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The structure of Zr,Nijgo_x thin film metallic glasses (TFMGs) has been studied for a variety of composi-
tions obtained by DC magnetron sputtering using a composite ZrNi target. The crystallization has been
characterized by X-ray diffraction and transmission electron microscopy revealing also short and med-
ium range order for amorphous compositions. The TFMGs thermodynamic stability has been evaluated
by exploiting the Nagel and Tauc criterion, justifying the occurrence of crystallization in the Zr-rich

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) are emerging materials with a
unusual combination of superior properties involving a high frac-
ture strength and large elastic deformation, wear and corrosion
resistance as well as soft magnetic characteristics [1,2]. Thin film
metallic glasses (TFMGs) have attracted recent attention due to
additional interesting properties [3], but few studies have focused
on the atomic structure of TFMGs and how this structure evolves
when changing the film composition. Zr-Ni system is among the
most studied bulk binary amorphous alloys, involving a high glass
forming ability and a wide amorphisation range (10 < Zr at.% < 80)
[4]. The structure of Zr-Ni ribbons was firstly investigated by Bus-
chow et al. and Dong et al. [4,5]. More recently, Liu and coworkers
[6] investigated the local atomic structure in Zr-Ni metallic glasses
ribbons using the extended X-ray absorption fine structure (EXAFS)
technique, finding a strong chemical interaction between Zr and Ni
atoms, hence a marked Short Range Order (SRO). Similar results
have been also obtained by Fukunaga et al. [7] combining high res-
olution diffraction techniques and reverse Monte Carlo simula-
tions. Direct evidence of SRO in Zrgg;Niz33 amorphous ribbons
was reported by Hirata et al. [8], exploiting nano-beam electron

* Corresponding author at: Science and engineering of materials and processes,
SIMaP, Université de Grenoble/CNRS, UJF/Grenoble INP, BP46 38402, Saint-Martin
d’Héres, France. Tel.: +32 10472488, +33 476826465.

E-mail address: matteo.ghidelli@simap.grenoble-inp.fr (M. Ghidelli).

0925-8388/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jallcom.2013.12.054

diffraction and molecular dynamics simulation, with an icosahe-
dral SRO as well as a strong correlation between Zr and Ni atoms.

The aim of this work is to investigate the evolution of the atom-
ic structure of Zr-Ni films when varying the Zr composition
between 42 and 85 at.%. The amorphous character of the films is
studied by transmission electron microscopy (TEM) and X-ray dif-
fraction (XRD). The Nagel and Tauc criterion [9] is applied for the
determination of the (meta)stability of Zr-Ni TFMGs justifying
the occurrence of crystallization for Zr-rich specimens.

2. Experiments

ZryNijoo_x (at.%) TFMGs have been deposited with a thickness of 800 nm on a
clean silicon (100) substrate by means of DC-Magnetron sputtering (Alliance Con-
cept AC450) within a class 1,000 clean room to limit sample contamination. The tar-
get-substrate distance was equal to 7 cm, while the background gas (Ar) pressure
and DC-power were fixed to 0.3 Pa and 300 W, respectively. An original method
for designing a composite sputtering target has been adopted in which pure grade
Ni rectangular slices were inserted into a high purity Zr matrix to finely tune the
film composition as well as to limit sample impurities. The composition of the films
were checked at different locations over the wafer surface using energy dispersive
X-ray spectroscopy (EDX) and electron probe micro-analysis (EPMA). The atomic
structure was evaluated by XRD (Cu Ko radiation) and TEM (CM20 FEG, operating
at 200 kV). In order to avoid perturbations from the Si (100) substrate, XRD mea-
surements were performed in grazing incidence geometry. Cross-sectional TEM
specimens were prepared by mechanical grinding and ion milling. Low voltage
was used to avoid excessive heating. The film thickness was estimated by both
mechanical profilometry and direct observations using field-emission scanning
electron microscopy (FE-SEM), while the film density has been checked by X-ray
reflectivity (XRR).
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3. Results and discussion

The Ni concentration (Cy;) which is a function of the number
and width (Iy;) of Ni slices inserted into the Zr matrix has been esti-
mated considering the Zr and Ni sputtering yields (Y) and the max-
imum erosion circumference length (l,), using

o Ynilyi
Cni = Yzrlzr+-Ynilni (1)
lmt = lNi + er

The Ni and Zr sputtering yields have been determined for Ar*
energy range between 400 and 1000 eV (corresponding to the im-
posed voltage), considering an incidence angle of 90° and neglect-
ing any target topological effects. For the selected Ar* energies, the
ratio Yni/Yz is constant and is equal to 2.

