substrates, uses k-ratios (ratio of background 

corrected X-ray intensity between standard and unknown) acquired at multiple incident beam 

energies that produce characteristic X-rays from various depths in the sample [28]. Measured k-

ratios are compared to theoretical k-ratios calculated from φ(ρz) models appropriate to the thin 

film geometry [29–31]. The thickness and compositions of the thin films and substrate are 

determined from an iterative calculation scheme that modifies these values until convergence is 

reached between theoretical and experimental k-ratios. Quantification of thin film thickness and 

composition can be performed using thin film analysis programs like STRATAGEM, BadgerFilm 

[28,32,33], GMRFilm [34],  and PENEPMA [35].  
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The most recent EPMA quantification methods use models that accurately describe the 

ionization depth distribution, the so-called phi-rho-Z distribution. Initially designed for bulk 

sample quantification, these models underwent extensive research in the 1990s to broaden their 

scope for analyzing layered specimens. Various phi-rho-Z models tailored for thin film analysis, 

such as PAP, XPP [36], and XPHI [37], have been introduced. Nonetheless, their integration into 

functional computer programs for routine use in EPMA labs remains limited due to compatibility 

issues with modern computing systems, limited access behind paywalls, and the high cost 

associated with acquiring the software license. 

To enhance access to thin film analysis tools for EPMA laboratories, BadgerFilm — an 

open-source and freely available software dedicated to thin film analysis – was developed [38]. 

This open-source software provides a solution to the scarcity of accessible thin film quantification 

software, thereby facilitating more widespread utilization of such methods within the EPMA 

community. The software encompasses a simple graphical user interface and integrates the latest 

φ(ρz) models, along with a non-linear fitting algorithm designed to accurately determine the 

compositions and thicknesses of complex layered specimens. BadgerFilm implements enhanced 

algorithms for secondary fluorescence calculation [32] which is critical for thin film analysis: in 

thin film specimens, secondary fluorescence typically represents several percent of the total 

produced X-ray intensity. 

In this work, we show that by combining EPMA experiments and BadgerFilm analysis 

with X-ray photoelectron spectroscopy (XPS), it is possible to perform high-resolution 

characterization of the composition and thickness of surface oxidation layers of Zr-based MGTFs. 

2. Experimental details 
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 Thin film synthesis: Thin films were deposited by employing an in-house built high 

vacuum direct current magnetron sputtering tool. An arc-melted disc shaped alloy target (diameter 

2”, thickness 0.125” mounted on copper backing plate of thickness 0.125”) with nominal 

compositions of Zr55Cu30Al10Ni5 (at. %) was commercially acquired from ACI Alloys, CA, U.S.A. 

The base pressure of the vacuum vessel was better than 1 × 10-7 Torr. The operating pressure of 

process gas (Ar) was 4.3 mTorr during deposition as measured by a 275i Pirani-style pressure 

gauge made by Kurt J. Lesker Company. Three suites of thin film samples with nominal 

composition Zr55Cu30Al10Ni5 were deposited onto Si and SiN substrates and their nominal 

thicknesses were 50, 500, and 1500 nm. These three suites of thin films were grown at the same 

direct current sputtering power of 100 W, substrate temperature of 515 ± 3 K using deposition 

times of 2.5, 20 and 55 min. The deposition rate was nominally estimated to be ~0.43 nm/s, based 

on characterization from previous studies undertaken on Zr-based alloy systems [7,39]. The MGTF 

stack had a thin oxide layer atop the much thicker MGTF, all of which sat on top of the underlying 

Si or SiN substrate. Post deposition, all samples were stored at 22°C in a dry nitrogen (99.9% 

purity) environment with humidity < 20% that was maintained using silica-based desiccant 

materials.  

