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We investigated the thermal stability of a new ternary amorphous metal thin ﬁlm, Ta2.4Ni2.2Si, and assessed its suitability as a Cu diffusion barrier for semiconductor device applications. Transmission
electron microscopy was coupled with atom probe tomography to provide a detailed understanding of
the atomic-scale evolution of both structure and composition as a function of annealing temperature. We
show that the amorphous structure is stable up to 4 800 °C under ultrahigh vacuum, while annealing to
900 °C induces nano-crystallization of a single ternary phase in an amorphous matrix. The implications
of crystallization and solute partitioning are examined in the context of high-temperature stability to aid
in the design and understanding of this new class of thin ﬁlm materials.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
As the feature size of integrated circuits continues to decrease,
diffusion of Cu interconnect materials into silicon during device
fabrication and operation is of increasing concern. Ta-based materials have shown particular promise as Cu diffusion barriers [1].
This is due to the refractory nature of Ta (resulting in low diffusivities), its low miscibility with Cu, and its ability to form thermally stable amorphous phases that lack grain boundaries [2].
Pure Ta has been used [3] but is largely limited by the formation of
polycrystalline ﬁlms that result in grain boundary diffusion pathways. Amorphous materials such as Ta–N [1,3], Ta–C [4], Ta–Si [1]
and Ta–Si–N [1] have shown improved barrier performance due
primarily to high crystallization temperatures and thus lack of
grain boundary diffusion pathways. Incorporation of Si into stable
amorphous phases in the Ta–Si and Ta–Si–N systems has the added beneﬁt of deterring diffusion of Si into the diffusion barrier
and mitigating interfacial reactions. However, these improvements
come at the expense of increased electrical resistivity that limits
their widespread use [5]. Amorphous Ta-based alloys such as Ta–
Ni [6], Ta–Co [7] and Ta–Fe [7] have reduced electrical resistivity
but also suffer from depressed crystallization temperatures ranging from o700 °C to o 800 °C.
In light of the aforementioned trade-offs the ternary system of
n
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Ta–Ni–Si may be a promising candidate Cu diffusion barrier. Such a
material combines the inherent advantages of Ta-based diffusion
barriers described above with reduced electrical resistivity and
resistance to interfacial reactions. Furthermore, the use of a multicomponent (i.e., ternary) system should allow for improved
stability of the amorphous phase due to entropic considerations,
thus inhibiting grain boundary formation to higher temperatures.
By selecting the appropriate composition this system satisﬁes the
design rules proposed by Inoue for formation of bulk metallic
glasses (BMG) [8]. In short, the material contains three components, is approximately 20 at% metalloid (Si), and the constituent
atoms have large size variation and negative heats of mixing [9].
Despite the promising characteristics, this material has not been
previously studied as a potential Cu diffusion barrier, and has only
recently been investigated in the context of a thermally stable
amorphous metal thin ﬁlm (AMTF) [10]. Hence in this study we
investigated the thermal stability of sputter deposited AMFTs of
approximate composition Ta2.4Ni2.2Si. This composition satisﬁes
the above design rules for creating metastable amorphous alloys
and has demonstrated low electrical resistivity [10]. The ﬁlms
were annealed in ultrahigh vacuum and the structure and composition were monitored using transmission electron microscopy
(TEM) and atom probe tomography (APT). APT is an excellent
characterization technique capable of providing sub-nanometer
scale spatially resolved compositional mapping of amorphous
materials including thin ﬁlms [11–15]. Together, these techniques
allow observation of the atomic-scale evolution of structure and
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composition of this high temperature AMTF material.

2. Experimental
The ﬁlms were deposited using RF magnetron sputtering from
a single Ta2Ni2Si target (2 in. diameter, 0.25 in. thickness). Prior to
deposition the chamber base pressure was o10  6 Torr. A RF
power of 100 W, an Ar ﬂow rate of 20 SCCM, and a chamber
pressure of 5 mTorr were used during deposition. The resulting
ﬁlm composition was determined to be approximately Ta2.4Ni2.2Si

by APT measurements, where 1–2 at% oxygen was present in the
ﬁlms before and after annealing. The as-deposited ﬁlms were annealed in an ultrahigh vacuum chamber (base pressure
E2  10  9 Torr) from room temperature to a speciﬁed temperature (800 or 900 °C) using a 20 °C/min ramp rate and 30 min hold
time. Transmission electron microscopy (TEM) analysis was performed using a spherical aberration corrected FEI Titan 80–300
TEM operating at 300 kV or an FEI Titan 80–200 TEM operating at
200 kV. Atom probe tomography (APT) was performed using a
CAMECA LEAP 4000XHR Atom probe tomography system using a
pulsed UV laser (355 nm wavelength) with 20 pJ laser pulse

