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The initial stages of thermal oxidation for Zr–Cu–Al–Ni amorphousmetal thinfilmswere investigatedusingX-ray
photoelectron spectroscopy, transmission electronmicroscopy and energydispersive X-ray spectroscopy. The as-
deposited films had oxygen incorporated during sputter deposition, which helped to stabilize the amorphous
phase. After annealing in air at 300 °C for short times (5 min) this oxygen was found to segregate to the surface
or buried interface. Annealing at 300 °C for longer times leads to significant composition variation in both vertical
and lateral directions, and formation of a surface oxide layer that consists primarily of Zr and Al oxides. Surface
oxide formation was initially limited by back-diffusion of Cu and Ni (b30 min), and then by outward diffusion
of Zr (N30 min). The oxidation properties are largely consistent with previous observations of Zr–Cu–Al–Ni
metallic glasses, however some discrepancies were observed which could be explained by the unique sample
geometry of the amorphous metal thin films.

© 2015 Published by Elsevier B.V.
1. Introduction

Bulk amorphousmetals (i.e., bulk metallic glasses, BMGs) have been
extensively investigated over the last 50 years [1]. In particular, Zr–Cu-
based BMGs such as Zr–Cu–Al–Ni (ZCAN) have attracted significant in-
terest due to their good glass forming ability, high mechanical strength
and corrosion resistance [1,2]. More recently, amorphousmetal thin films
(AMTFs) have been shown to have potential as a replacement for poly-
crystalline thin films for a wide range of applications [3]. ZCAN is among
the most thoroughly investigated AMTFs for applications such as nano-
scale patterning [4,5], mechanical coatings [6], nanolaminates [7,8] and
metal-insulator-metal devices [9,10].

Understanding the thermal oxidation of thesematerials is critical for
the aforementioned and other potential applications. For example, the
deposition of dielectric layers for metal-insulator-metal (MIM) devices
often requires temperatures N 300 °C [9], and many other applications
require similar thermal processes. The oxidation of AMTFs may either
improve or degrade thematerials properties. For example, while oxida-
tionmay be unfavorable for microelectronic applications where low re-
sistivity and awell-defined interface are required, it may be desirable as
a passivation layer for biomedical devices, which is an emerging appli-
cation for both bulk [11] and thin film [12] amorphousmetals. Although
significant research has been conducted to better understand the oxida-
tion of ZCAN as a BMG, these studies are largely limited to long anneal-
ing times at high temperatures which allows significant diffusion of all
OR 97331-2702, United States.
erman).
metal species. Understanding the initial oxidation (and associated com-
position variation) of AMTFs such as ZCAN [13] has received consider-
ably less attention and is expected to be of interest to the scientific
community at large.

In addition to thermal oxidation, the role of small quantities of oxy-
gen incorporated during the material synthesis has been studied for
many amorphous metals, including ZCAN in both thin film [14] and
bulk [2,15] forms, and incorporation of oxygen has been shown to
have significant effects on both structural and physical material proper-
ties [16]. Thus, the thermal stability of oxygen in these films has impli-
cations related to the processing requirements for many applications.

In this study the thermal oxidation of amorphous oxygen-containing
ZCAN thin filmswas investigated using X-ray photoelectron spectrosco-
py (XPS), transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS). Our results provide insight into
the initial stages of thermal oxidation for ZCAN thin films during a
300 °C anneal in air.

2. Experimental details

ZCAN thin films (≈50 nm thick) were deposited onto thermally ox-
idized Si wafers (SiO2 thickness ≈ 140 nm) and SiN windows (for top-
down TEM analysis). DC magnetron sputtering was used to deposit the
ZCANfilms using a 3-in. Zr40Cu35Al15Ni10 target (Kamis Incorporated), a
power of 60 W, a pressure of 3 mTorr, an Ar flow rate of 20 sccm, and a
target to substrate distance of 4 in. The as-deposited sampleswere ther-
mally oxidized in air using a tube furnace. The samples were inserted
into a tube furnace held at the target temperature. After oxidation at
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the desired conditions (5, 15, 30, 60 and 120min at 300 °C and 60min at
400 °C) the samples were removed and allowed to cool to room
temperature.

