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Abstract— A method to calculate the temperature distribution on the Back-End-of-Line (BEOL) interconnect structure
and its impact on the electromigration (EM) in a design environment has been developed and implemented. The temperature is estimated based on the self-heating from transistors
using the volume fraction of vias and metallic layers. The temperature reduction on the local layer is evaluated increasing the
number of vias and enlarging the interconnect lines, both with
a direct influence on the BEOL thermal distribution. The results show that a significant additional temperature above 50
◦
C exists on the local layers due the power dissipated from
transistors. A relevant temperature reduction is obtained for
M1 layer, considering a higher volume fraction for lines and
for vias. The results show that the electromigration effects on
interconnects are more expressive in modern technology nodes,
demanding for improvements in the conductors.
Index Terms— BEOL temperature; thermal conductivity;
chip reliability.

I.

I NTRODUCTION

With the technology downscaling, thermal effects have a
greater impact on integrated circuits (IC’s) reliability. An increased temperature accelerates the failure mechanisms from
transistors, such as Negative Bias Temperature Instability
(NBTI) and Hot-Carrier Injection (HCI), and also accelerates
the electromigration (EM) induced flux in the interconnects
[1, 2]. Therefore, the circuit reliability reduces.
Under EM, the interconnect line resistance increases at a
faster rate at higher temperatures. Thus, an accurate analysis of the temperature distribution on the circuit and interconnect structure is essential to a better understanding of the
interconnect reliability. This can be accomplished, for example, by estimating the temperature of each layer of the BackEnd-Of-Line (BEOL) [1, 3]. The temperature estimation becomes more relevant for the new technologies, which have
a reduced distance between the metal layers and the transistors, so the BEOL is more affected by temperature changes
due to self-heating of the transistors. Such a temperature distribution is of great importance to the IC and layout designer,
and has to be considered for the performance evaluation at
circuit level.
Recent works [1, 4] evaluate the influence of materials of
the BEOL layers on the chip temperature based on the estimation of the thermal conductivities of each layer. The volume fraction of the metallic and via layers affect directly the
BEOL thermal conductivity. An increase in the number of
vias and metallic layers represents more paths for heat flow
and reduces the impact of the temperature, mainly in the regions next to the heat source [1].
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The continuous shrink of integrated circuits challenges
the semiconductor industry to meet the interconnect scaling
roadmap. First, the scaling of interconnect dimensions raises
the conductor resistance as well as the capacitance to adjacent lines, thus affecting the chip performance [5]. Also, the
Cu line resistivity is expected to increase significantly because of electron scattering at the interfaces and grain boundaries [6]. Second, in the traditional Cu dual-damascene technology [7], Cu requires a TaN/Ta diffusion barrier [8]. The
presence of the barrier reduces the Cu fill area since it is difficult to further scale the diffusion barrier at such small dimensions [9]. Third, scaled wires operate under high current
density, accelerating the effect of EM. Therefore, alternative
conductors are currently under investigation to replace Cu
and which can provide the performance demanded by advanced technology nodes [5].
According to the ITRS roadmap, the wire has the width,
spacing, pitch and thickness dimensions fabricated 0.7 times
smaller at each new technology node [10]. As the wires
shrinking exposes Cu and TaN/Ta limitations, potential replacements have been evaluated.
Ruthenium (Ru) and cobalt (Co) are candidate materials
to replace the Cu filling in interconnects and vias, in diffusion barriers and in liners for adhesion [8, 11]. In 2018, Intel
adopted Co to substitute Cu lines in local interconnects on
10 nm technology. Co lines support increased current densities without reliability degradation [12], resulting in a significant improvement for EM. Also, Co has been used in recent
studies as a replacement for tungsten (W) in the vias, which
yields a less resistive path [6]. In turn, Ru interconnects have
demonstrated robust reliability and potential for barrierless
integration [7]. Ru and Co are evaluated to replace the tantalum (Ta) in liner materials, because Ru and Co have good
adhesion to Cu and they are thermodynamically stable [8].
In this work, the temperature distribution on the BEOL
lines and its effect on the EM is investigated from a design
point of view. The study considers in particular the 45 nm
technology to evaluate the temperature increase and the resistance change of the interconnect lines of the several metallization layers. This technology has been considered because it is very mature, still widely used for IC design, and
for which the BEOL properties and EM reliability is well
characterized. The same methodology can be extrapolated
for more recent technologies. A discussion and comparison
with the technologies of 22 nm, 14 nm and 10 nm is presented in the last section of the work.
This work is organized as following: In section II the
model to calculate the temperature variation of each metallic
layer of the BEOL is presented. Section III describes the de-
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pendence of the electromigration on the temperature, while
in Section IV the methodology for evaluating the effect of
temperature on the increase of line resistance due to EM is
presented. In Section V the results of the temperature change
in the several metallization levels of the BEOL due to the
power dissipated by transistors and the impact on the lines’
resistance change is discussed.
II.