 Preliminary characterization: A Bruker D8 Discover X-ray diffractometer (XRD) 

equipped with a Cu-Kα source and area detector was used in the coupled ϴ-2ϴ setting for structure 

studies of the thin films. XPS measurements on the 50 and 500 nm thick film samples were 

performed using a Thermo K alpha X-ray photoelectron spectrometer with monochromatized Al 

Kα excitation with X-ray spot size of 400 µm and sample spot size of 30 µm. Ar ion gun was used 

for rapid depth profile to get composition versus depth profiles at discrete etch steps. The change 

in composition from Zr/Cu/Ni/Al layer to Si substrate was determined based on the XPS depth 
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profiling data. The etch rate was calculated to be nominally 0.05 nm/s by dividing the film 

thickness with total etch time through the MGTF to the top of the underlying substrate. The base 

pressure within the XPS instrument was better than 4 × 10-8 Torr. XPS spectra were analyzed using 

the manufacturer supplied software package, Avantage v5.9922. In this study, we chose to show 

the XPS results on 50 nm film grown on Si wafer for clarity of presentation, but the other samples 

show similar trends. 

 Compositional analyses using EPMA: EPMA was used to quantify the composition and 

thickness of thin films and their surface oxidation layer using WDS. A Cameca SX-Five FE-EPMA 

was used to conduct WDS measurements at 10, 12, 15, 20, 25, and 30 kV accelerating voltage to 

generate characteristic X-rays from different activation volumes within the sample. At each 

voltage condition, thirty measurements with spacing 60 µm were acquired from each sample and 

standard. Analyses were performed with 20 nA beam current and a fully focused beam (~100 nm). 

X-rays from Zr-Lα (LPET), Cu-Kα (LLIF), Ni-Kα (LLIF), Al-Kα (TAP), Si-Kα (LTAP), and O-

Kα (PC0) were collected using five WDS spectrometers equipped with gas flow proportional X-

ray detectors. Pure metals were used as calibration standards for Zr, Cu, Ni, Al, and Si. Synthetic 

Fe3O4 was used as calibration standard for O. X-ray intensity for each element was measured at 

the peak position for 20 seconds and at two off-peak background positions for 10 seconds. A linear 

interpolation was used for background subtraction of on-peak counts. An exponential background 

fit was used for O quantification. Differential pulse height analysis was used for Si-Kα on LTAP 

to account for high order (n=5) reflections from Cu-Kβ.  

Figure 1 shows Monte-Carlo simulations of electron beam-specimen interactions within a 

500 nm thin film of Zr55Cu30Ni5Al10 atop Si wafer using the Casino (v2.5.1.0) software package 

[40,41]. By changing primary beam accelerating voltage, it is possible to control the activation 
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volume from which X-rays are generated. Figure 1 shows the sample volume from which Si-Kα 

X-rays are generated within this sample geometry at 10 and 25 kV accelerating voltages. 

 Calculation of thin film thickness and composition: Thin film quantification of MGTF 

samples and their surface oxidation was performed using BadgerFilm (v1.2.11). Experimental k-

ratios for each element at every accelerating voltage are used as inputs to extrapolate X-ray 

emission behavior within thin film and surface oxidation layer. BadgerFilm calculates theoretical 

k-ratios with the PAP phi-rho-z algorithm and modified phi-rho-z matrix correction to determine 

characteristic and Bremsstrahlung fluorescence effects. The program uses a non-linear fitting 

algorithm to match calculated k-ratios to experimental k-ratios acquired from a range of 

accelerating voltages to determine composition and thickness of multi-layered samples. Input 

parameters include experimental k-ratios from multiple kV conditions, elements present in each 

layer and material density, standard compositions used to measure k-ratios, and initial guesses for 

material composition, density, and layer thickness. The program converges on a solution for the 

composition and thickness of both the MGTF and surface oxidation layer.  