Four compositions have been selected, i.e. ZrsgNis;, Zr;oNisg,
ZrgoNiy and ZrgoNig, by inserting respectively, 12, 6, 4, and 2 Ni
slices in the target. As shown in Table 1, the EDX and EPMA film
composition analyses are slightly richer in Ni, namely Zrg;Nisg,
ZrgsNiys, Zr75Niys and ZrgsNiys (at.%) with respect to the theoretical
calculation. The discrepancy has been attributed to sputtering
events outside the maximum erosion circumference not consid-
ered by the model underlying Eq. (1). The film composition is
found constant over the entire surface, which is a sign of a uniform
and efficient plasma mixing with a negligible amount of C and O.
All samples used for further analysis are extracted from the center
region with a thickness around 800 nm.

The XRD diffractograms of ZryNi;go_x TFMGs in Fig. 1a are pro-
vided for the compositions lying within the theoretical amorphisa-
tion range (10 <Zrat.% < 80), namely Zrs,Nisg, ZrgsNizs and
Zr;5Nips. As expected for amorphous materials which have no
long-range periodicity [10], an asymmetric First Sharp Diffraction
Peak (FSDP) centered between 35° and 40° is observed followed
by a second broader halo around 65°. If the 20 output is converted
into scattering vector coordinate (g, A™') by means of
q =4msin6// and if a Lorentzian fit is applied, a full width at high
maximum (FWHM) between 0.30 A~! and 0.42 A" increasing with
the Ni content in the film is found for the FSDP, slightly below the
literature results for amorphous bulk alloys (0.40-0.5 A=) [11].
According to Chou et al. [12]| who investigated the atomic structure
for ternary Zr--Cu-Ti BMGs, an increment of the FWHM with Ni
content is an indication of an increase of structural disorder (so
called confusion principle [13]). Nevertheless, a strong atomic cor-
relation clearly exists since the obtained values are lower than the
literature data in the case of multi-components BMGs [11].

Furthermore, the position of the FSDP (Q,) is shifted toward
lower scattering angles (0) when increasing the amount of Zr in
the film, from 2.52 A~! up to 2.80 A~ for Zr;5Niys and Zrs,Niss,
respectively. These results are in a good agreement with the Q, var-
iation reported by Buschow et al. [4] for Zr-Ni amorphous ribbons,
for which the Q, linearly decreases for Zr-rich specimens (see
Fig. 3). Such a results could be easily related to the favored forma-
tion of strong hetero Zr-Ni bonds when the content of Ni increases
in the film leading to an increment of the cohesive energy and a

Table 1

TFMGs composition as function of the number of Ni slices in the target. The expected
composition deduced from Eq. (1) and the measured one using electron probe micro-
analysis (EPMA) and energy dispersive X-ray spectroscopy (EDX) are shown.

Number of Ni Expected EPMA EDX
slices within composition composition composition
the target (% at.) (% at.) (% at.)
12 Zr4gNis; ZrgoNisg ZrgsNisg
6 Zr7oNizg ZrgsNiss ZrggNisy
4 ZrgoNizo Zr75Niys Zr75Niys
2 ZrgoNiqo ZrgsNiqs ZrggNiqg

@

wEeg " e zr Ni

Intensity (a.u.)