An FEI 80–200 kV Titan Scanning/Transmission ElectronMicroscope
(S/TEM) operating at 200 kV with ChemiSTEM energy dispersive X-ray
spectroscopy (EDS) was used for TEM analysis. Samples were prepared
by depositing the films directly onto TEM grids with≈20 nm thick SiN
windows, or fabricated as thin film lift outs using a focused ion beam
(FIB) in an FEI 3D DualBeam Scanning Electron Microscope. EDS line
scans were collected with a step size between 1 and 2 nm and the
data was averaged over 5 points to reduce noise.

XPS measurements were performed with a PHI Quantera Scanning
ESCA system using monochromatic Al Kα radiation with a 100 μm spot
size. The data were acquired with a 45° emission angle and an electron
analyzer pass energy of 140 eV for the sputter depth profile data. The
energy scale of the spectrometer is calibrated to Au 4f7/2 at 84.0 eV
and Cu 2p3/2 at 932.7 eV. The sputter depth profiles were acquired by al-
ternately sputtering the sample and then acquiring high resolution data
at each sputter cycle. A monoatomic 2 kV Ar+ ion beam rastered over a
2 × 2mm2 areawas used for ionmilling. XPS sputter timeswere adjust-
ed to approximate depths by correlating to TEM cross-sectional images
of films annealed at 300 °C for 60min, where approximate sputter rates
were determined separately for the metal film and the surface oxide.
Quantification calculations were made using PHI MultiPakwhich incor-
porates established sensitivity factors corrected for the transmission
function of the analyzer and the reported values should be regarded
as semi-quantitative. Chemical state resolved depth profile analysis
was performed by fitting the Zr 3d spectra into both metallic (Zr-
metal) and oxide (Zr-oxide) components at each sputter cycle. The
quantification of the sputter depth profiles does not take into account
effects of preferential sputtering.

3. Results and discussion

Plan-view TEM analysis of ZCAN films as-deposited and after a 300 °C,
60 min anneal is shown in Fig. 1. A high-resolution bright field (HRTEM)
image of the as-deposited film is shown in Fig. 1a. The salt-and-pepper
pattern and the lack of long range order suggest that the films are amor-
phous, consistent with previous studies [9]. A high-angle annular dark
field (HAADF) image of the as-deposited film is shown in Fig. 1b, and re-
veals high electron density (light contrast) regions on the order of 10 nm
surrounded by low electron density (dark contrast) regions. The short-
range inhomogeneities observed in this low resolution HAADF image
may be due to slight porosity in the film structure or segregation of low
electron density elements (e.g., oxygen) to the boundaries of metal clus-
ters. EDS analysis of this as-deposited film (data not shown) revealed a
uniform2-dimensional composition of allmetal specieswithin the spatial
resolution of the technique. Fig. 1c shows a HAADF image of the ZCAN
film after annealing to 300 °C for 60min in air. These annealing conditions
Fig. 1. Plan-view TEM analysis of ZCAN thin films. (a) HRTEM image of as-deposited film. (b) H
(d) EDS line scan taken across dashed line shown in (c).
resulted in reduction in the clustering seen in the as-deposited sample
and thedevelopment of significant long-range inhomogeneities. These in-
homogeneities are seen as light and dark regions ranging from ≈10 to
100 nm that are dispersed throughout the ZCAN film. To gain insight
into possible compositional variation between the dark and light regions,
in Fig. 1d we show image contrast EDS data along the dashed line shown
in Fig. 1c. The line scan suggests that the dark regions in the 300 °C
annealed film represent oxygen-rich regions as indicated by peaks in O
concentration near line distances of 40, 135, 280 and 390 nm. These re-
gions alsohave a significant reduction inCu content and a slight reduction
in Ni content, suggesting these regions are composed primarily of Zr- and
Al-oxides. The EDS line scan also includes a region of light contrast cen-
tered near the line distance of 300 nm. No significant change in composi-
tion is observed through this regime suggesting the lighter contrast is
likely due to an increase in film thickness. Thus, thickness variation is in-
troduced during the 300 °C anneal. It should be noted that the Cu concen-
tration measured by EDS for this analysis was artificially increased via
scattering effects from Cu present in the TEM specimen holder, however
this does not affect the trends observed in the line scan.

