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ARTICLE INFO ABSTRACT

Keywords: This paper reports the results of a materials study on co-sputtered CoAl thin films for interconnect applications

CoAl based on both experiments and computations. We modulate the composition and microstructure of the CoAl

Interconnect films by controlling the deposition conditions (sputtering power, substrate temperature, and deposition time).
Ellztrical resistivity The morphology and microstructure of the films are investigated using scanning electron microscopy, X-ray
Metallization diffraction, and transmission electron microscopy. The measurement of the film resistivity reveals a strong
Microstructure stoichiometry effect: the lowest (~30 pQecm) for the stoichiometric film. It also discloses a typical trend of size

dependence: the resistivity increases rapidly with the thickness decreasing (from 38 pQecm for 43 nm to 72
pQecm for 13 nm). We also compute the resistivity dependence on the film thickness by solving the Boltzmann
transport equation with inputs of the electronic and phononic structures from the first-principles density func-
tional theory and the electron-phonon relaxation time modified according to the film thickness. Furthermore, we
devised a simple model considering the effects of grain sizes and scattering at grain boundaries on the resistivity
to describe the transport behavior in CoAl. Our calculated results were found consistent with our experimentally
observed ones.

1. Introduction

Copper (Cu) has been vastly used as an interconnect material for a
long time because of its low bulk resistivity and good device reliability,
such as electromigration (EM) and time-dependent dielectric breakdown
(TDDB) [1,2]. It has been, however, reported that in a narrow Cu metal
line adopted in recent technology nodes (beyond 32 nm metal pitch), its
electrical resistivity increases sharply due to electron scattering at the
surface as well as grain boundaries, while EM and TDDB failure times
decreases [3-9]. To overcome such an obstacle for Cu, there have been
lots of studies exploring new interconnect materials with the combina-
tion of a high conductivity at a narrow linewidth and good reliability.
Among them, several theoretical analyses commonly suggested two
criteria as a guideline: a low p, x 4 (p,: bulk resistivity, A:electron mean

free path) value and high cohesive energy [5,10-13]. In this regard, Co
and Ru have been actively studied as Cu replacement or liner materials
and have been applied to recent logic devices [14-18]. Nevertheless, it is
expected that as scaling-down continues, extra resistance arising from
liner and/or barrier, still required for Co and Ru metallization, could be
increasingly burdensome. Thus, urgent is search for a new interconnect
material with a challenging combination of stability high enough to
ensure reliability without liner/barrier and high conductivity.
Recently, binary compounds (aluminides, silicides, and germanides)
have attracted much attention due to their relatively low resistivity and
strong chemical bonding [19-24]. It was, for example, shown that alu-
minides (such as CuAly, NiAl, AlsSc, etc) have the potential as a
low-resistivity material [19,25-28]. A study done by Chen et al. on
CuAl, showed its excellent electrical properties and good wettability
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[19]. However, CuAl, has several problems such as diffusion of Al atoms
into the dielectrics, which would increase the parasitic capacitance and
lead to a rapid increase in resistivity at a very thin thickness (<10 nm)
[19,29]. CoAl is another promising aluminide for Cu replacement owing
to its high electrical and thermal conductivities, oxidation resistance,
and high stability [30-33]. Nevertheless, what remains unexplored is a
systematic analysis of the microstructure and electrical properties of
CoAl thin films.

Here we embarked on a thorough materials study of co-sputtered
CoAl thin films for interconnect applications. We fabricated CoAl films
of different compositions under various deposition conditions (substrate
temperatures and deposition time). Careful materials analysis using
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scanning electron microscopy, X-ray diffraction, and transmission elec-
tron microscopy allowed us to investigate the morphology and micro-
structure of the films. We measured the resistivity of the films to
understand the effects of the film thickness, substrate temperature, and
film composition. We also performed first-principle calculations to
investigate the structural, electronic, and phonon properties of Co-Al
alloy, with which one can evaluate the energy-momentum dependent
relaxation time. We also estimated the film thickness-dependent mean
free path and thus relaxation time, which allowed us to elucidate the
size-dependent resistivity of Co-Al films measured in our experiment.