BadgerFilm uses k-ratios acquired from multiple accelerating voltages to determine the 

best-fit parameters for the thickness and compositions of sample layers. BadgerFilm uses these 

parameters to calculate theoretical k-ratios, using phi-rho-Z models, as follows: 

𝑘௏ =
𝐼௨௡௞;௏

𝐼௦௧ௗ;௏

=
∑ ∫ 𝜙௜(𝜌𝑧; 𝐶ଵ, … , 𝐶௡; 𝑉)𝑒

ି ఓఘቚ
೔

ఘ௭
௦௜௡ఏ𝑑𝜌𝑧 𝑒

ି ∑ ఓ
ఘቚ

ೕ

ఘ௧ೕ
௦௜௡ఏ

బ
ೕస೔  ఘ௭೔శభ

ఘ௭೔
௠ିଵ
௜ୀ଴ + ∫ 𝜙(𝜌𝑧; 𝐶ଵ, … , 𝐶௡; 𝑉)𝑒ି ఓఘ ఘ௭

௦௜௡ఏ𝑑𝜌𝑧 𝑒
ି ∑ ఓ

ఘቚ
ೕ

ఘ௧ೕ
௦௜௡ఏ

బ
ೕస೘  ஶ

ఘ௭೘

∫ 𝜙௦௧ௗ(𝜌𝑧; 𝐶ଵ, … , 𝐶௡; 𝑉)𝑒
ି ఓఘቚ

ೞ೟೏
ఘ௭

௦௜௡ఏ𝑑𝜌𝑧ஶ
଴

 

where 𝐼௨௡௞;௏ and 𝐼௦௧ௗ;௏ are the primary characteristic X-ray intensities emitted by a given element 

and X-ray line at the accelerating voltage V, from the unknown and the standard, respectively. The 
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phi-rho-Z distributions for a given characteristic X-ray line and accelerating voltage V, 

𝜙௜(𝜌𝑧; 𝐶ଵ, … , 𝐶௡; 𝑉), are calculated in each thin film i, as well as in the substrate, and are dependent 

on the concentration of the n elements present in the film (or substrate), C1, …, Cn. The phi-rho-Z 

distributions are integrated over the mass thickness, 𝜌𝑡௜, of the ith film: 𝜌𝑡௜ = 𝜌𝑧௜ାଵ − 𝜌𝑧௜, where 

𝜌𝑧௜ is the mass depth of the ith film. The mass thickness of the substrate is assumed to be infinite. 

The reabsorption of the emitted characteristic X-rays in the emitting film itself (or substrate) and 

in the films located above it is considered using the mass absorption coefficient of the film i, 
ఓ
ఘ

ቚ
௜
. 

The mass absorption coefficients of the substrate and standard are denoted 
ఓ
ఘ and 

ఓ
ఘቚ

௦௧ௗ
, 

respectively. For more details of the calculation of the theoretical k-ratios and associated phi-rho-

Z distributions, as well as for the details of the calculation of secondary fluorescence intensities, 

see [28,29,32,38]. 

3. Results and discussion 

 Preliminary characterization: Figure 2 shows representative structural characterization 

of the Zr-Cu-Al-Ni thin films (500 and 1500 nm thick; XRD data is not reliable for 50 nm films) 

by XRD. XRD data confirms amorphous structure of thin films with a first broad diffraction 

maxima (FBDM) at 37.9° for Zr-Cu-Al-Ni and a second broader maximum at higher angles. The 

FBDM positions correspond to an average atomic spacing of 0.237 nm in Zr-Cu-Al-Ni. The full 

width at half maximum (FWHM) has values of 6.4° – 6.9°, depending on the film thickness. 

Converting the FWHM values to a scattering vector by q = 4π sin ϴ / λ (where λ is the X-ray 

wavelength of the Cu Kα radiation with a value of 1.5418 Å) yield values of ~ 0.45 Å-1 – 0.49 Å-1, 

which are consistent with values reported for Zr-based bulk metallic glasses (~ 0.4 – 0.5 Å-1) [42]. 
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Further structural and microstructural characterization as controlled by deposition parameters is 

presented elsewhere [39]. 