Fig. 1. Bright-ﬁeld TEM images and corresponding SAED patterns of Ta2.4Ni2.2Si ﬁlms as-deposited (a, b), and after annealing to 800 °C (c, d) and 900 °C (e, f).
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energy, and a 0.005 atoms/pulse evaporation rate during analysis
with the sample temperature maintained at 40 K. APT results were
reconstructed and analyzed using IVAS 3.6.6 software. Samples for
TEM and APT analysis were prepared using focused ion beam (FIB)
based lift-out methods in an FEI Quanta 3D Dual Beam Scanning
Electron Microscope (SEM).[16]

3. Results and discussion
Cross-sectional bright ﬁeld TEM imaging and associated selected area electron diffraction (SAED) patterns for an as-deposited
Ta2.4Ni2.2Si ﬁlm and the same ﬁlm after annealing to 800 and
900 °C are shown in Fig. 1.
The as-deposited ﬁlm (Fig. 1a) is uniform in appearance and
smooth, demonstrating good conformality to the thermally oxidized Si substrate. Close inspection reveals a slight variation in
contrast from the ﬁlm surface to substrate and is attributed to
thickness variation in the FIB cross-section resulting from the
sample preparation process. SAED of the as-deposited ﬁlm (Fig. 1b)
shows two diffuse halos at 4.5 and 7.4 nm  1 corresponding to
atomic spacings of 2.2 and 1.3 Å, respectively. The lack of any
discrete diffraction spots and the diffuse nature of the rings conﬁrm the amorphous nature of the as-deposited ﬁlms. No signiﬁcant change is observed for ﬁlms annealed up to 800 °C
(Fig. 1c–d), while close inspection of the 800 °C SAED pattern
(Fig. 1d) reveals a small number of faint diffraction spots near
spacings of 2.2 and 1.3 Å. Thus after annealing to 800 °C the ﬁlms
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remain largely amorphous, with some evidence of the very initial
stages of crystallization. The crystallization temperature (Tc) between 800 and 900 °C was further conﬁrmed with in-situ heating
TEM experiments (data not shown). This compares favorably to
the binary Ta-based AMTFs described above [6–7,17] which all
displayed Tc below 800 °C, and to the bulk ternary alloy of approximate composition Ta2Ni2Co with Tc near 750 °C [18]. Furthermore, the observed Tc between 800 and 900 °C is approximately 200 °C higher than that reported for annealing Ta2Ni2Si at
20–50 mTorr base pressure [10] suggesting impurities from the
ambient may play a signiﬁcant role in crystallization for this
system.
For Ta2.4Ni2.2Si ﬁlms annealed to 900 °C (Fig. 1e) signiﬁcant
non-uniformities were observed, which resulted from devitriﬁcation. Dark regions ranging in size from approximately 5 to 50 nm
are observed throughout the ﬁlm suggesting formation of regions
with higher electron density or diffraction contrast due to crystallization in the amorphous matrix. The corresponding SAED
pattern (Fig. 1f) conﬁrms the ﬁlm has crystallized, where diffraction spots and rings suggest the ﬁlm consists of a distinct nanocrystalline phase rather than a mixture of nano-crystalline phases.
This analysis determined that the material crystallized into a single ternary phase of cubic Ta3Ni2Si with no binary intermediates.
The corresponding SAED pattern (Fig. 1d) can be exclusively indexed to this structure, and is consistent with X-ray diffraction
data [19]. No signiﬁcant reaction between the Ta2.4Ni2.2Si ﬁlm and
the thermal silicon oxide is seen for temperatures as high as
900 °C.

Fig. 2. TEM imaging of Ta2.4Ni2.2Si ﬁlm annealed to 900 °C. BFTEM (a), HAADF (b) and CDFTEM (c).
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To gain insight into the crystallization process a more detailed
TEM analysis was conducted on the ﬁlm annealed to 900 °C and is
shown in Fig. 2.
A bright-ﬁeld HRTEM image near the ﬁlm surface (Fig. 2a) reveals multiple crystalline domains dispersed in largely amorphous
regions and a surface oxide E3 nm in thickness. This surface
oxide is also present in the as-deposited ﬁlms, suggesting no signiﬁcant segregation of oxygen impurities to the ﬁlm surface or into
the bulk of the ﬁlm occurred during annealing. The ﬁlm surface
remains very smooth up to 900 °C even after crystallization, which
may be important for device integration [20–21]. In addition to
darker crystalline regions, sub-5 nm regions of lighter contrast are
observed dispersed throughout the ﬁlm. A high-angle annular
dark-ﬁeld (HAADF) image of the 900 °C annealed ﬁlm is shown in
Fig. 2b. A crystalline region E15 nm in diameter is observed in the

center of the image. The lighter contrast of this region is consistent
with the increased scattering from the Ta-rich Ta3Ni2Si phase. Similar to the bright ﬁeld image (Fig. 2a), periodic sub 5-nm regions
of low electron density are observed, which appear dark in the
HAADF image. These regions may correspond to the segregation of
oxygen impurities and/or the formation of Ni- or Si-rich clusters
during the solute partitioning which accompanies crystallization
of the Ta-rich phase. Although these high-resolution images provide insight to the structure of crystallized regions, the nature of
the cross-sectional sample makes it difﬁcult to understand the size
and distribution of crystallites as multiple crystal domains
throughout the sample thickness contribute to image formation.
To reduce the impact of sample thickness, centered dark ﬁeld
imaging (CDF) was used (Fig. 2c). This diffraction contrast image
was acquired using approximately 5 to 10% of the total SAED spots