2. Methodology
2.1. Experimentation

The CoAl films were deposited on a Si (100) wafer covered with 100
nm of thermally grown SiO; using magnetron co-sputtering by pure Co
and Al targets. The base pressure of the sputtering chamber was ~1.3 x
1075 Pa and the working pressure was 0.72 Pa in an Ar ambient. Films
were deposited at various substrate temperatures between room tem-
perature and 500 °C. The base pressure with different substrate tem-
peratures was measured around 4.0 x 10~* Pa at 300 °C, and 2.7 x
1073 Pa at 500 °C. To control the composition, the target power for the
Co target was modulated, while that for Al was kept constant. For
characterization of the phases of the films, grazing incidence X-Ray
diffraction (GIXRD, Rigaku Smart lab) with an incidence angle of 0.5°
was utilized. The film surface and thickness were analyzed employing
field-emission scanning electron microscopy (FESEM, Hitachi, SU8220).
For films of less than 30 nm, the thickness was measured using X-ray
reflectivity (XRR, Rigaku Smart lab). Transmission electron microscopy
(TEM, JEOL JEM-2100F, operating at 200 kV) and energy-dispersive X-
ray spectroscopy (EDS) was used for the investigation of microstructure
and chemical composition. Electron probe microanalysis (EPMA, Shi-
madzu EPMA-1600) was used to determine the film composition, cross-
checked with inductively coupled plasma-optical emission spectrom-
etry (ICP-OES, Thermo fisher scientific iCAP 6000 SERIES). Sheet
resistance (R;) was measured by a 4-point probe (CMT-SR2000 N) and
the resistivity was calculated by multiplying R and film thickness.

2.2. Computation

To investigate the electrical transport property of CoAl, we first
carried out first-principles calculations based on the density functional
theory [34] as implemented in Quantum Espresso code [35] to calculate
the electronic structures. The electronic wavefunctions were expanded
in terms of plane wave basis with a kinetic energy cutoff of 80 Ry for
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CoAl and 240 Ry for Cu and Ru. We used the scalar relativistic
norm-conserving pseudopotentials [36,37] to describe the core and
valence electrons and treated the exchange-correlation functional
within the local density approximation of Perdew-Wang [38] obtained
from the pseudo-dojo [39]. The Brillouin zone (BZ) was sampled using a
20 x 20 x 20 Monkhorst-Pack k-points mesh for the integration over the
BZ. Then, the phonon calculation was performed using the density
functional perturbation theory (DFPT) [40] with a 4 x 4 x 4 g-points
grid.

Then, the energy- and temperature-dependent relaxation time
7(Enk, T) defined as [41,42]

zymn.v (k7 q) ‘2{ V(Em.k+q7 T) +8 (wu.m T)} 6(En.k - Em.k+q + wb.q) + [1 _f(Em,k+q7 T) + g(wp.qa T)] 5(En.k - Em.k+q - wb.q) }

was evaluated for given n and k. Note that this equation represents solely
the electron-phonon relaxation time since it mainly contributes to con-
ductors at room temperature. Note that this equation is expressed in