 Compositional analysis by XPS: Figure 3 shows the survey scan XPS spectra of the 50 

nm thick MGTF on Si substrate, both on the surface and within the bulk of the sample after ion 

etching to a nominal depth of 10 nm. The MGTF surface shows signals for Zr 3s 3p 3d 4s 4p, Al 

2s 2p, C 1s, O 1s, very weak Cu 2p, and no Ni 2p peaks. The MGTF bulk shows signals for Zr 3s 

3p 3d 4s 4p, Al 2s 2p, Cu 2p, Ni 2p and significantly weaker albeit still present O 1s peaks. O 1s 

and C 1s peaks show strong presence at the MGTF surface, but C is eliminated by ion etching, and 

there is a much weaker O signal in the MGTF bulk. Zr, Al, O and C are present in the surface 

layer, while Ni and Cu are negligible. The MGTF bulk contains Zr, Cu, Al, Ni with a small amount 

of O.  

Figure 4 summarizes depth profiling XPS data with an energy step size of 0.2 eV as a 

function of ion etching time from zero (film surface) to 240 seconds (~ 10 ± 2 nm) for (a) Zr 3d, 

(b) Cu 2p, (c) Al 2p, (d) Ni 2p, and (e) O 1s. Near the MGTF surface, XPS spectrum for Zr (Figure 

4(a)) shows doublet splitting for both Zr4+ and Zr0. At etch levels of 30 s and 60 s, Zr4+ doublet 

splitting happens as Zr 3d5/2 and Zr 3d3/2 at 183.7 and 186.1 eV, respectively, while the Zr0 doublet 

splitting happens as Zr 3d5/2 and Zr 3d3/2 at 179.2 and 181.6 eV, respectively. The Zr4+ doublet 

peaks indicate presence of ZrO2. At etch level of 0 s, the Zr oxide doublet peaks are shifted to 

slightly lower energies, likely due to presence of C as seen in the survey spectrum (Figure 3). As 

the MGTF is etched beyond 90 s, metallic Zr 3d doublet splitting occurs primarily in the form of 

Zr 3d5/2 and Zr 3d3/2 at 179.2 and 181.6 eV, respectively, with negligible oxide. These results show 

that Zr exists in the form of mixed oxide and metallic states up to an etch level of 60 s (~3-4 nm 
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depth) with the oxide content going down as the MGTF is etched over time while being 

predominantly metallic at etch levels of 90 s and deeper from the MGTF surface.  

Figure 4(b) illustrates overlapping Al 2p and Cu 3p spectra as a function of etch time. At 

etch level of 0 s, we only see a single peak that seems to match with Al3+ 2p3/2 at 75.2 eV with no 

obvious signals for either Cu or Al in their metallic states. After 30 s of etch time, we see 

emergence of some Cu0 3p1/2 at 77.6 eV and Cu0 3p3/2 likely overlapped with Al3+ 2p3/2 at 75.4 eV. 

At 60 s and later etch times, we see emergence of Al0 2p3/2 at 72.3 eV and Ni0 3p at 66.7 eV in 

addition to the Cu0 3p1/2 and Cu0 3p3/2 peaks appeared previously. The quantification of Al 2p is 

especially complicated due to overlap with Cu 3p peaks and is a known issue in XPS quantification 

of Al-Cu systems [43], but still provides valuable insight into evolution of Al and Cu peaks with 

etching. 

Figures 4(c) and (d) show evolution of Cu 2p and Ni 2p peaks with etch time, respectively. 

Both Cu and Ni are negligible at 0 s etch step (i.e., at the oxidized film surface). As the MGTF is 

etched for 30s and later etch times, Cu 2p shows Cu0 2p3/2 and Cu0 2p1/2 at 933.1 eV and 952.9 eV 

respectively. Similarly, at etch times of 30 s and later, Ni shows Ni0 2p3/2 and Ni0 2p1/2 at 853.1 

eV and 870.4 eV, respectively. Cu and Ni emerge in their metallic states fully at 90 s and 120 s 

etch times, respectively.  

