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ABSTRACT The downscaling of metal lines in CMOS devices to subnanometer sizes leads to an increase
in their resistivity. Thus, the lower electron mean free paths of Ru, Rh, and Ir make them promising
materials to replace Cu in conventional interconnected structures with sub-ten-nanometer dimensions.
In this study, we investigate their scaling effects on the resistivities of metal lines with thicknesses of
4-32 nm. The resistivities of Ru, Rh, and Ir as-deposited films prepared via sputtering are lower than
that of a Cu film with a sub-ten-nanometer thickness. Despite their similar electron mean free paths,
the difference in their bulk resistivities lead to Ir and Rh having lower resistivities than Ru, even after
annealing at 400 °C. Their resistivities before and after annealing were fitted with equations based on
the Fuch—Sondheimer and Mayadas—Shatzkes models, which assess the contributions of surface and grain
boundary scatterings, respectively. We determined that grain boundary scatterings have a significant effect
on the resistivities of Ru, Ir, and Rh, whereas surface scatterings have a minimal effect. In addition, in the
case of Ru, the effect of the surface roughness on the resistivity was also investigated by measuring the
resistivity of Ru films deposited by atomic layer deposition. A high surface RMS roughness of 1-2 nm
causes a significant increase in the resistivity at thicknesses below 10 nm that cannot be explained by
the aforementioned models. These results present multiple points for consideration when applying short
mean free path metals to finite size interconnects.

INDEX TERMS Back-end-of-line, interconnect, Ir, Rh, Ru.

I. INTRODUCTION

Semiconductor processes have advanced to make chips faster
and more inexpensive by reducing the pitch size of integrated
circuits. As a result, the dimensions of interconnect metals in
back-end-of-line (BEOL) have decreased. Cu has been used
as a standard main metal in interconnect structures. However,
two major problems have emerged because of the decreas-
ing dimensions of Cu interconnects. The reliability, which
is related to the electro-migration or formation of stress,
induced voids at increased operating current densities and
temperatures [1], [2]. As such failures occur by thermally
activated atomic diffusion, replacing Cu with metals with a
higher melting point can be advantageous. Another problem
is the increase in the resistance-capacitance (RC) delay with

increasing Cu resistivity, which limits the performance of
the integrated circuit [3], [4]. The bulk resistivity (pg) of
Cu, which is mainly dominated by phonon scattering, is rel-
atively low, 1.6 ©2-cm. However, its resistivity significantly
increases as the dimension of the Cu line decreases to several
tens of nanometers [5]. This increase in resistivity is related
to electron scatterings at surfaces and grain boundaries [6].

The most common classical models, which describe both
electron scattering modes in metals, were proposed by Fuch—
Sondheimer (FS) and Mayadas—Shatzkes (MS) [7], [8], [9],
[10]. When the thickness and grain size of any metal is less
than an electron mean free path (1), the electrons experience
scattering at its surface and grain boundaries before travel-
ing A, which increases its resistivity, respectively. Hence, in
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the case of Cu, where the A is 40 nm, additional scatter-
ings occur in small dimensions less than 40 nm. Moreover,
diffusion barriers, such as TaN and TiN, should be used to
ensure the reliability of Cu-based interconnects [11], [12].
However, their higher resistivities compared to Cu reduce
the effective dimension of Cu in interconnect structures.
These factors increase the resistivity of Cu, rendering Cu
difficult to adapt in interconnect structures downscaled to
a sub-ten-nanometer scale. As the A, pp, and melting point
are intrinsic characteristics of a material, alternative met-
als are needed to overcome these limitations of Cu and
address the long-term downscaling problems of conventional
interconnect structures.

Both the FS and MS models are expressed as a function
of X and pg. They imply that a metal with a short A and low
po can maintain a low resistivity in small dimensions. Thus,
(po X 2! is a useful starting point that can be considered
as a figure of merit (FoM) when searching for promising
candidates for future interconnects [6], [13].