atomic units (4 = e = 1). Here > and [ g—gz denote the summation over
my

both electronic band and phonon branch indices m and v, and the
normalized g-space integration over the whole BZ with its volume Qpz,
respectively. To represent the electronic and phononic occupations for
their corresponding energy eigenvalues Ep, x4 and o, 4 at temperature T,
the Fermi-Dirac and Bose-Einstein distributions, f(Emnkiq,T) and
g(w,q, T) were used. 5(¢) is the usual Dirac delta function. %y, (K, q) is
the first-order electron-phonon matrix element given by m,k+
q|0,qV|n,k/\/20, 4 with 0,4V the derivative of the self-consistent po-
tential associated with a phonon mode w, 4. [42,45] It is related to the
probability amplitude of the phonon-mediated scattering process from a
state |n, k to another |m,k + q. Zmn,(k, q) was computed by employing
DFPT on the same k- and g-points meshes and then using maximally
localized Wannier functions [43-45] through the EPW package [41,46]
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Fig. 1. GIXRD results of CoAl thin films at the different substrates (Ts) and
post-annealing (T,) temperatures.
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to interpolate over 60 x 60 x 60 fine k-points and randomly-sampled
10,000 fine g-points grids. This relaxation time was used to solve the
Boltzmann transport equation, which allows us to evaluate the electrical
conductivity [47].

3. Results and discussion
3.1. Structural and morphological analysis

Fig. 1 shows GIXRD spectra of CoAl thin films of composition close to
the stoichiometric composition, grown at various deposition tempera-
tures (Ts) from room temperature to 500 °C. The deposition time was
kept constant at 20 min, and additional post-annealing (Ta) at 500 °C
was also done for the 500°C-deposited film. For the as-deposited film,
broad and low peaks appear, indicating that the thin film has a small
grain size and low crystallinity. The positions of the peaks are found
consistent with those of the B2 phase of CoAl among several interme-
tallic compounds of the Co-Al system (such as AlsCoy, CoAl, AlsCo,
Aly3Co4, AlgCoy, etc) [48,49]. As the deposition temperature rises to
300 °C and 500 °C, the peak intensity of CoAl increases, suggesting a
significant increase in crystallinity. For the sample annealed at 500 °C
after being deposited at 500 °C, the peaks appear similar to those of the
500°C-deposited sample, without showing other peaks suggestive of a
possible reaction such as oxidation.

The surface morphology of the CoAl thin films with different Tg was
characterized using SEM, as shown in Fig. 2. The as-deposited film
shows a fine granular surface morphology with a high density of
nanopores (Fig. 2(a)). The granular features changed to a faceted,
triangular shape with a larger size for the 300°C-deposited sample
(Fig. 2(b)). Such faceted film growth is possibly due to anisotropy in the
growth rate of the different crystal planes of CoAl [50]. The 500 °C
sample displays large surface features with almost no gap between them,
suggesting that grain growth has occurred and that the film has become
dense. It appears that the high substrate temperature (500 °C) probably
imparted to the sputtered atoms a surface mobility high enough to
prompt grain growth and thus the formation of a dense film [50]. In
addition, Fig. 2(d-f) display the distribution of the feature size for the
three samples, confirming the possible grain growth.

TEM investigation further reveals the details of the microstructure of
the films grown at room temperature and 500 °C. Fig. 3 shows the cross-
sectional bright-field TEM images and EDS line scan profiles of the
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samples. The film grown at room temperature shows a columnar
structure with very small grains of only several nanometers, as shown in
Fig. 3(a). The image taken at a higher magnification, shown in Fig. 3(b),
displays regions of a bright contrast between the columns of grains,
suggesting the presence of nano-sized pores. These results are consistent
with those of the SEM analysis (Fig. 2(a)). For the sample grown at a
high temperature (500 °C), on the other hand, grain growth occurred
throughout the film. Fig. 3(d) and (e) show a dense film without any
pore. Fig. 3(c) and (f) show the result of the EDS analysis carried out
along the dotted lines denoted in the images of Fig. 3(a) and (d). The
room-temperature film shows a higher oxygen content compared to that
of the 500 °C film. The high oxygen content is likely related to the high
density of pores since a high concentration of oxygen molecules tends to
segregate to such pores [51-53]. In addition, the TEM images and EDS
data confirm that no significant interdiffusion has occurred between
CoAl and SiO; even at a high temperature.