Figure 4(e) represents O 1s spectra evolution as MGTF is progressively etched. At 0 s etch 

level, we see a main peak at ~ 531 eV and a shoulder peak at ~ 532.9 eV corresponding to metallic 

oxide (OM) and hydroxylated groups (OH), respectively. Taken together with surface states of Zr 

and Al, our observations indicate the MGTF surface is dominated by mostly ZrO2 and some Al2O3, 

while the C is likely present in a hydroxylated form leading to the shoulder peak. OM peaks are 

known to exist at 528 – 531 eV. At etch times of 60 s and later, we see the O 1s peak is ~531 eV 
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indicating OM peak and the intensity goes down quickly at 90 s and later etch steps. This suggests 

a very small amount of O at each etch level. The O is assumed to originate from practically 

immediate oxidation of the freshly etched surface as the XPS instrument is acquired scans over 

several minutes. 

Our findings are broadly consistent with previous XPS depth profiling measurements on 

Zr-based bulk alloy as well as thin film samples of similar compositions [44–47]. We found the 

surface oxide layer was mostly composed of ZrO2, some Al2O3 and metallic Zr, adventitious C, 

and negligible Ni and Cu. This result seems reasonable since Al and Zr are known oxygen getters 

and have been shown to migrate to the surface and preferentially oxidize in Zr-Cu-Al-Ni alloys 

[44–47]. Below a nominal film depth of ~3-4 nm, oxide content decreased dramatically, and the 

film bulk was composed of Zr, Cu, Al, and Ni. The oxide thickness determined by XPS analysis 

is not expected to be accurate for two reasons: First, the XPS data was acquired periodically at 

discrete step times meaning it is impossible to pinpoint the exact transition from oxide layer to 

MGTF and MGTF to underlying substrate. Second, the etch rate estimate does not account for 

different etch rates of the Zr/Al oxide and the ZrCuAlNi MGTF. However, the XPS analysis 

confirms the native oxide layer is a few nanometers thick and is dominated by mostly ZrO2 together 

with some Al2O3 and metallic Zr, consistent with previous reports [44–47]. 

Other researchers have previously offset the entire XPS spectra to match C 1s peak to 284.6 

eV as a calibration technique [44], but this method is considered unreliable for several reasons 

[48,49]. From the as-acquired spectra, as noted in Fig.4, we found all metal peaks coincided with 

known metallic and oxide states within reasonable experimental error. This is an expected 

observation since the metallic sample is held down by copper clips in the XPS setup, making 

grounding of the surface reliable. Further, we found the adventitious C 1s peak occurred at 286.1 
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eV, which matches with C-O-C bonding chemistry of C to Al2O3 surface according to the XPS 

instrument manufacturer [50]. Therefore, we did not shift our spectra and have analyzed them as 

acquired. 

 Compositional analysis by EPMA: EPMA data were acquired with increasing 

accelerating voltage to produce characteristic X-rays from progressively greater depths within the 

sample. We found similar compositional results on films grown on both Si and SiN substrates, so 

only results for MGTFs grown on the Si substrate are presented in detail here. Figure 5 summarizes 

raw k-ratios for (a) Zr, (b) Cu, (c) Al, (d) Ni, (e) O, and (f) Si acquired from 50, 500, and 1500 nm 

thick ZrCuNiAl films. Results from the MGTF samples show that X-ray intensities for all elements 

decrease with increasing accelerating voltage (Figure 5(a) – (e)) except for Si, which increases 

with voltage (Figure 5(f)). The raw X-ray intensities (deadtime and background corrected) are 

converted to k-ratios by analyzing primary bulk standards in parallel at each voltage condition. 

The increased activation volume at higher kV generates a larger proportion of X-rays from the 

substrate relative to the thin films. At low kV, Si k-ratios close to zero indicate minimal interaction 

with the substrate for nominally 500 and 1500 nm MGTF samples. Zr k-ratios are highest at low 

kV, where most of the signal is coming from the thin film, and progressively decrease with 

increasing kV. Measured k-ratios for O decrease with increasing voltage initially up to 15 kV, and 

then plateau at higher voltages. Measure k-ratios for O are independent of MGTF sample thickness 

for the two thicker samples (i.e., 500 and 1500 nm film thickness). 