Among them, Co and Ru, which are used as liners in
Cu interconnects, have attracted attention as next fill metals
in interconnect structures with thinner liners or diffusion
barriers compared to those of Cu [14], [15], [16], [17], [18].
In particular, platinum-group metals, including Ru, are more
advantageous than Co in terms of their resistivity because of
their higher FoMs. Dutta et al. compared the resistivities of
Ru, Pd, Ir, and Pt layers in the thickness range 3-32 nm [13].
They showed that Ru and Ir had lower resistivities than Pt
and Pd with higher FoM values. In addition to Ru and Ir,
Rh also has a high FoM, which is similar to that of Ir.
Ru, Ir, and Rh are promising metals that could potentially
replace conventional Cu in downscaled BEOL structures.
Whereas the deposition of Ir thin films and have recently
been reported [19], [20], [21], experimental studies of Rh
have been barely conducted.

In addition, considering the practical BEOL process,
atomic layer deposition (ALD) of such materials is an
effective technique that shows outstanding conformality and
thickness controllability. Ru has been developed with various
precursors through ALD [22], [23], [24], [25]. However, the
surface might be roughened at the initial deposition stage
depending on ALD conditions such as precursors and sub-
strates. Therefore, the high surface roughness of Ru by ALD
is an issue that limits its dimension as it can affect the surface
scattering of electrons. Thus, such effects on the resistivity
should also be considered.

In this study, we systematically investigated the scaling
effects of Ru, Rh, and Ir in terms of their resistivities with
annealing as future interconnect metals. Ru, Rh and Ir films
were deposited in the thickness range of 4-32 nm by sput-
tering and their resistivities were compared before and after
annealing. Grain size effects were also studied by replot-
ting the resistivity as a function of the measured grain sizes.
Through this, the annealing effects on the resistivities of Ru,
Rh, and Ir were confirmed, and we modeled their resistivities
by applying FS and MS approaches. From these models, we

400

systematically clarified the major scattering mechanism of
each metal in scaled dimensions under the same annealing
condition [13], [42]. Finally, we investigated the effect of the
surface roughness on the resistivity by analyzing Ru films
deposited by ALD at the early stage.

Il. EXPERIMENTAL DETAILS

A. METAL FILM DEPOSITION BY DC MAGNETRON
SPUTTERING

All Ru, Rh, and Ir films were deposited on 100 nm-thick
SiOz on Si(001) templates (3 cm x 3 cm in size) at room
temperature using a home-made DC magnetron sputtering
machine. After loading samples into the chamber, it was
pumped down to 3x10~% Torr. Subsequently, Ar flowed
at 8 sccm until the chamber pressure reached 1 mTorr.
The depositions of the metal films were conducted at a
DC power of 50 W. During the deposition process, the
target-to-substrate distance was maintained at 40 cm and
the deposition rates of Rh, Ir, and Ru were 0.3, 0.2, and
0.2 nm/s, respectively. The thicknesses of the metals were
varied in the range 4-32 nm by varying the deposition time.
The metal films were annealed at 400 °C in a furnace cham-
ber. Annealing was performed in an Ar ambient for 30 min
and the working pressure was maintained at 20 mTorr.

B. ATOMIC LAYER DEPOSITION OF RU FILMS

Ru films were deposited on 100 nm-thick SiO, on Si tem-
plates at 220 °C in a traveling wave-type ALD apparatus
using [(n6-1-isopropyl-4-methylbenzene)(n-4cyclohexa-1,3-
diene)ruthenium, DNF Co.] as a precursor for Ru. The
precursor was bubbled at 70 °C and carried to the pro-
cess chamber by 200 sccm of Ar (99.999%). To prevent the
condensation of the precursor, the delivering precursor line
was maintained at 70 °C. Diluted O, was used as a reac-
tant. Each ALD cycle consisted of a Ru precursor pulsing
for 10 s, Ar purging for 5 s, diluted O, pulsing for 2 s, and
Ar purging for 5 s. The flow rate of purging was 200 sccm.