In order to investigate the cross-sectional variation in structure and
composition of annealed films both TEM cross-sections, EDS line scans,
andXPS sputter depth profileswere performed and are shown in Fig. 2a,
b and c, respectively. From right to left, the bright field TEM image
shown in Fig. 2a consists of thermally oxidized SiO2 which was grown
on a Si substrate, ZCAN film annealed at 300 °C for 60 min, and amor-
phous carbon protective layers used to prevent sample damage during
the FIB process. As seen in Fig. 2a, the ZCAN film lacks evidence of
crystalline domains suggesting that the film remains amorphous after
a 300 °C anneal in air. Cross-sectional electron diffraction measure-
ments (data not shown) also confirmed that the films remain amor-
phous after this annealing process. The film appears laterally uniform
with a low electron density surface layer ≈20 nm thick. Some degree
of surface roughness leading to thickness variation is observed, consis-
tent with our interpretation of the lighter contrast regions in plan-
view HAADF analysis (Fig. 1c). An EDS line scan taken along the film
cross-section and aligned to the image in Fig. 2a is shown in Fig. 2b.
This line scan confirms the observed surface layer can be attributed to
oxide formation. The oxide surface layer also has an increase in Zr and
Al concentration and a decrease in Cu and Ni concentration, which is
consistent with the lateral variation observed in Fig. 1d. These results
suggest that a layer consisting primarily of Zr- and Al-oxides is formed
at the film surface during the anneal. The increase in Zr- and Al-oxides
after annealing in air at 300 °C is in agreement with previous studies of
air oxidation of ZCAN BMG,while the lack of Cu-oxide observed at the sur-
face is consistent with some previous studies [17] and not others [18]. In
addition, two distinct regions of Cu- and Ni-enrichment are seen near the
interface of the oxide layer and the ZCAN film at depths of 23 and 30 nm,
respectively. An XPS depth profile of the same sample is shown in Fig. 2c
and has a similar trend in composition throughout the film thickness,
AADF image of as-deposited film. (c) HAADF image of film annealed at 300 °C for 60 min.

Image of Fig. 1


Fig. 2. Cross-sectional analysis of ZCAN thin film annealed at 300 °C for 60min. (a) BFTEM
image. (b) EDS line scan aligned to image shown in (a). (c) XPS depth profile aligned to
image shown in (a).

Fig. 3. XPS depth profiles of ZCAN thin films annealed at 300 °C.
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where the primary differences are better-defined Cu- and Ni-rich regions
and decreased variation in Al throughout the thickness of the film. A thin
layer of lighter contrast observed in the BFTEM image (Fig. 2a) at the
SiO2 interface and the tailing of Zr signal into the SiO2 interface suggests
an oxide layer forms at the interface between the ZCAN film and the
SiO2 layer, which is consistent with a previous report [13].

To gain insight into the changes that occur during the annealing pro-
cess chemical state resolved XPS sputter depth profiles are shown in Fig.
3 for an as-deposited sample and samples annealed to 300 °C for differ-
ent times. The as-deposited film (Fig. 3a) is seen to have a relatively uni-
form distribution of metals, with a slight increase in Zr-metal and Ni for
increasing depth into the film, which is accompanied by a slight de-
crease in Cu in the same region. A surface native oxide is present as in-
dicated by the increase in the O and Zr-oxide signals at the surface [19].
A small amount of oxygen, incorporated during film deposition, is also
observed throughout the film thickness. The atomic composition of
the bulk of the films was estimated using the average concentration
value obtained for the region just after etching through the surface
oxide and just before etching through the substrate. For the as-deposit-
ed film the atomic composition was found to be approximately 47 at.%
Zr, 32 at.% Cu, 5 at.% Al, 11 at.% Ni, and 5 at.% O. Previous samples
deposited under the same conditions better matched the original target
composition, suggesting preferential sputtering of the target over time
may have caused a reduction in Al content [8]. The as-deposited film ox-
ygen concentration was estimated to be 5 at.%, while after annealing at
300 °C for 5 min (Fig. 3b) the oxygen signal decreased throughout the
film thickness to 2 at.%. These data suggest that the incorporated oxygen
readily diffuses from the bulk of the film even during the initial stages of
annealing. Little change of the oxygen content (1.6 ± 0.6 at.%) in the
bulk of the ZCAN thin film was observed with additional annealing
from 15 to 120 min.

