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a b s t r a c t

In this study, amorphous AlCrTaTiZr quinary alloy and 20 at.% Ru-incorporated AlCrTaTiZrRu senary alloy
films were developed as diffusion barrier layers to inhibit Cu diffusion in interconnect structures. Under
annealing at 700 ◦C, the interdiffusion of Cu and Si through the AlCrTaTiZr quinary alloy layer of 50 nm
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thick occurred, and compounds including Cu3Si consequently formed. In comparison, at 800 ◦C, the inter-
diffusion was still effectively retarded by the Ru-incorporated AlCrTaTiZrRu senary alloy layer of only
5 nm thick without obvious formation of silicides. It suggests the high diffusion resistance of the Ru-
incorporated barrier layer possibly attributed to the large lattice distortions caused by the addition of
extra-large-sized Ru atoms.
iffusion barrier
igh-entropy alloy

. Introduction

The nitride films of transition metals, such as TiN and TaN, have
een widely used as barrier layers in interconnects to inhibit rapid
u diffusion [1–5]. However, microstructure defects, such as grain
nd column boundaries, formed in these conventional barrier lay-
rs provide some paths for rapid Cu diffusion and consequently
ower the diffusion resistance of the barrier layers. To fulfill the
trict demands for Cu interconnects in the manufacturing genera-
ions below 65 nm, other barrier systems with ternary components
r composition modifications [6–11], e.g., Ru–Ti–N and Ru–Ta–N
10,11], and/or of layered structures [12–18], including Ta/TaN and
u/TaN [16–18], to elongate diffusion distances have received con-
iderable interest and are continually developed. However, proper
arrier layers for 32 or 22 nm generation with a low electrical
esistivity, an ultra-small thickness around 5 nm, and still a high
iffusion resistance have seldom been reported.

In 2004, Yeh developed the high-entropy alloys (denoted as
EAs) with the addition of multiprincipal (more than five) elements

19–22]. The high mixing entropies contributed by multiprincipal

omponents stabilize simple solid-solution structures [19]. In addi-
ion, large lattice distortions caused by different atomic sizes lower
he diffusion rates of atoms; therefore, many of the HEAs possess
anocrystalline or even amorphous structures, and exhibit excel-
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lent properties [19–22]. Thin films of the HEAs and HEA nitrides
(denoted as HEANs) can also be deposited by a simple sputter-
ing process [19,23–26]. In particular, the HEANs have received
considerable interest as diffusion barrier layers for Cu intercon-
nects owing to the anticipated high diffusion resistance provided
by their amorphous structures and also large lattice distortions
[24–26].

However, the high electrical resistivity (>1500 �� cm) of the
previously developed HEAN (nitride) films renders their appli-
cations infeasible. Alternatively, a metallic alloy film with a
low electrical resistivity and still a high diffusion resistance is
demanded. Thus, in this work, an AlCrTaTiZr quinary high-entropy
alloy (QHEA) film is further developed. To utilize the effect of
large lattice distortions on the enhancement of diffusion resistance,
20 at.% Ru with an extra-large atomic size of 3.56 Å is incorporated
in the quinary alloy to form an AlCrTaTiZrRu senary high-entropy
alloy (SHEA) film. The interdiffusion of Cu and Si through the QHEA
and SHEA barrier layers at high temperatures is characterized to
examine their diffusion resistance.

2. Experimental

The QHEA and SHEA films were deposited on Si substrates by a radio-frequency
(rf) magnetron sputtering process. The sputtering targets were prepared with
equimolar Al, Cr, Ta, Ti, Zr and Al, Cr, Ta, Ti, Zr, Ru, respectively, by vacuum arc-
melting the constituent elements, followed by cutting and polishing of the solidified

bulks into discs of 50 mm in diameter. The QHEA film of about 50 nm thick and the
SHEA film of about 5 nm thick were deposited at an rf power of 150 W and a sub-
strate bias of −100 V in an Ar atmosphere (working pressure of 6 × 10−3 Torr) at
room temperature. On the QHEA and SHEA layers, a Cu film of about 400–450 nm
thick was subsequently deposited under a power of 50 W to obtain Si/QHEA/Cu and
Si/SHEA/Cu film stacks. To examine the interdiffusion behaviors of Cu and Si through
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Table 1
Chemical compositions of as-deposited QHEA and SHEA film determined by EPMA
as well as the crystal structures and atomic sizes of incorporated metallic elements.