T EMPERATURE ON BEOL L AYERS

The transistors’ self-heating in the Front-End-Of-Line
(FEOL) results in a non-uniform temperature distribution in
the metallic layers of the BEOL. The temperature change in
each metallic layer is given by [1]
∆TP T

PT
=
ln
BEOL
2πkeff



z
2h0 − z


,

(1)

where PT is the power dissipated by transistors, z is the distance from heat source, h0 is the BEOL thickness and kBEOL
eff
is the effective thermal conductivity of the BEOL given by
[1]
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where M is the total number of interconnect layers, LnVIA and
LINT
n are the height of the vias and interconnects for a particINT
ular layer kVIA
eff and keff are the thermal conductivities of the
via and the metallic layers, respectively.
Eq. (1) represents a one-dimensional (1D) model which
considers the heat flow through the various parts of a chip,
including the silicon substrate, the FEOL, and the BEOL.
The model was validated by three-dimensional (3D) finite element (FEM) simulations and also through comparison with
experimental data [1]. The results show a reasonable estimation of the temperature in the metallic layers for regions
which are not very close to the heat sources. Eq. (1) has a
lower accuracy for the regions close to the heat sources [1],
where the 3D nature of the heat flow problem becomes more
evident. Here, 3D models are more accurate, but they are
too time-consuming and cannot be easily integrated in the
design flow, mainly for IC technologies below 45 nm with
structures that involves more than 10 layers.
It should be pointed out that, although Eq. (1) is essentially a 1D model, as previously mentioned, the effect of the
substrate, the FEOL, and the BEOL have been considered.
The heat flows mainly through the substrate, while a fraction
considerably smaller flow through the BEOL [13, 14].
The thermal conductivities of the via and the interconnects
layers depend on the fraction volume of vias (VVIA ) and lines
(VINT ), respectively, relative to the complete volume of the
specific layer. The kVIA
eff , given by (3), varies with the thermal
conductivity of the metal (km ) and insulating (ki ) materials
as [15]
VIA
keff

= km VVIA + ki (1 − VVIA ),

(3)
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which depends on the average aspect ratio ar of the wire,
i.e. the ratio between the length and the height of the wire
[1, 16].
Fig. 1 shows α and β as a function of the ar . Considering the Metal 1 layer from a 45 nm technology, a line with
a height of 130 nm and a length of 10 µm has an ar equal
to 76.9. This value gives an α and β of 0.99. Short lines,
with length smaller than 2.5 µm, exhibit ar inferior to 20.
Below this value, the α and β curves show a significant difference. In this work the dimensionless parameters α and β
are approximated to 1 for interconnect lines with dimensions
above 10 µm [1].
Fig. 2 shows the effective thermal conductivity variation
of the Metal 1 layer as a function of ar with the metal volume fraction (VINT ) as a parameter. As expected from the
previous curves, the kINT
eff is constant for ar values superior
to 20. For lower values of ar , the kINT
eff of the metal layers
increase, indicating that lines with short length give a gain
in the metal layer conductivity. For example, a thermal conductivity of 3.24 W/m.K is obtained for an ar of 20 and a
VINT of 40%. Reducing ar to 10, which corresponds to an
INT
interconnect with a length of 1.3 µm, keff
is increased to
3.26 W/m.K. The thermal conductivity of the Metal1 layer
increases as the fraction volume of the lines change from
20% to 40%. With a VINT of 20% and ar of 20, the kINT
eff is
2.08. The kINT
increases
to
3.24,
for
a
V
of
40%,
a
variINT
eff
ation of 55.7%. This demonstrates that the VINT has a more
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where for a typical copper dual-damascene technology km =
401 W/m.K and ki = 1.4 W/m.K. The thermal conductivity
of the interconnects is given by