Next, we varied the composition of samples to investigate the effects
of the composition on the microstructure and electrical properties of the
films. Fig. 4 presents the GIXRD spectra of Co,Aljgg.x (x = 43-55) thin
films. The spectra appear nearly the same in that there exist two main
peaks arising from CoAl. However, a closer examination of the spectra
reveals the presence of small peaks corresponding to the AlsCog phase
for the Al-rich films (Co43Alsy and Co44Alse), as shown in the magnified
view in Fig. 4. In contrast, the stoichiometric film and Co-rich films do
not show any AlsCosy peaks but show only CoAl peaks. This result is
consistent with the phase diagram of the Co-Al system, in which the
region of the CoAl phase shows a large solubility of Co but only a small
solubility of Al [32].

3.2. Electrical properties

Fig. 5 shows film resistivities for the films of various compositions,
grown at room temperature and 500 °C. For the room-temperature films,
a resistivity of about 3000 pQecm was measured from the stoichiometric
B2 CoAl film. This abnormal high resistivity appears to be due to the
high concentration of oxygen, as observed in the TEM and EDS analyses
[54]. The resistivity decreases as the cobalt concentration increases
since the film becomes metallic. For the 500°C-deposited sample, while
the stoichiometric CoAl film has the lowest resistivity (~30 pQecm), the
resistivity increases as the composition deviates from the stoichiometric
point, showing a V-shaped trend. The increase of the resistivity in the

(c)

3 3 3
© 20 © 20 s 20
s s s
> > >
Q Q [
(= [ c
(] @ Q
S0 Z10 Z10
Q Qo o
S S L
('R (' w
o—1 | 0 | | | ol | .
400 800 1200 1600 400 800 1200 1600 0 4000 8000 12000
Area (nm2) Area (nm2) Area (nm2)

Fig. 2. SEM micrographs of CoAl films deposited at 25 °C (a), 300 °C (b), and 500 °C (c). (d—f) Corresponding features size distributions.
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Fig. 4. GIXRD analysis results of CoAl films with different compositions deposited at 500 °C (a magnified view of AlsCoy peaks of (002), (301), and (212)
shown right).

off-stoichiometric films could be attributed to a possible presence of a relaxation has a major influence on conductors at room temperature by
high density of point defects and the formation of such intermetallic fermi liquid theory [56], we only employed 7¢1_p, which was calculated
compounds as AlsCoy, as confirmed in the XRD analysis [55]. using the equation given in Methodology section, to solve the

To fully understand the electronic transport of CoAl, we next theo- semi-classical Boltzmann transport equation [47]. 7(n,k) and the group
retically investigated the electrical transport property of CoAl single velocity v(n, k) = 1VE,x calculated from the electronic structure were
crystal by carrying out first-principles calculations using the density used to compute the conductivity tensor o,4 with a, 8 indicating x,y, z,

functional theory described in Methodology section. With the optimized
unit cell obtained through the total energy calculation (shown in Fig. 6
(a)), we computed its electronic and phononic band structures shown in Gup = Z // vo(n, k (n k) ds o)
Fig. 6(b) and (c). These electronic and phononic structures provided 8”3h

information enabling us to calculate electron relaxation times related to
various scattering mechanisms, such as electron-electron relaxation

given as

where e and # are the electron charge and the reduced Planck constant

. . . . h
time (7ei—e), phonon mediated electron-electron relaxation time (zg" ), and [/dS denotes the surface integration over the Fermi surface. The
and electron-phonon relaxation time (z¢;_pp). Since the electron-phonon st
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Fig. 5. Resistivity with a Co concentration for CoAl thin films deposited at (a)
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conductivity (resistivity) value for the bulk CoAl was calculated to be
2.45 x 107 S/m (4.08 pQecm). We compared the calculated resistivity of
CoAl with those of other materials considered as a candidate for inter-
connect materials, as summarized in Table 1, along with their melting
temperatures. It appears that CoAl, with a high melting temperature
(1,673 °C, suggestive of high cohesive energy), has a resistivity com-
parable with other candidates [21].