Element Al Cr Ta Ti Zr Ru

Content (QHEA, at.%) 8.10 24.52 22.55 20.45 20.53 –
Content (SHEA, at.%) 10.28 18.75 17.58 14.85 15.08 19.52
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Crystal structure fcc bcc bcc hcp hcp hcp
Atomic size (Å) 2.864 2.498 2.856 2.896 3.179 3.560

cc: face-centered cubic; bcc: body-centered cubic; hcp: hexagonal close-packed.

he QHEA and SHEA barrier layers, thermal annealing was applied to the film stacks
t 600–900 ◦C for 30 min in a vacuum of 2 × 10−5 Torr.

The chemical compositions of as-deposited QHEA and SHEA films (∼500 nm
hick) were determined by field-emission electron probe micro-analyses (EPMA,
EOL JXA-8800M). The morphologies of Si/QHEA/Cu and Si/SHEA/Cu film stacks were
bserved by a scanning electron microscope (SEM, JEOL JSM-6700F). The crystal
tructures were analyzed using a glancing incident angle (0.5◦) X-ray diffractometer
XRD, Rigaku Dmax 2000). The microstructures and lattice images of as-deposited
nd thermally annealed film stacks were examined by a high-resolution transmis-
ion electron microscope (HRTEM, JEOL JEM-3000F). The sheet resistance of the
HEA and SHEA films (∼500 nm thick) as well as the film stacks was measured by a

our-point probe station (Keithley 2400).

. Results and discussion

Table 1 first lists the chemical compositions of as-deposited
HEA and SHEA films determined by EPMA, as well as the crystal

tructures and atomic sizes of the incorporated metallic elements.
t was clear that, except the lower Al contents than the designed
alues due to a resputtering effect of the light element, the con-
ents of the other metallic elements in the QHEA and SHEA films
ere approximately 20–25 and 15–20 at.%, respectively, in near-

quimolar ratios and close to the designed compositions. The
lectrical resistivities of the deposited QHEA and SHEA films were
easured as 250 and 246 �� cm, respectively, which were lower

han the values of TaN and other typical nitride-based barrier mate-
ials, and suggested the potential of the QHEA and SHEA films
or diffusion barrier applications [4]. Moreover, Fig. 1 shows the
RTEM images of the as-deposited Si/QHEA/Cu and Si/SHEA/Cu
lm stacks; the layer-stacked structures of the Si substrate, native
xide layer, barrier layer and Cu film were clearly observed (the Cu
lm and a part of the QHEA layer in Fig. 1(a) were lost during sam-
le preparation). Under detailed lattice examinations, as seen in
he magnified images around the barrier layers inserted in the up-
ight corners, both the QHEA and the SHEA layers were identified
s an amorphous structure. Within them, large lattice distortions
ere expected to exist due to the marked differences in the atomic

izes of the incorporated elements as listed in Table 1, particularly
n the SHEA layer with the addition of 20 at.% Ru with an extra-
arge atomic size of 3.56 Å. Not any intermetallic compounds or
rystalline phases were found in the amorphous QHEA and SHEA
ayers, implying the random solid solution of all the incorporated

etallic elements attributed to the effect of high mixing entropies
19].

Fig. 2 shows the XRD patterns of the Si/QHEA/Cu and Si/SHEA/Cu
lm stacks before and after annealing at 600–900 ◦C. The diffrac-
ion peaks at 43.4◦, 50.6◦ and 74.3◦ corresponded to the (1 1 1),
2 0 0) and (2 2 0) lattice planes of face-centered cubic Cu. Just at
00 ◦C, the QHEA layer of 50 nm thick failed as an effective diffu-
ion barrier. Two peaks around 44.7–45.4◦ appeared in the XRD
attern of the 700 ◦C-annealed Si/QHEA/Cu film stack, indicating
he interdiffusion of Cu and Si through the QHEA barrier layer, and
he subsequent formation of Cu Si compound phase. Some other
3
ompound or solution phases formed as well due to the reactions
etween the QHEA layer and the Si substrate or Cu film, such as
a–Si based (TaSi2, Ta5Si3) and Al–Cu–Zr based (AlCu2Zr, Al3Zr4)
nes. In comparison with the typical morphology of as-deposited
Fig. 1. HRTEM images of as-deposited (a) Si/QHEA/Cu and (b) Si/SHEA/Cu film stacks
(up-right corners: magnified images around HEA barrier layers).