1 + αVINT
,
1 − VINT

where β and α are related to the thermal conductivities of the
materials through [1]
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Fig. 1 Parameters β and α as a function of the average aspect ratio ar .
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significant influence on the thermal conductivity than the ar
parameter.
Fig. 3 shows the effective thermal conductivity variation
of the BEOL (kBEOL
) as a function of ar and VINT . A kBEOL
of
eff
eff
3.29 W/K.m is obtained for a VINT of 20% and lines with ar
higher than 76.9, which corresponds to lines with a length of
10 µm. The conductivity increases to 3.99 for VINT of 30%, a
change of 21.3%. As before, increasing the fraction volume
of the lines results in a larger thermal conductivity for the
BEOL.
Fig. 4 shows the temperature variation (∆TPT ) of the
Metal1, Metal2 and Metal3 layers as a function of kINT
eff for a
power dissipation of 500 W/m. As expected, being closer to
the transistors, the Metal1 layer has the highest temperature.
The temperature in the Metal1 layer increases 102 K for a
kINT
eff of 20% in all the metal layers. The temperature change
in Metal2 and Metal3 is 79 K and 69 K, respectively. Ob-
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Fig. 2: Effective thermal conductivity variation of the Metal 1 layer as a
function of the average aspect ratio (ar ) with h0 of 11720 nm and LINT
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serve that the kINT
eff can affect significantly the temperature of
the layers. For Metal1 layer with kINT
eff of 40% the temperature
is reduced in 34 K, a reduction of 33.3%. As the electromigration is more critical for lines under elevated temperatures
and current densities, the lines with reduced kINT
eff and near
the heat source are more susceptible to high temperatures
and, thus potentially critical regarding EM failures.
The importance of studying the temperature distribution
on the BEOL becomes more evident for the newer technologies, for which the metallic layers have smaller thicknesses.
For example, the 10 nm Intel technology has the Metal1
layer with 36 nm, 3.6 times smaller than the equivalent from
GPDK 45 nm. This indicates that new technologies have a
reduced distance between the metal layers and the transistors. Consequently, the BEOL is more affected by temperature changes due the self-heating from transistors.
III.

EM ANALYSIS

Fig. 5(a) shows a diagram representing the BEOL and
FEOL from a chip. The BEOL structure is composed by
three metallic layers (M1, M2 and M3) and two via layers
(Via12 and Via 23). A corresponding thermal circuit can
be obtained as depicted in Fig. 5(b), where an equivalent
thermal resistance (RTH ) for each line and via layer can be
estimated [1].
The electrical resistance change of a line under EM as a
function of time (t) is given by [18]
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Fig. 3: Effective thermal conductivity variation of the BEOL as a function
VIA
of the average aspect ratio (ar ) with LINT
n and Ln dimensions from a 45 nm
technology [17].

∆R(t)
Aρb (T )D(T )e |Z ∗ | j
=
t,
R0
Ab LkT

(8)

where A is the cross sectional area of the metal, ρb (T) is the
barrier resistivity, D(T) is the atomic diffusivity, e is the electrical charge, Z* is the effective valence, j is the current density, Ab is the barrier layer cross sectional area, L is the line
length, k is the Boltzmann constant, T is the estimated temperature.
An explicit temperature dependence in (8) comes from the
atomic diffusivity and the resistivity. The atomic diffusivity
is given by the typical Arrhenius form


EA
,
D(T ) = D0 exp −
kT

(9)

where EA is the activation energy for diffusion and D0 is an
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Fig. 5: (a) Diagram representing BEOL and FEOL from IC. (b) Thermal
resistance equivalence.
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PT
atomic diffusivity pre-factor. The temperature dependence
of the barrier resistivity is given by
ρb (T ) = ρ0 [1 + α(T − T0 )],

(10)

where ρ0 is the resistivity at the temperature T0 , and α is the
linear coefficient for the resistivity variation.
Fig. 6 shows that an inaccurate estimation of temperature,
represented by the relative temperature error (η ), may lead
to an incorrect EM resistance variation (∆R/R0 )ERROR .
This is quantified by the error in the EM resistance change in
Eq. (11) where (∆R/R0 )R represents the “real” resistance
change, i.e. the resistance change for the correct temperature
(TR ), and (∆R/R0 )E is the resistance variation with the estimated temperature (TE ).
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In Fig. 6 the “real” resistance variation is calculated assuming 2 years of operation at a temperature of 350 K and
current density corresponding to 2 mA/µm. It should be
noted that, due to the strong temperature dependence of (8),
an overestimation of the temperature leads to an error which
is larger than that for an underestimation of the temperature.
For example, while an error of -7 K in the TE equivalent to
an η of -2%, results in an error of 40% in the resistance variation, an error in the temperature estimation of +7 K or η of
2% results in a resistance error of 65%.
IV.