ZrNisg ZrsNiss Zr5Niys

Fig. 1. (a) XRD diffractograms for different Zr,Nijgo_x TFMGs, a First Sharp
Diffraction Peak (FSDP, around 35°-40°) and a second broader peak at higher 0
angles is observed for all compositions. The position of the FSDP is shifted toward
lower angles when increasing the Zr percentage in the film. (b) TEM micro-
diffraction patterns for different compositions, a speckle (white arrow) is found for
Zr,5Niys indicating the formation of nano-crystals (~3 nm).
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Fig. 2. (a) XRD diffractograms of ZrgsNiys TFMG in which the crystalline o-Zr peaks
corresponding to family plane (0001) are clearly visible at 34.5°, (b) TEM cross-
section images and micro-diffraction patterns highlighting the presence of long o
Zr crystalline phase.
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the detector has been imposed to limit the Si substrate signal. This
configuration makes possible the detection of the crystalline phase
without the formation of shifted Bragg peaks arising from a grazing
angle geometry. Nevertheless, a Si signal is still visible at 20 angle
around 69°. The analysis of Fig. 2a reveals the presence of a crystal-
line phase. In particular, the position of the first Bragg diffraction
peak at 34.5° corresponds to the family plane (0001) for a crystal-
line hexagonal o-Zr. The absence of other diffraction peaks in
Fig. 2a indicates that the vertical c axis of the hexagonal lattice is
oriented normal to the Si surface. A further proof of this crystalline
structure is the presence of the (0002) fringe around 72°. Further-
more, if a grazing angle configuration is adopted to analyze this
composition (not reported here) the combined presence of large
peaks (characteristic of an amorphous phase) is observed as well
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Fig. 3. Variation of the position of the First Sharp Diffraction Peak (FSDP, Q,) and of
the Fermi wavevector (2ks) as function of film composition. Black squares and red
circles indicate, respectively, the position of the FSDP measured for TFMGs and the
values obtained by Buschow et al. [4] for amorphous Zr-Ni ribbons. A maximum of
(meta)stability is found around 54% of Zr (Q, = 2ky).

reduction of the average atomic distance as well [14]. For instance,
the atomic radii of Zr and Ni are 160 pm and 124 pm, respectively.
Moreover, if the atomic volume (V,, A%) - defined for an amorphous
alloys as V, = A/(pN,) [11] where A is the weighted atomic mass, p
is the density, and N, is the Avogadro number - is calculated for
different film compositions, a linear variation of Q, is found inver-
sely proportional to V,. This correlation follows the trend obtained
by Ma et al. [11], for different families of BMGs, i.e., more precisely,
the relationship Q, - V3*#***%%7 = 9.3 + 0.2. Therefore, according to
Ma and coworkers [11], since the power-law scaling coefficient is
higher than 1/3, a short (~0.5nm) and medium range order
(MRO, 0.5-2 nm) can be deduced for ZryNi;go_x TFMGs. This result
emerges from the direct analysis of the X-ray diffractograms as
well (Fig. 1a) in which a FSDP is followed by a second larger halo,
indicating a strong correlation at least within the first and the sec-
ond neighbor shells from a selected atom. Moreover, both SRO and
MRO for these compositions are expected because of the high neg-
ative mixing enthalpy and Gibbs free energy as well, with a maxi-
mum around 40-50 at.% of Zr that favors Zr-Ni atomic bonds [15].

Fig. 1b reports the electron micro-diffraction images obtained
by TEM. Considering first the compositions Zr4;Nisg and ZrgsNiss,
the presence of diffuse halos agrees with the presence of a FSDP
followed by a second broad peak shown in X-ray diffractograms
in Fig. 1a. Again, these features indicate a strong local order for
these compositions. The halo width - enhanced for the composi-
tion ZryyNisg — is in agreement with the large FWHM found in
the XRD experiments. For the Zr;sNiys composition, a speckle is
found (white arrow) within the characteristic diffuse halo. The
speckle is a fingerprint of the formation of nano-crystals whose
average size is estimated to be around 3 nm. This feature is not
observed during XRD experiments due to the lower spatial resolu-
tion. Nevertheless, the origin of these dispersed nano-crystals is
not unexpected since the composition is close to the limit of the
amorphisation interval (10 < Zr at.% < 80) and the value of mixing
enthalpy and Gibbs free energy is significantly reduced [15]. It is
speculated that the composition of the nano-crystals is a Zr-rich
phase (o-Zr or Zr,Ni) as expected from the Zr-Ni equilibrium phase
diagram [15]. Nevertheless, the small size of the nano-crystals did
not allow a clear identification of this phase.