To include the effects of film thickness and surface direction in
addition to transport direction on resistivity, we developed a new
method to modify the energy-momentum dependent electron mean free
path and thus the relaxation time 74(n.k) for a thin film with a given film
thickness d. The electron mean free path A for each band index n and k
point is evaluated by A(n,k) = v(n, k)z(n, k) with the group velocity v(n,
k). For a film with its thickness d, however, A(n,k) will be modified to
A4(n k), which is smaller than or equal to A(n,k), since if an electron with
n, k moving toward the surface boundary of the film will be scattered out
before it travels by A(n, k). Hence, its relaxation time z(n,k) can be
modified to be 74(n.k) = 14(n, k)/v(n, k). Then, the film thickness-
dependent conductivity was evaluated using equation (1) with 74(n.k)
replacing the bulk relaxation time z(n,k). Note that we assumed that the
electron scattering at surfaces is diffusive, that is, its specularity for
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Table 1
Summary of the reported bulk resistivities and melting points of various metals
and alloys.

materials bulk resistivity (pQecm) melting point (°C) references
experimental calculated

CoAl 14.1 ‘4.1 1,673 [32,58]
NiAl 8-10 10.0 1,638 [59,60]
CuAl, 8.0 - 592 [61,62]
Cu 1.7 1.6 1,085 [63]

Co 5.6 “8.7 1,495 [60,63,64]
Ru 7.1 6.4 2,334 [63]

 The resistivity values of CoAl, Co, and Ru were calculated in this work.

surface scattering to be zero for simplicity [57].
We first calculated the resistivities p(t) of CoAl, which are shown as
the solid lines in Fig. 7(b), along the same [001] transport direction as a
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function of film thickness t for (100) and (110) surfaces. It shows that the
resistivity of a film increases as the film becomes thinner. An interesting
fact is that the resistivity of the film with the (100) surface rises
significantly faster than that with the (110) surface, indicating that the
resistivity depends not only on the transport direction but also on the
out-of-plane direction of the film. Note that these resistivity values were
calculated with an ideal CoAl material in a single crystal without any
grain boundaries, whereas typical samples contain a high density of
grain boundaries. This is why our calculated resistivity values are quite
different from our experimental measured values, although they exhibit
similar upturn trends as the film becomes thinner, as described below.

We finally measured the resistivity of CoAl of different thicknesses,
as shown in Fig. 7. Fig. 7(a) exhibits CoAl film thicknesses, measured by
SEM and XRR, with the deposition time. The film thickness is propor-
tional to the deposition time with the slope (the deposition rate) of 1.44
A/s. Shown in Fig. 7(b) are the measured resistivity data with the film
thickness. The graph discloses that the resistivity rises quite rapidly from
38 pQecm at 43 nm to 72 pQecm at 13 nm with the thickness decreasing,
as typically observed in interconnect metals. Comparison with the
calculated data without grain boundary reveals that the measured data
are much higher than the calculated data. The difference could be
explained by considering that the calculations were done based on the
modeling of defect-free, single-crystalline CoAl and thus the calculated
data do not include the effects of scattering with grain boundaries (and
other defects) and surface oxide.

To include the effects of grain size and grain boundary scattering on
resistivity in our calculations, we devised a simple model in which all
grains are assumed to be uniform in size and thus described in terms of a
single parameter dgp for grain. In this model, we considered both intra-
and inter-grain resistances. With the film thickness t, the intra-grain
resistance for grain with a specific surface i can be calculated by the
film-thickness-dependent resistivity p;(t) computed for a single crystal-
line CoAl film with the specific surface that was already described
above, divided by dgg, which is the constant size of grain along the
transport direction. On the other hand, the inter-grain resistance can be
evaluated by the division of the interfacial resistivity y;z by the film-
thickness-dependent interfacial area S(t) = dgpd(t), where d(t) is the
effective grain size for given film thickness t defined by

dgs fort > dgp

d(t)= 2
® dgp exp (dL — 1) for t < dgp @
GB

The resulting resistivity of the whole film will be given by

p(t)=p,(1) + 75 3)