EVALUATION OF THE EM EFFECT IN IC
PERFORMANCE

The methodology for evaluating the effect of temperature
on the increase of the line resistance due to EM is shown in
Fig. 7. From the layout the geometrical parameters (height,
length and width) of the vias and lines are extracted. These
parameters are used in the calculation of kBEOL
given in (2),
eff
yielding the ∆TPT as calculated from (1), for a given power
PT . In turn, ∆R/R0 of each line is calculated as a function of the estimated temperature and the simulated current
density. This methodology can be used to simulate the performance of an integrated circuit under the effect of EM,
considering the temperature distribution of each layer of the
BEOL [19].

(km,ki,H,L,W, rρ , rρB )LINE

(N , H , L ,W )VIA

ΔT

ΔR / R0

Fig. 7: Flow to evaluate EM effect on the performance from IC with temperature estimation based on the layout.

The resistivities of the lines (ρ) and barriers (ρb ) and the
thermal conductivities of the metal (km ) and insulating (ki )
materials are obtained from the foundry’s PDK (Process Design Kit). For technologies with different materials and
structures, (3) and (4) can be adjusted to incorporate the particularities.
V.

RESULTS

We apply the above methodology to evaluate an interconnect structure formed by ten metallization layers of a 45 nm
technology [17]. Three analyses are performed: 1) the temperature of the local layers is evaluated considering a different number of vias and metal layers in one layer; 2) the
temperature of the BEOL is evaluated considering the thermal conductivity of the metallic and the via layers; 3) the
impact of the temperature on the resistance of the lines due
to EM considering the ∆R/R0 are calculated, taking into account the temperature distribution previously obtained. The
lines have the same length of 10 µm and operate with the
maximum current density allowed by the technology, which
corresponds to a current of 2 mA/µm [17].
A. Temperature change of the local layers with volume
fraction variation on a single layer
Fig. 8 (a) shows part of the structure used to evaluate
the temperature change in the local layers as a function of
the via and metal layers volume fraction. It is composed by
three metallization levels, M1, M2 and M3 and two via layers, Via12 and Via23. The ∆TPT is evaluated for different
values of the volume fraction of M2 (VINT M2) and Via23
(VVIA 23), represented in Fig. 8 (b) and Fig. 8 (c), respectively.
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M3

M3

Via23
M2
Via12
M1

Via23
M2
Via12
M1

VVIA12=
2%
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Fig. 8: (a) Structure used to evaluate the temperature change in local layers
with: (b) VINT M2 and (c) VVIA 23.
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Fig. 10: ∆TP T in local layers for different fractions of VVIA 23 for PT =
500 W/m.

Fig. 9 shows the ∆TPT for the local layers for different values of VINT M2. For a VINT M2 of 50%, superior to
a typical VINT value from 28% to 40% [1], the temperature
increase in M1 and M2 is 102.5 K and 81 K, respectively.
For a VINT M2 of 10% the ∆TPT in M1 increases to 104.2
K, a change of 1.7 K. For M2 the ∆TPT increases to 82.5
K. Observe that the difference in ∆TPT is not so expressive,
below to 2%, as the alteration occurs only in the M2 layer,
while the other 9 layers from the BEOL have a VINT of 30%
and a VVIA of 2%.
Fig. 10 shows the ∆TPT for the local layers as a function
of the VVIA 23 with VINT of 30%. For a VVIA 23 of 4% the
temperature increase in M1 and M2 is 103.2 K and 81.65 K,
respectively. For a VVIA 23 of 1%, the ∆TP T in M1 is 103.7
K. The ∆TPT in M2 is 82.1 K. Increasing the number of vias
in all the layers, not only in VVIA 23 layer, results in a higher
kBEOL
and a more significant ∆TPT reduction is expected,
eff
mainly in the layers near the heat source. Note that the M1
layer has the highest ∆TPT , a significant difference of 20 K
and 30 K higher than the M2 and M3 layers, respectively.
B.