K-ratios were used to calculate composition and thickness of the sample layers using 

BadgerFilm software [28,29,32,38]. BadgerFilm was iterated on the elemental concentrations and 

films thicknesses (or mass thicknesses) until calculated theoretical k-ratios match experimental k-

ratios. The composition of the oxide layer in the BadgerFilm model was assumed to be ZrO2 based 
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on XPS results, and initial guesses for thickness of the oxide layer, thickness of the MGTF layer, 

and composition of the MGTF layer were used as input parameters to calculate thickness and 

composition that match experimental results. The uncertainties given by BadgerFilm for the 

thicknesses and compositions are based on the standard deviations of the experimental k-ratios, 

which were assumed to be 5%. These standard deviations are used by the non-linear fitting 

algorithm implemented in BadgerFilm to iterate on the parameters, namely composition and 

thickness, until convergence criteria are met.  

Figure 6 shows evaluation of experimental data (solid symbols) with model results from 

BadgerFilm (linear fits) for (a) 50 nm, (b) 500 nm and (c) 1500 nm MGTFs. MGTF composition 

was calculated to be Zr54Cu29Al10Ni7, indicating close agreement with the starting alloy 

composition of Zr55Cu30Al10Ni5. The calculations showed small variations of up to 0.7 % in the 

final compositions across the three samples (Table 1). Further, we acquired transects of EPMA 

measurements with 20 µm spacing between neighboring points, up to a total distance of 250 µm, 

to evaluate variability in thickness of MGTF and oxide layer from each of the samples (Figure 7). 

Calculated thicknesses of 50 nm (Figure 7(a)) and 500 nm (Figure 7(b)) MGTF layers generally 

agree with the nominal values but show more variability in the 1500 nm sample. Large 

uncertainties in the calculated thickness of the nominally 1500 nm sample result from very low Si 

X-ray counts emitted from the substrate. Even at the highest accelerating voltages, the Si k-ratios 

are very low (0.01 - 0.02) resulting in large uncertainties in the thickness determination. The 

thickness of the ZrO2 layer is nearly the same for the three samples and was determined to range 

from 5.4 to 7.6 nm, represented in Figure 7(c). The errors for data presented in Fig. 7 and Table 1 arise 

from uncertainties in the input experimental k-ratio measurements which are not related to matrix correction 

uncertainties and propagated through the fitting algorithm. They do not include any uncertainties from the 
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phi-rho-Z model or other atomic parameters used to calculate the film thickness and composition. Thus, 

these error bars can be summarized as reflecting analytical uncertainty of the k-ratio measurements i.e. 

intrinsic uncertainty from the analysis procedure.      

 Discussion: Thin film analysis results determined by BadgerFilm show good agreement 

with XPS composition data and expected sample thicknesses. Compositional analyses show a 

surface oxidation layer grew up to a depth of 6.5 ± 1.1 nm under ambient conditions and then 

stopped growing. The oxidation layer thickness was found to be about the same for the 50, 500 

and 1500 nm samples. These observations are supported by previous studies, showing the kinetics 

of Zr-Cu-Al-Ni oxidation rate at room temperature under ambient conditions is controlled by back 

diffusion of Ni and Cu [45,46]. EPMA also showed that the high spatial resolution provided by 

the focused electron beam enabled characterization of fine-scale variations across the surfaces of 

thin film materials. 

We demonstrate that EPMA as a function of voltage with computational analysis using 

BadgerFilm offers some significant advantages for analysis of multilayer thin films compared to 

other common analysis techniques. As noted by the present study, XPS with ion etching offers 

composition data as a function of distance from the top surface of the sample similar to the EPMA 

results. However, calibration of etching time to physical distance requires additional 

experimentation, and lateral spatial resolution is inferior to EPMA. Cross-sectional transmission 

electron microscopy (TEM) can analyze structure and composition of thin films, including surface 

oxide layers. However, TEM requires destructive sample preparation and is considerably more 

time consuming and expensive than EPMA. TEM also characterizes an extremely limited volume 

of material, and that volume can only be expanded at substantial effort and expense. In contrast, 

EPMA can both survey large regions of the sample materials and capture fine-scale variability. 
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Rutherford backscatter spectrometry offers similar data to EPMA, but the ion accelerator and 

detectors required by this technique are more expensive than EPMA and not as commonly 

available. EPMA with BadgerFilm provides a straightforward, quantitative, accessible, and non-

destructive method to characterize composition and layer thicknesses for systems like MGTFs and 

their surface oxides. 