film stacks seen in Fig. 3(a), the SEM surface and cross-sectional
images of the 700 ◦C-annealed Si/QHEA/Cu film stack shown in
Fig. 3(b) and (c) substantiated the severe interdiffusion and reac-
tions along with the appearances of many compound phases and
large pores. By contrast, for the Si/SHEA/Cu film stacks after anneal-
ing at 600–800 ◦C, the XRD patterns remained as the as-deposited
feature. All the peaks sharpened with smaller full widths at half
maximum (FWHM), and the intensities of either (1 1 1) or (2 0 0)
peaks were enhanced owing to the grain growth of the Cu films
from several tens to hundreds of nanometers as seen in the SEM
images of the annealed samples shown in Fig. 3(d) and (e); in addi-
tion, no obvious agglomeration of the Cu films was found. Only two

very small and indistinct diffraction peaks at about 45◦ appeared in
the 800 ◦C-annealed Si/SHEA/Cu film stack, implying the beginning
of interdiffusion at the high temperature; not any other obvious
crystalline compound phases formed in the film stack after anneal-
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Fig. 2. XRD patterns of as-deposited and 600, 700, 800, and 900 ◦C-annealed
S

F
s

i/QHEA/Cu and Si/SHEA/Cu film stacks (Cu film thickness ∼50 nm).

ig. 3. (a) SEM surface morphology of typical as-deposited Si/HEA/Cu film stack; (b) surf
tacks; surface morphologies of (d) 700 ◦C-, (e) 800 ◦C- and (f) 900 ◦C-annealed Si/SHEA/C
Compounds 509 (2011) L85–L89 L87

ing at 800 ◦C, suggesting the high endurance temperature of the
ultra-thin SHEA barrier layer of only 5 nm thick. At an extremely
high temperature of 900 ◦C, the SHEA barrier layer completely
failed. A large number of Cu3Si compound phase formed, as con-
firmed by the SEM image of the 900 ◦C-annealed Si/SHEA/Cu film
stack shown in Fig. 3(f).

The variations in the sheet resistance of Si/QHEA/Cu and
Si/SHEA/Cu film stacks after annealing, as plotted in Fig. 4, annotate
the interdiffusion of Cu and Si through the QHEA and SHEA barrier
layers. The resistance of as-deposited film stacks was determined as
about 0.025–0.05 �/�. After annealing at 700 ◦C, due to the severe
interdiffusion and reactions in the Si/QHEA/Cu film stack, the sheet
resistance drastically increased to 6.6 �/�. In comparison, the resis-
tance of the Si/SHEA/Cu film stack decreased to 0.021 �/� at 700 ◦C
and was further lowered to 0.014 �/� at 800 ◦C owing to the grain
growth and defect elimination of the Cu films, rather than any inter-
diffusion or film agglomeration. Only at 900 ◦C, the resistance of the
Si/SHEA/Cu film stack jumped to 92.0 �/�, as a consequence of the
failure of the SHEA barrier layer and the numerous formation of
Cu Si compound phase.
3

Fig. 5 further shows the HRTEM images of the 700 ◦C-
annealed Si/QHEA/Cu and 800 ◦C-annealed Si/SHEA/Cu film stacks.
In Fig. 5(a), unclear interfaces between the Si substrate, native oxide
layer, QHEA layer, and Cu film formed, implying the occurrence of

ace morphology and (c) cross-sectional image of 700 ◦C-annealed Si/QHEA/Cu film
u film stacks.
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ig. 4. Sheet resistance of as-deposited and 600, 700, 800, and 900 ◦C-annealed
i/QHEA/Cu and Si/SHEA/Cu film stacks.