Effective thermal conductivity of the BEOL

Fig. 11 shows the effective thermal conductivity of the
vias layers (kVIA
eff ) as a function of their volume fraction (VVIA )
with VINT of 30%. A typical VVIA value from 1% to 6% is
considered [1]. The kVIA
eff increases with a larger VVIA , obtained with the addition of more vias in the BEOL. For example, a thermal conductivity of 7.4 W/m.K is obtained for
a VVIA of 1.5%. Increasing VVIA to 2.5%, which corresponds
to an increase of 66% in the number of vias, kVIA
eff is increased
to 11.4 W/m.K, a value 54% higher. This proves the importance of the number of vias in the kVIA
eff and, consequently, in
the temperature distribution. In this case, all the layers have

30
25

KVIA
(W/mK)
eff

VINTM2= 10%

100

the same conductivity value, as their shape is similar, with
the same volume fraction of metallic and isolating materials.
Fig. 12 shows the effective thermal conductivity of the interconnect layers (kINT
eff ) as a function of the volume fraction
(VINT ). kINT
increases
for a larger VINT , which is obtained
eff
by enlarging the lines of the BEOL. The evaluated technology has lines with four different thicknesses, resulting in four
kINT
eff variations. The global layers, M9 and M10, with dimenINT
sions of 10 µm have the largest height, 2000 nm. The keff
of
these layers change slightly more than the others (increased
slope). For a VINT variation from 26% to 36%, the thermal
conductivity from M9 increases from 1.93 to 2.25 W/m.K,
a change of 16.5%. The kINT
eff for the global layers with dimensions of 100 µm have a lower change, as the aspect ratio
increase 10 times. For a VINT variation from 26% to 36% the
thermal conductivity of M9 increases 15.6%. Note that the
local layers, M1, M2 and M3 have the smallest thicknesses,
140 nm, and also suffer a significant variation. Comparing
with the via layers, the interconnect layer also has a significant influence on the thermal distribution.
Fig. 13 shows the effective thermal conductivity of the
BEOL (kBEOL
) varying with the volume fraction of the lines
eff
(VINT ) and vias (VVIA ). It should be noted that the impact of
the vias number on the BEOL thermal conductivity is more
significant when VVIA changed from 1% to 2% than the doubling from 2% to 4%. Considering a VINT of 26%, in the
first case kBEOL
increases from 2.61 to 2.85 W/m.K, an ineff
crease of 9.2%. In the second case, it varies from 3.03 to 3.1
W/m.K, a lower change of 2.3%. This analysis indicates that
an excessive number of vias does not necessarily result in a
significant gain for the thermal conductivity of the BEOL.
On the other hand, the impact of VINT becomes higher for the
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Fig. 11: Effective thermal conductivity variation of the via layers as a function of the via volume fraction.
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Fig. 14: Temperature variation in the BEOL layers for 45 nm technology
due transistors self-heating for a dissipated power of 500 W/m.
50
M1

C. Temperature change of the local layers with volume
fraction variation on all layers
Differently from Section V.A, where the via and metallic layer volume fraction change is considered for only one
layer, in this section the volume fraction variation in all layers of the BEOL is analyzed. As a consequence, the temperatures in metallic layers vary more significantly.
Fig. 14 shows the temperature variation of each of the 10
layers in the 45 nm technology calculated by (1). A kBEOL
eff
simulated before with VVIA equal to 1% and 6% and VINT of
20% and 40% is considered here. The modes A, B, C and
D have VINT equal to 40%, 40%, 20%, 20% and VVIA equal
to 6%, 1%, 6%, 1%, respectively. The conditions for mode
A yield the lower temperatures in the BEOL, mainly in the
local interconnects (M1, M2 and M3). Mode D represents
the worst case, resulting in the highest temperatures. Note
that the temperature at the top of BEOL, whose height is
11.89 µm, has a small variation. On the other hand, the layers close to the FEOL undergo very significant temperature
variations. Interestingly, even for a higher layer such as M9,
the temperature change of 28.5 K, or 28.5 o C, for mode D is
a significant value.
Fig. 15 illustrates two cases of temperature differences
due the power dissipated by transistors (DIF F (∆TP T )): 1)
between the modes D and C; 2) between the modes D and A.
Observe that in the first case, the temperature in the local and
intermediate lines reduce significantly. M4 for example, has
a temperature reduction of 10.2 K. Considering the second
case, an extra reduction is obtained with a larger volume of
metal (40%), the M4 temperature decreases by 29.4 K. The
presence of additional vias and enlarged lines allows a better
temperature distribution, and the layers nearest the transistors are the most benefited.
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Fig. 15: Temperature variation difference in the BEOL layers for two cases
of volume via and interconnect variation for PT = 500 W/m.