C. FILM CHARACTERIZATION

To calculate the resistivities of the films, the sheet resis-
tances and film thicknesses were measured by four-point
probe systems (QuadPro, Signatone) and X-ray reflectivity
(XRR, X’pert Pro, PANalytical) using the Cu K« 1 radiation,
respectively. The micro-structure and grain size of the metal
films were analyzed by high resolution transmittance electron
microscopy (TEM, JEM-3000F, JEOL) and X-ray diffrac-
tometry (D8-advanced, Bruker) using Cu Ka1 radiation. The
TEM samples were prepared by depositing both metals on
TEM grids that contained 15 nm-thick Si3N4 membranes.
Even though we changed template from SiO, to Si3Ny, the
average grain sizes of metals were barely changed. Atomic
force microscopy images of the metal surface roughness were
obtained using an NX-10 system (Park Systems).
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Iil. RESISTIVITY MODELING

The classical resistivity models of MS (grain boundary scat-
tering) and FS (surface scattering) were applied to interpret
the experimental results. The models describe an increase in
the resistivity with a decrease in characteristic length scales
(grain size g and thickness d) owing to increased scatter-
ing at the surface and grain boundary by scaling [7], [8],
[9], [10]. The resistivity of metals depending on size can be
expressed by applying Matthiessen’s rule as shown in (1).

ry
Protal = Po + Apms + APFS<1 + —) (D
NRK

In (1), the increased resistivity by the grain boundary
scattering (Appys) in the MS model is given by (2):

Appms = pMS — Po

po[1 1 y 3 1\
=3 |:3 2a+a o ln(l—i—a)] o (2)
where o is (A/g)R/(1-R) and R is the probability of reflec-
tion at the grain boundary, which is allowed to take values
between 0 and 1. R = 0 corresponds to an electron being
fully transmitted through the grain boundary without any
loss of momentum in the direction of the electric field. Thus,
grain boundary scattering contributes to the resistivity. R =
1 refers to an electron being fully reflected from the grain
boundary, leading to an infinite resistivity.

Conversely, according to the FS model [8], as shown in (3),
the resistivity changes by surface scattering (Apfs).

ApPES = PFs — Po
o0 —kt -1

—ofi-za-w [T (5-5)mama] -0 ®

In (3), k is d/A and t = 1/cosf, where 6 is the scattering
angle of the electrons. For a forward moving electron, 6
varies between 0° and 90°. Thus, the lower and upper limits
of t are 1 and oo, respectively. p is the specular scattering
coefficient, which is the probability that an electron will be
specularly reflected upon scattering from a film surface and
takes on values in the range 0—1. p = 1 corresponds to spec-
ular scattering, where the electron conserves the momentum
in the direction of its motion after scattering. p = 0 is a
condition for diffusive scattering, where the electron loses
its momentum in the direction of motion after being scat-
tered. Several studies indicated that the variation of p is
originated from the created local potential at the surface by

adsorption of the atomic or molecular species [26], [27],
[28], [29], [30].

IV. RESULTS AND DISCUSSIONS

The resistivities of Ru, Rh, and Ir films with various thick-
nesses deposited by sputtering were measured to investigate
the effect of the A on the resistivity. Fig. 1 shows the thick-
ness dependences of the resistivities of as-deposited Ru, Rh,
and Ir with A values of 6.6, 6.9, and 7.1 nm, respectively.
For comparison, we inserted previously reported data of
Cu, which has a relatively longer A of 40 nm compared
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FIGURE 1. Plot of resistivities of as-deposited Ru, Rh, and Ir depending on
their thicknesses. Previously reported Cu results are plotted together for
comparison [31], [32], [33], [34], [35], [36], [37].

to those of Ru, Rh, and Ir. All reference Cu films were
prepared by physical vapor deposition (i.e., sputtering, evap-
oration, and ion beam deposition) [31], [32], [33], [34], [35],
[36], [37]. Among the four metals, Cu has the lowest resis-
tivity of approximately 3.2 puQ-cm at 30 nm. However, it
increases considerably by 70 times (230 p€2-cm) when the
thickness decreases to 4 nm. This increase is ascribed to
the combination of the increased surface and grain bound-
ary scatterings at thicknesses less than the A. In the same
thickness range of 4-32 nm, resistivity changes of Ru, Rh,
and Ir show much weaker thickness dependences compared
to Cu. The resistivities of Ru, Rh, and Ir increase from
26.9, 18.8, and 31.4 uQ2-cm to 56.2, 31.9, and 44.8 u2-cm,
respectively, when their thickness is decreased from 32 to
4 nm. In three metals thinner than 10 nm, the resistivity
of Rh remains lower than that of Ru and Ir, which might
be due to its low pg of 4.7 u2-cm (7.8 u2-cm for Ru
and 5.2 u-cm for Ir) and crossover with that of Cu at a
thickness of 9.6 nm (8.9 nm for Ir and 8.6 nm for Ru). In
terms of resistivity, this result clearly shows the advantages
of metals with short A values in the sub-nanometer scale
and Rh seems to be the most advantageous of the three
metals.