where the first term is nothing but the average intra-grain resistivity.
Note that if the film is in a single crystal (ygg = 0) with one type of
surface, then p(t) = p;(t), which is shown in Fig. 7(b) with the solid lines
for i = (110) and i = (100). Equation (3), with Eq. (2), was used to fit
our experimentally measured film-thickness dependent resistivity of
CoAl film to estimate ygp and dgp, which were estimated to be 1.40 x
1077 (1.51 x 1077) pQ-cm2 and 48 (52) nm, respectively, for the CoAl
thin film deposited at Ts = 500 °C with the (100) ((110)) surface. p(t) of
Eq. (3) with these fitted values is shown in Fig. 7(b) with the dashed
lines, reflecting our theoretical simple consideration of grain size and
grain boundary scattering effects. For the thin film deposited and
annealed at Ts = 500 °C and Tx = 500 °C, those fitted values are 1.63 x
1077 (1.68 x 1077) oncm2 and 102 (104) nm, respectively, although
there are only two available experimental data. The fitted interfacial
values are quite reasonable compared to other cases and the fitted grain
size values agree quite well with our experimentally measured values
shown in Fig. 2. Note that for single-crystalline thin films, the thickness-
dependent resistivity of a film with one specific surface is quite different
from that with another specific surface as shown in Fig. 7(b) with solid
lines. Such difference becomes less dominant if we consider the effects of
grain size and grain boundary scattering, which becomes even more
dominant in film resistivity [65].

In this study, we examined the material aspects of CoAl and its
electrical properties for interconnect applications. Careful process
optimization helped us obtain CoAl films with a resistivity in a range
comparable with that of other aluminides. Nevertheless, the data found
in our study is somewhat higher than the range of resistivity values re-
ported in other studies on other binary aluminides such as NiAl (about
30 pQecm for 20 nm and 60 pQecm for 10 nm) [20]. Compared with that
of a TaN/Cu/TaN film structure (about 9 pQecm for 20 nm and 87
pQecm for 7 nm), a structure close to the current interconnect tech-
nology, the resistivity of CoAl seems somewhat higher [66]. However, it
should be noted that the extended trend line of the resistivity in Fig. 7
(b), projected by our DFT calculation, indicates that the resistivity in-
creases more slowly than that of Cu, suggesting a possible cross-over for
a film thickness below 5 nm.

It should be also noted that there is plenty of room for further
improvement of the resistivity for CoAl. This may require an additional
process optimization (such as controlling sputtering and post-annealing
conditions) to tailor the microstructure, and/or reduce the defect
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density and film stress. For example, we introduced an additional post-
annealing step (500 °C), which led to a significant reduction in re-
sistivity [~20%, data denoted with the red dots in Fig. 7(b)]. Thus, the
results of this study provide data sufficient to confirm the potential of
CoAl as a promising candidate for a future interconnect material and
warrant further extensive development of the material.

4. Conclusions

In this paper, we reported the results of a thorough materials study
on co-sputtered CoAl thin films for interconnect applications. We
deposited CoAl films of various compositions by modulating the sput-
tering power. We also employed various deposition conditions (sub-
strate temperatures and deposition times). Materials characterization
using such techniques as scanning electron microscopy, X-ray diffrac-
tion, and transmission electron microscopy helped us disclose the
morphology and microstructure of the films. The measurement of the
film resistivity unraveled that the resistivity dropped sharply as the
composition approached the stoichiometry, around 30 pQecm for the
stoichiometric film. It also revealed a strong size dependence: the re-
sistivity increases rapidly with the thickness decreasing (from 38 pQecm
for 43 nm to 72 pQecm for 13 nm) mainly due to grain boundary scat-
tering, as suggested by our calculations. Comparison with the results of
our first principle calculation highlighted that the trend of the resistivity
increase appeared quite similar. The results of this study shed some light
on the possibility of the material as a future interconnect material
through further process optimization.
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