Fig. 3. APT results of Ta2.4Ni2.2Si ﬁlms showing a 3 nm slice of the ion maps of Ta, Ni and Si in as-deposited (a–c), 800 °C (d–f) and 900 °C (g–i) samples.
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Fig. 4. Detailed APT analysis of Ta2.4Ni2.2Si ﬁlm annealed to 900 °C. APT reconstruction of Ta, Ni and Si ions, with opaque isocompositional regions with 442 at% Ta (a),
proximity histogram showing relative at% of each metal across isocomposition surface (b), APT reconstruction of Ta, Ni and Si ions with region of long-range order highlighted (c), higher resolution image of highlighted region (d), and Z–X distribution map of highlighted region (e).

corresponding to Ta3Ni2Si diffraction features in the range of 2.0 to
2.3 Å and thus represents a signiﬁcantly smaller fraction of the
total Ta3Ni2Si regions. A broad distribution of light contrast crystalline regions are observed in this CDF image ranging from approximately 50 nm to sub-5 nm. These regimes are seen to exist
relatively uniformly throughout the ﬁlm thickness, with no signiﬁcant difference in concentration near the ﬁlm surface or substrate interface.
To gain insight into the nanoscale composition variation accompanying the structural evolution described above, APT analysis
was performed for ﬁlms after each annealing condition and the
results are summarized in Fig. 3.
From left to right we show the individual ion maps for Ta, Ni
and Si. The APT data from as-deposited (Fig. 3a–c) and 800 °C ﬁlms
(Fig. 3d–f) are seen to contain a uniform distribution of metal ions,
consistent with the amorphous structure observed by TEM
(Fig. 1a–d). Close inspection of the 900 °C ﬁlm (Fig. 3j–i) reveals
signiﬁcant non-uniformity accompanying the devitriﬁcation process. A detailed analysis of the 900 °C ﬁlm is shown in Fig. 4.
It was found that the observed non-uniformities corresponded
to Ta-rich regions. A 3 nm slice of the APT reconstruction of Ta, Ni
and Si ions is shown in Fig. 4a, where an isocomposition surface

showing regions containing 442 at% Ta is highlighted as opaque
regions. A wide distribution of sizes is observed for these regions
ranging from approximately 2 to 20 nm. A proximity histogram
showing the relative at% of each metal across an isocomposition
surface is shown in Fig. 4b, where 0 marks the interface of a Tarich region and surrounding matrix. A clear transition is observed
over a distance of E 1 nm, where the relative at% Ta:Ni:Si changes
from approximately 2.4:2.2:1 to 3:2:1 indicating the Ta-rich regions have composition Ta3Ni2Si. This composition is consistent
with the structure determined from diffraction measurements
(Fig. 1f) suggesting the Ta-enrichment observed in APT analysis
corresponds to crystallized regions of cubic Ta3Ni2Si. This suggests
a direct crystallization process in the Ta-Ni-Si system, despite the
existence of several stable binary phases. This apparent suppression of binary phase formation may be related to the exceptionally
high crystallization temperature observed for this system. Another
3 nm slice of the ion maps of Ni, Ta and Si is shown in Fig. 4c. In
addition to general non-uniformities in the spatial distribution of
Ni, Ta, and Si, a region of long-range order ( E10 nm) is observed
in the same area for each metal (highlighted with the black rectangle). A higher resolution image of this region showing a
5  5  10 nm3 reconstruction is shown in Fig. 4d. Approximately
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10 atomic planes are clearly observed, with an average spacing of
E1.1 nm. A Z–X spatial distribution map [22] plotted in the intermetallic region (Fig. 4e) also clearly illustrates the 1.1 nm spacing of the observed atomic planes. This spacing is consistent with
the lattice constant of cubic Ta3Ni2Si. Thus, APT analysis allows for
the direct observation of (001) planes in crystallized regions surrounded by an amorphous matrix.

[6]

4. Conclusions
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The temperature dependent structure and composition of Ta–
Ni–Si thin ﬁlms was monitored at the near atomic-scale using
state of the art TEM and APT techniques. The high glass forming
ability of this system largely suppresses the formation of unary
and binary phases, with crystallization resulting in discrete nanocrystalline domains of a single ternary phase, Ta3Ni2Si. The exceptional thermal stability suggests this material may be a promising candidate for Ta-based Cu diffusion barriers and other high
temperature applications.
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