nterdiffusion and the failure of the QHEA barrier at 700 ◦C. As in
he magnified image of the QHEA layer, the lattices of some silicides
ncluding Cu3Si and Ta5Si3 were identified. In addition, the alloy-
ng of the metallic QHEA and penetrated Cu to construct AlCu2Zr as

ell as the crystallization of the amorphous QHEA to form Al3Zr4
ere also observed. In comparison, at 800 ◦C, the interdiffusion of
u and Si was still retarded by the SHEA layer as seen in Fig. 5(b); the
i/SHEA/Cu stacked structure and the lattice of Si substrate as well
s the interfaces between each two layers were still clearly distin-
uished, along with the undamaged existence of the native oxide
ayer. However, because the SHEA layer was composed of only

etallic elements rather than nitrides of strong covalent or ionic
onds, Cu penetration into the SHEA layer was anticipated. Thus
s observed, some precipitates such as a Cu9Al4 formed around
he SHEA/Cu interface. Crystallization of the amorphous SHEA layer
nto Al3Zr4 and Al2Ti was also observed. Nevertheless, further Cu
iffusion into the Si substrate was apparently retarded by the SHEA
arrier layer; the ordered and perfect lattice structure of the Si sub-
trate was still observed, suggesting the high diffusion resistance
f the SHEA barrier layer consistent with above observations and
nalyses.

In comparison with some other reported benchmark barrier
aterials, e.g., TaN (30 nm thick [16]), Ru–Ti–N (10 nm [10]),

u–Ta–N (15 nm [11]), TaN/Ta (10/20 nm [16]), and TaN/Ru (5/5 nm
17]), the metallic AlCrTaTiZrRu senary alloy film of 5 nm thick,
espite the lack of strong ionic or covalent nitride bonds, exhibits
n even superior performance and is highly promising for use as
diffusion barrier layer in advanced Cu interconnects. Two most

mportant factors for the AlCrTaTiZrRu senary alloy functioning as
n effective barrier layer are anticipated to be that the severely dis-
orted lattices caused by the addition of multiprincipal elements
ith different atomic sizes (in particular by the incorporation of

he extra-large atomic sized Ru) retard the diffusion of atoms and
lso that the amorphous film structure without grain boundaries
educes rapid diffusion paths, ultimately providing a high diffusion
esistance. Especially for the former, relative to the average atomic
ize of the AlCrTaTiZr quinary alloy (2.84 Å, by the rule of mix-
ures), the extra-large size of Ru atoms (3.56 Å) generates a marked
ncrease in the parameter Delta, which describes the comprehen-
ive effect of atomic-size differences in multi-component alloys

27], from 8.26% to 11.85%. The hydrostatic compressive stresses
round the Ru atoms or other elements with extra-large or much
ifferent atomic sizes are believed to reduce the molar volume
f vacancies and consequently lower the diffusion coefficients of
toms in the AlCrTaTiZrRu senary alloy [28].
Fig. 5. HRTEM images of (a) 700 C-annealed Si/QHEA/Cu and (b) 800 C-annealed
Si/SHEA/Cu film stacks (up-right corners: magnified images around HEA barrier
layers).

4. Conclusions

In summary, amorphous AlCrTaTiZr quinary alloy and AlCrTa-
TiZrRu senary alloy films were developed in this study as diffusion
barrier layers for Cu interconnects. From experimental results, it
was known that the AlCrTaTiZr quinary alloy barrier layer of 50 nm
thick failed at 700 ◦C. In comparison, the 20 at.% Ru-incorporated
AlCrTaTiZrRu senary alloy layer of only 5 nm thick still presented
a high resistance to the interdiffusion of Cu and Si at the tem-
perature of 800 ◦C without obvious formation of silicides. Only at
900 ◦C, the AlCrTaTiZrRu barrier layer failed, and a large amount
of Cu3Si compound consequently formed. The high endurance

temperature of the AlCrTaTiZrRu senary alloy was anticipated to
be attributed to the large lattice distortions caused by the addi-
tion of extra-large-sized Ru atoms, besides the amorphous film
structure.
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