To determine the origin of the resistivities of all three
metals, we considered both scattering modes, namely surface
and grain boundary scattering. While the resistivity owing
to the surface scattering is only related to the film thick-
ness according to (3) from the FS model, (2) from the
MS model explains that the grain boundary scattering is
dependent on the grain size. Thus, we analyzed the crys-
tal structures and grain sizes of each metal using plan-view
TEM. To study the grain size effects on the resistivity fur-
ther, we annealed three metals at the thickness range of
4-32 nm at 400 °C for 30 min. Fig. 2(a) includes bright
field (BF) TEM images of as-deposited and annealed Ru, Rh
and Ir films with 8 nm-thicknesses. The TEM images clearly
show that poly-crystalline metal films were deposited. After
annealing at 400 °C, the grains of Ru and Rh are enlarged
but Ir appears unchanged. From the BF-TEM images, we
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FIGURE 2. (a) Plan-view transmittance electron microscopy images of
as-deposited and annealed Ru, Rh, and Ir films with thicknesses of 8 nm.
(b) Grain size distributions of Rh, Ru, and Ir for both as-deposited and
annealed films as a function of the film thicknesses.
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FIGURE 3. Changes of (a) thicknesses and (b) RMS roughnesses of Ru, Rh,
and Ir films after annealing at 400 °C.

measured the grain sizes of as-deposited and annealed metal
films and plotted them as a function of the thickness, as
shown in Fig. 2(b). The grain sizes of as-deposited Ru, Rh,
and Ir increased to 9.1, 8.9, and 7.5 nm, respectively, as
their thicknesses increased up to 15 nm and became satu-
rated when the thicknesses were increased further. For Ru
and Rh, grains are almost doubled at the same thickness
by annealing at 400 °C. Their variations are also increased
because of abnormal grain growth, as shown in Fig. 2(a).
However, the grain size of Ir increased 20-30% even after
inducing heat budgeting similar to Ru and Rh. These differ-
ence between Ir and the other two metals might be due to
the high diffusion energy of Ir [38].

402

Ru (as-dep.)
Ru (annealed
Rh (as-dep.)
Rh (annealed)|
Ir (as-dep.)
Ir (annealed)

(a) 60 -
=50

F Y
o
90 gpo*%eo

N
o

Resistivity (uQ-cm
= 8

o
L

0 5 10 15 20 25 30 35

Thickness (nm)
60

(b

—
L}

O Ru (as-dep.)
o @® Ru (annealed)
g SOf ~ % Rh (as-dep.)
Q@ é 8 * Rh (annealed)
% 40 N O Ir (as-dep.)
= (ERENPN Em Ir (annealed)
> *, O
= 30 * s
2 \\x%\\ 8
S 20} e .
] . s
Q - . N
X 1ot — —
. S
o 1 1 1 1
0 5 10 15 20 25

Grain size (nm)

FIGURE 4. (a) Thickness dependence of the thin film resistivity of both
as-deposited and annealed metals. (b) Grain size dependence of the thin
film resistivity of both as-deposited and annealed metals.

Unlike their grain sizes, the surface roughnesses and thick-
nesses of the three metal films did not change significantly
during annealing as shown in Fig. 3.