The X-ray diffractogram of ZrgsNi;5 TFMGs is reported in Fig. 2a.
Contrary to what has been shown in Fig. 1a, a standard
Bragg-Brentano configuration has been exploited for the XRD
experiments. An offset equal to 2° between the X-ray source and

as Bragg peaks. Therefore, a composite structure in which a crystal-
line phase is embedded within an amorphous matrix is expected.
Fig. 2b shows a dark field image obtained with one of the diffracted
beam (inset of Fig. 2b) with clear evidences of long nano-crystals
(length of 60-70 nm and width around 4-5 nm) oriented normal
to the Si surface (in agreement with XRD). The presence of the
amorphous phase can be inferred from the low intensity diffuse
halo with a spherical symmetry visible in the electron micro-
diffraction pattern (see the inset in Fig. 2b). The formation of a
crystalline phase is expected since the selected composition is out-
side the amorphisation range for Zr-Ni alloys (10 < Zr at.% < 80)
and the mixing stabilizing energy contribution is significantly re-
duced [15]. It has been proven that this amorphisation domain is
also achieved for thin films deposited by a vapor phase technique.
We suppose that, although the cooling rate imposed by sputtering
is very high, the large amount of Zr in the film favor crystallization
phenomena with a lower energy content. In other words, the “con-
fusion principle” usually considered for the formation of amor-
phous alloys [13] is not completely fulfilled, thus leading to the
nucleation of a crystalline phase.

The analysis of TFMGs (meta)stability is reported in Fig. 3 on the
basis on the Nagel and Tauc criterion [9]. This criterion has been
validated in the case of binary metal-metalloid amorphous alloys
AuP and AusSi [9] and it has been successfully adopted by Buschow
et al. [4] for Zr-Ni and Zr-Co ribbons as well as by Chen et al. [16]
in the case of Zr-Al-Ni-Cu BMGs. This criterion states that when
Q, - the scattering vector corresponding to the FSDP - is equal to
2ks (twice the Fermi wavevector), then an energy gap opens be-
tween the valence and conduction bands. This mechanism is asso-
ciated with a stabilization of the glassy structure. While Q,, can be
obtained after a Lorentzian fit of the FSDP, ks is calculated as pro-
posed by Buschow et al. [4] and Chen et al. [16] as

1/3

o= (255 @)

where A and Z are the weighted atomic mass and the effective va-
lence, respectively. As proposed by Buschow et al. [4], the atomic
valence is considered equal to 0.6 for Ni and of 2 for Zr. The film
density p is deduced from XRR experiments, contrary to [4] who
estimated the Zr-Ni ribbons density on the basis of a weighted mix-
ing rule, without taking into account the presence of a SRO and
MRO that increase the effective density value. Fig. 3 shows that
the maximum (meta)stability corresponds to the Zrs4Nigg composi-
tion, in agreement with the maximum negative mixing enthalpy
and Gibbs free energy for Zr-Ni binary systems [15] due to the for-
mation of Zr-Ni hetero bonds, thus further justifying the XRD anal-
ysis previously exposed. Moreover, for TFMGs with a composition
for which 2k;>> Q, (namely Zr;5Niys and ZrgsNiys) it is expected a
low (meta)stability, thus justifying the occurrence of crystallization
phenomena.
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4. Conclusion

In summary, we investigated the atomic structure of ZryNijgo_x
thin film metallic glasses (TFMGs) produced by magnetron sputter-
ing. The compositional control has been successfully achieved by
the development of an innovative composite target in which Ni
slices are inserted into a Zr matrix. A model describing the Zr-Ni
bonds formation, increasing the Ni percentage in the film has been
developed, highlighting the presence of a SRO and MRO. Crystalli-
zation has been observed for Zr-rich specimens at the edge or out-
side the amorphisation range, and a crystalline o-Zr phase has
been clearly identified.
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