In addition to oxygen diffusion from the bulk of the film we found
that Cu and Ni segregation occurs at the interface of the oxide layer
andmetal ZCAN film, which leads to the onset of the Cu- and Ni-rich re-
gions that were also observed in the 60 min anneal film cross-section
and XPS sputter depth profiles (Fig. 2). The diffusion of Ni and Cu
metal to the oxide interface was previously observed during the oxida-
tion of ZCAN BMG [20]. In the present study, similar phenomena are ob-
served, however the thin film geometry (i.e., the lack of a semi-infinite
sink for Cu and Ni present in the BMG) results in an enrichment of
these species at the oxide interface. This trend continues for increased
annealing times (Fig. 3c–f), where Cu- and Ni-rich regions segregate
further into the film during growth of the Zr- and Al-oxide surface

Image of &INS id=
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layer. This process is summarized in Fig. 4. As seen in Fig. 4a, the maxi-
mumCuconcentration increases from38.5 to 54.3 at.% from5 to 15min,
with little variation (53.0–56.0 at.%) for additional annealing time. An
increase in maximum Ni concentration is much more gradual, where
the maximum concentration increases from 11.1 to 19.5 at.% from 5 to
30 min, with minimal increase (b1 at.%) between 30 and 120 min an-
nealing time. As seen in Fig. 4b, the location of the Cu-rich and Ni-rich
zones relative to the growing surface oxide remain relatively constant
with increasing annealing times. The Cu-rich regions formed during an-
nealing (Fig. 3c–f) also have a decrease in Zr content, consistent with
previous observations of segregation of these species during low tem-
perature annealing in both thin film [13] and bulk [21] ZCAN. Further-
more, the requirement for the displacement of Ni preceding surface
oxidation is consistent with previous observations that increasing Ni
content in ZCAN BMG leads to increased oxidation resistance [22].

The onsets of the Cu- and Ni-rich regions correlate well with the for-
mation of the surface oxide layer. As seen in Fig. 4b, the oxide thickness
is seen to increase significantly from 2 to 15 nm after annealing for 5 to
30 min, respectively, and then increases only slightly (to 17 nm) after
annealing for 120 min. Previous investigations of ZCAN BMG suggest
surface oxidation follows a parabolic rate law for the conditions used
in this study [23]. A dashed line is shown in Fig. 4b corresponding
to the parabolic diffusion length, d ¼

ffiffiffiffiffiffiffiffi

4Dt
p

, where D is the diffusion co-
efficient, and t the diffusion time. A good fit was achieved to the exper-
imental data for annealing times between 0 and 30 min using D =
2.9 × 10−20 m2/s, which is approximately one order of magnitude
Fig. 4. Analysis of XPS depth profiles for ZCAN thin films annealed at 300 °C. (a)Maximum
relative atomic concentrations of Cu and Ni. (b) Surface oxide thickness and distance of
maximumconcentrations from surface oxide. The dashed line corresponds to the diffusion

length d ¼
ffiffiffiffiffiffiffiffi

4Dt
p

for D = 2.9 × 10−20 m2/s.
higher than what has been measured for Ni diffusion in ZCAN BMG
(D ≈ 3 × 10−21 m2/s) [24]. The relatively close agreement between
oxide growth and experimentally measured diffusivities suggests that
the surface oxidation is initially limited by the back-diffusion of Ni
and/or Cu as proposed in previous studies of ZCAN BMG [23]. It
should be noted that the diffusion length corresponding to D =
2.9 × 10−20 m2/s and t = 60 min (d = 20 nm) is consistent with the
size of the majority of oxidized (dark) regions observed in top-down
HAADF analysis (Fig. 1c) suggesting lateral oxidation may also be
controlled by the diffusion of Ni and/or Cu laterally in the film.