Fig. 4(a) shows the resistivities of as-deposited and
annealed Ru, Rh, and Ir depending on their thicknesses. The
resistivities of the three metals are lowered after anneal-
ing. Therefore, we conclude that this resistivity lowering is
mainly due to the reduction in the electron scattering at
the grain boundaries by the enlarged grains when exclud-
ing other factors such as surface roughness and thickness
changes by annealing. For further investigation of the grain
size effects on the resistivities, we replotted the resistivi-
ties of Ru, Rh, and Ru as a function of their grain sizes,
as shown in Fig. 4(b). When the as-deposited metals have
similar grain sizes, their resistivities are in the order of
Ru, Ir, and Rh, following the order of their bulk resistivi-
ties. Furthermore, it is clearly shown that the resistivities
have a strong dependence on the grain size. This trend
is maintained after annealing. In addition, it is confirmed
that Ir films thicker than 7 nm shows higher resistivities
than those of Ru due to the relatively small change in
grain size by annealing. However, even at the same grain
size, annealed metals have lower resistivities than those
of as-deposited ones. During recrystallization by anneal-
ing, the average misorientation angle between grains is
reduced owing to the preferred movement of large-angle
grain boundaries that reduce the reflection probability at the
grain boundaries [39]. In the case of Cu, the resistance of
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FIGURE 5. Determination coefficient (R2) of fits to the experimental data,
where R and p are fitting parameters for as-deposited and annealed
(a) Ru, (b) Rh, and (c) Ir.

the boundaries between randomly oriented grains is reported
to be much larger than that of coincidence grain bound-
aries [40], [41], [42]. We believe that similar phenomena
occurred for Ru, Rh, and Ir. From the aforementioned
results, we note that the resistivities of Ru, Rh, and Ir
are further reduced by decreasing the reflection probabil-
ity at the grain boundaries and increasing the grain size by
annealing.

In addition to grain boundary scattering, the surface scat-
tering also affects the resistivity of a metal. To investigate
the effects of surface electron scatterings on the resistiv-
ities of Ru, Rh, and Ir, we fitted them based on the FS
and MS models using (1), (2), and (3). Fig. 5 shows the
mapping images of the determination coefficient (R%) of
different fits, which indicate the sum of square roots of
errors between the measured and calculated results as a func-
tion of the fitting parameters p and R for the as-deposited
and annealed metals. If the calculated values are perfectly
matched with the measured ones, then R = 1, while the
increased error decreases the R2. As shown in Fig. 5(a),
the R of as-deposited and annealed Ru are well defined in
a specific range. As mentioned earlier, a reduction of the
average misorientation of adjacent grains during the recrys-
tallization process clearly reduces the reflection probability
of R from 0.74 to 0.5. In addition, the best fitting range of
R (width along the y-axis) becomes six times wider after
annealing, which indicates that the resistivity of a metal
with large grains is insensitive to the change in the grain
boundary properties, such as R. Conversely, because of the
small contribution of surface scatterings, the maximum of the
R? formed continuous lines for p = 0-1. As-deposited and
annealed Rh films exhibit a similar trend as Ru, as shown
in Fig. 5(b). However, Ir has a slightly different trend, as
shown in Fig. 5(c). As the grain size of Ir does not signif-
icantly increase after annealing, the best fitting range width
of R is maintained at a similar level but the R value is
significantly decreased from 0.77 to 0.6. This indicates that
the misorientation between grain boundaries decreases after
annealing. The maximum of R? also formed continuous lines
for p = 0-1. From the above mappings that all three met-
als form a continuous line along the p from 0 to 1, we
determined that the resistivity of Ru, Rh, and Ir is mainly
influenced by grain boundary scatterings rather than surface
scatterings. Indeed, Ezzat et al. investigated the resistivity
change of a single crystal Ru by modifying the surface
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FIGURE 6. (a) Resistivity of atomic layer deposited (ALD) Ru as a function
of thickness. The calculated resistivity lines are plotted together for
comparison. (b) Surface RMS roughness of ALD, as-deposited, and
annealed sputter Ru.

properties [43]. They reported that the resistivity variation
was less than 0.5 pQ-cm, which is only 5% of the total
resistivity at a thickness of 20 nm, even if p was nearly
fully changed from O to 1. In our case, specifically defining
p is difficult because additional grain boundary scatterings
should be considered for polycrystalline Ru. It seems that the
resistivity of metals with a short A, such as platinum-group
metals, are insensitive to surface scatterings. Therefore, in
order to further reduce the resistivity of metals with short
A values, such as Ru, Rh, and Ir, reducing grain boundary
scatterings by increasing the grain size or improving the
grain boundary is more effective than reducing the surface
scattering.