4. Conclusions 

We demonstrate the capability of BadgerFilm thin film analysis software to accurately 

measure compositions and surface oxidation thicknesses of MGTF specimens comprising several 

layers. X-ray diffraction confirmed the amorphous nature of thin films. XPS showed that the 

surface oxide layer was composed primarily of ZrO2, with some Al2O3 and metallic Zr, 

adventitious C, and negligible Ni and Cu. Below a film depth of few nanometers, oxide content 

decreased dramatically, and the film bulk was composed of Zr, Cu, Al, and Ni. EPMA 

measurements from nominally 50, 500, and 1500 nm MGTF samples show that X-ray intensities 

for all elements decrease with increasing accelerating voltage except for Si, which increases with 

voltage. At low kV, Si k-ratios close to zero indicate minimal interaction with the substrate for 

nominally 500 and 1500 nm samples. EPMA data processed using BadgerFilm constrains the 

precise atomic composition to be Zr54Cu29Al10Ni7 within 0.7 % and total MGTF thicknesses to be 

49, 470, and 1546 nm. Using the oxide composition identified from XPS depth profiling as an 

input for BadgerFilm analysis, EPMA results indicate the thickness of the oxidation layer is 

approximately 6.5 ± 1.1 nm and uniform across the surface of the sputtered thin film sample. 

EPMA measurements made as a function of voltage and analyzed quantitatively with BadgerFilm 

provide a fast, nondestructive method to obtain layer compositions and thicknesses for multilayer 

samples like the MGTFs studied here.  
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Figures

 

Figure 1: Monte-Carlo simulations using Casino software package of electron-specimen interactions 

within a 500 nm thin film of Zr55Cu30Ni5Al10 atop Si wafer.  
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Figure 2: X-ray diffraction results from 500 and 1500 nm thick films grown on both Si and SiN 

substrates are shown. 
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Figure 3: X-ray photoelectron spectrum acquired as part of survey scans on MGTF surface 

(bottom) and MGTF bulk (top) post ion etching to a nominal depth of 10 nm. Results are shown 

for MGTF with 50 nm thickness here and were reproducible on 500 nm MGTF as well. 
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Figure 4: X-ray photoelectron spectrum acquired by ion depth profiling at various etch levels for 
(a) Zr 3d, (b) Al 2p, (c) Cu 2p, (d) Ni 2p, and (e) O 1s. 
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Figure 5: Raw k-ratios for (a) Zr, (b) Cu, (c) Al, (d) Ni, (e) O, and (f) Si acquired from 50, 500, 

and 1500 nm thick ZrCuNiAl films illustrate the effect of accelerating voltage (kV) on the X-ray 

intensity emitted from the layers of the samples.   
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Figure 6: Evaluation of experimental data (solid symbols) with model results from BadgerFilm 

(linear fits) enable determination of thickness or composition of multi-layered stratified samples 

for (a) 50 nm, (b) 500 nm and (c) 1500 nm MGTFs. 
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Figure 7: MGTF thickness measured by EPMA of (a) 50 nm, and (b) 500 nm are shown along 250 

µm transects.  (c) Oxide thickness measured by EPMA on 50 nm, 500 nm, and 1500 nm samples 

along 250 µm transect are represented.  
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Tables 

Nominal thickness (nm) MGTF thickness (nm) MGTF composition (at. %) Surface oxide thickness (nm) 
50 49 ± 2 Zr53.7Cu29.0Ni6.8Al10.6 5.4 ± 0.1 

500 470 ± 6 Zr53.6Cu29.7Ni6.8Al9.9 7.6 ± 0.2 
1500 1546 ± 36 Zr53.9Cu29.5Ni6.4Al10.2 6.6 ± 0.1 

 

Table 1: Summary of MGTF thickness, composition, and oxide thickness measured by EPMA. 
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