Between 30 and 120 min annealing the growth in oxide thickness
deviates from a parabolic form suggesting further oxidationmay be lim-
ited by diffusion of a more slowly moving component, such as Zr. The
oxide growth between 30 and 120 min can be well approximated by a
linear relationship (R2 = 0.98) yielding an oxide growth rate of 0.032
nm/min. This growth rate is consistent with a previous study on the ox-
idation of Zrmetal [25]. In the previous study, Zr oxidation could be sep-
arated into an initial fast growth regime followed by a much slower,
approximately linear growth regime. For 300 °C this transition occurred
near t≈ 40 min and the growth rate for t N 40 min was approximately
0.030 nm/min [25]. Both the time of transition and the subsequent
growth rate are in close agreement with the present study, suggesting
that oxide growth at longer anneal times (30 to 120 min) may be
controlled by the outward diffusion of Zr.

An additional explanation for the observed oxidation behavior can
be given based on theories of electric-field controlled oxide growth dur-
ing initial stages of annealing [26]. That is, a potential difference is
formed across the oxide layer between surface adsorbed oxygen and
the underlying metal and this built-in electric field drives cation diffu-
sion (in this case, primarily Zr) through the oxide promoting growth.
The driving force for such growth involves electron tunneling through
the oxide layer which decreases exponentially with distance leading
to a critical thickness where a significant drop in oxide growth is ob-
served [25]. The larger oxide thickness in the present study following
the initial (fast) growth (≈15 nm) compared to the previous study on
Zr metal (≈2.5 nm) could be explained in part by the lower oxygen
pressure used in the previous study (pO2=2× 10−6 Pa) and/or the dif-
ferent metal composition [25]. For example, the buildup of Cu observed
in the present study during initial stages of growth may lead to an in-
creased concentration of mobile electrons at the oxide/metal interface
thus increasing the terminal thickness for electric-field driven growth
[26].

We now summarize our observations on the compositional inhomo-
geneities observed during the initial stages of thermal oxidation of
ZCAN thin films in air. Annealing at a temperature of 300 °C results in
the migration of the majority of the oxygen incorporated during depo-
sition out of the bulk of the ZCAN film even for short times (5 min). Si-
multaneously, the thin native oxide layer begins to grow in thickness.
Initially, Zr and Al metal are available at the film surface leading to
oxide formation limited by the back-diffusion of Cu and Ni, resulting
in fast oxide growth for t b 30 min. The growth in this regime may be
further enhanced by migration of Zr cations to the oxide surface via
the electric field established across the thin oxide layer. The displace-
ment of Cu and Ni leads to an enrichment of these species at the
oxide-film interface. Ni is displacedmore readily due its increased diffu-
sivity relative to Cu [27], resulting in a buildup adjacent to the oxide
layer. Cu is displaced more slowly, and the strong immiscibility of Cu
and Ni causes Cu accumulation above the Ni-rich region. At longer
times (t ≥ 30min) themajority of Zr metal near the film surface has un-
dergone oxidation and further growth becomes limited by the outward
diffusion of Zr, leading to a decreased growth rate that is consistentwith
oxidation of Zr metal [25]. The formation of a ZrO2 surface layer on top
of a Cu rich layer has been observed previously for freely solidified
surfaces of Cu–Zr amorphous alloys and after extended exposures to
ambient conditions (in laboratory air and dry air for 34 months) [28].
It was proposed that upon oxidation that a dense ZrO2 layer forms,

Image of Fig. 4
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and as the Zr metal is consumed through oxidation a copper rich layer
forms underneath. Since these studieswere performed at room temper-
ature no significant growth of the ZrO2 layerwas seen for the time inter-
val investigated.

4. Conclusions

Thermal oxidation of ZCAN amorphous metal thin films for short
times (b60 min) and moderate temperatures (300 °C) results in signif-
icant compositional inhomogeneities in both vertical and lateral direc-
tions. We have found that the films remain amorphous irrespective of
the oxidation conditions used in these studies. The incorporation of ox-
ygen during deposition may help stabilize the amorphous phase of the
film, however we find that oxygen is highly mobile even during the
very initial stages of annealing. The rapid diffusion of oxygen in ZCAN
films may potentially lead to instabilities in both material and device
properties. The initial stages of surface oxidation are consistent with
prior studies on bulk metallic glass, however we have shown that the
unique boundary conditions present in thin films lead to distinct differ-
ences in the oxidation properties of ZCAN thin films. This detailed inves-
tigation into the role of diffusion of each metal species has provided
insight into processes governing initial stages of surface oxidation,
which is expected to aid in determining the suitability of ZCAN thin
films for several emerging applications.
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