As mentioned in the introduction, the deposition method
is crucial for future metals like Ru, Rh and Ir to be adjusted
to practical BEOL processes. ALD is a powerful tool to
fill metal into shallow trenches conformally instead of using
PVD, such as a sputtering or e-beam evaporator. Unlike Rh
and Ir, ALD Ru has been developed with various precur-
sors [44], [45], [46], [47]. Thus, we studied the resistivities
of ALD-deposited metals based on Ru.

The resistivities of ALD Ru films are shown in Fig. 6(a)
along with the calculated resistivity lines (red) of sputter
Ru films based on the experimental results. The resistiv-
ity of ALD Ru lies between the as-deposited and annealed
sputter Ru films at thicknesses of 10 nm or more. This
is mainly due to the grain sizes of ALD Ru films at
220 °C, which are in between the sizes of the as-deposited
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and annealed sputter films (not shown here). However, the
resistivity of a ALD Ru film is rapidly increased in thick-
ness regions thinner than 10 nm, which crossover with that
of as-deposited sputter Ru at 8 nm. In order to investigate
the origin of the resistivity of ALD Ru at the initial depo-
sition stage, we analyzed the surface of Ru films. Fig. 6(b)
shows the RMS roughness of Ru films deposited by both
ALD and sputtering that depend on the thickness. As shown
in Fig. 6(b), the sputter Ru films exhibit a similar RMS
roughness of 0.3-0.5 nm regardless of the thickness and
annealing so we do not need to consider the roughness
effects on the resistivity. Conversely, ALD Ru films had
rougher surfaces with a higher RMS roughness of 1.8 nm
at the initial deposition stage (thickness of approximately
5 nm). As the thickness increases to 10 nm, the surfaces
are rapidly smoothened with the decreased RMS rough-
ness of 1 nm. We can observe that the smooth surfaces
are maintained beyond the thickness of 10 nm. This phe-
nomenon is due to the ALD process, including nucleation,
lateral growth, and coalescence. From the results in which the
roughness trend of ALD Ru is similar to its resistivity trend,
we believe that the surface roughness is another factor to
be considered in addition to electron scatterings at the grain
boundaries and surfaces. To confirm the degree of resistivity
increase because of the roughness, it was compared with
the calculation result using (1), where the roughness effect
is not considered. Despite the high surface RMS rough-
ness of 1 nm, the calculated lines in the thick region are
comparable and have an R value of 0.68. However, the differ-
ence between the experimental and calculation results rapidly
increased when the thickness was decreased to below 10 nm,
showing a large difference of 30 ©$2-cm even if the surface
is fully diffusive at a thickness of 6 nm. This proves that
the increase in resistivity due to the rough surface effect
should be considered in thin regions, i.e., less than 10 nm.
According to the electron trajectories by the Monte Carlo
model provided by Kuan et al., the random nature of the
surface roughness reflects electrons irrespective of the direc-
tion of the electron field, causing a rapid increase in the
resistivity [35].

V. CONCLUSION

We investigated the scaling effects of Ru, Rh, and Ir on
their resistivities at thicknesses in the range 4-32 nm. Their
resistivities were lower than that of Cu at thicknesses below
10 nm. Despite their similar electron mean free paths, their
resistivities decreased in the order of Ru, Ir and Rh, follow-
ing the order of their bulk resistivities at thicknesses below
10 nm. Although the bulk resistivity of Ir is lower than that
of Ru, their resistivities became similar at thicknesses above
10 nm. TEM analyses confirmed that the high resistivity of Ir
is due to its small grain size. This tendency was maintained
after annealing at 400 °C. From the resistivity modeling done
using the FS and MS models, we determined that while the
effects of their surface scatterings are limited, grain bound-
ary scatterings significantly influence the resistivities of Ru,
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Rh, and Ir. In addition, through the resistivity of ALD Ru,
the effect of the surface roughness on the resistivity was also
investigated. The high RMS surface roughness of approxi-
mately 2 nm at a thickness of 6 nm caused a considerable
increase in the resistivity to 62 w<2-cm, which is far from the
calculated resistivity. These results present multiple points
for consideration when applying short mean free path metals
to finite size interconnects.
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