D. Impact of the temperature change on the resistance
of the lines due to EM
Fig. 16 shows the (∆R/R0 )ERROR of each layer of the
BEOL in Mode D, considering relative errors (η ) of 2% and
4%. These curves indicate that all layers have the EM resistance change underestimated with a significant error if
the temperature estimated is lower than the real temperature.
Lower layers, such as M1 and M2, are naturally more affect ed than the upper layers. Thus, the temperature impact
on the EM in the local interconnects (M1, M2 and M3) is
clearly more relevant than on the global layers (M8, M9 and
M10). On the other hand, the global interconnects have a
higher (∆R/R0 )ERROR , indicating that these lines have the
EM effects more understimated. Also, the global layers generally operate under much larger electric currents and, thus,
may be more critical in terms of current density. The above
analysis makes clear the importance of taking into account
the power dissipation from the FEOL for the temperature estimation of the BEOL layers and, consequently, for the EM
reliability analysis.
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( R/R0) ERROR (%)

BEOL with a larger VVIA . Considering, for example, a situation with 1% of VVIA , the kBEOL
increases only 0.33 W/m.K
eff
or 12.6% for a VINT increase from 26% to 36%. In a second
situation, with a 6% of fraction volume of vias, the change
in kBEOL
is of 0.48 W/m.K, or 15.4%, a value 2.8% higher
eff
than the first situation. These results suggest that the number
of vias in each layer and the dimension of interconnects can
be sized to allow a higher thermal conductivity in BEOL and
then a better temperature distribution.
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VI.

COMPARISON WITH THE
STATE-OF-THE-ART

In this section a comparison of the expected temperature
distribution on the metallic layers from different technologies, namely the 22 nm, 14 nm, and 10 nm is presented. In
particular, we discuss the results for the 10 nm node, which
is the state-of-the-art technology. As expected, the technologies with smaller dimensions suffer a larger temperature
change and, consequently, the EM becomes more critical as
the interconnects’ lifetimes are shortened.
Fig. 17 shows the minimum interconnect pitch of the latest
technologies. The Intel 10 nm process has an interconnect
pitch of 36 nm, 1.44 times smaller than the Intel 14 nm and
2.22 times smaller than Intel 22 nm [20, 21, 22]. The minimum interconnect cross-sectional area for these technologies is shown in Fig. 18. While the copper lines are reduced
in each technology node, the thickness of the diffusion barriers are not staggered [23, 24, 25, 26, 27]. For example,
the Intel 14 nm technology has the minimum metal width of
28 nm, 1.57 times smaller than the Intel 22 nm [28, 29]. In
turn, these technologies have a TaN/Ta diffusion barrier/liner
close to 2-3 nm [29]. Since the diffusion barrier does not
scale as the metal lines, the barrier occupies an increasing
portion of the lines and the wires become more resistive.
Fig. 19 shows the ∆TPT of the metallic layers for the different technologies, considering a power dissipation of 200
W/m. As expected, the layers that are closer to the transistors undergo a more significant temperature increase. For the
Metal1 of the Intel 10 nm the ∆TPT is 75 K, 12 K higher
than in the Metal2. Even in the Metal4 a large increase of 54
K is observed. For comparison, the ∆TPT in Metal1 of the
Intel 14 nm technology is 18 K lower than in the Intel 10 nm
process. A more significant difference is obtained compar-

ing with the GPDK 45 nm. In this case the ∆TPT difference
is 34 K, for the Metal1 and 30 K for the Metal2 layer. It
is important to mention that in this comparation the same
power dissipation on the FEOL is considered. In a real situation it is expected that the new technologies operate with
a large density of transistors, with each transistor individually dissipating a lower power when compared with the older
technologies.
Fig. 20 shows the (∆R/R0 ) variation of the Metal1 interconnects due to the EM considering the temperature increase
from Fig. 19. The current density is 2 MA/cm2 , the activation energy for diffusion is 1.0 eV, and the resistivity of the
Ta/TaN and the Cu is 60 µΩ-cm and 1.7 µΩ-cm, respectively.
Fig. 20 shows that with the downscaling of the interconnects,
the resistance increase becomes more and more pronounced
with time. In particular, for the 10 nm technology the resistance increase is significantly larger. This is a consequence
of the larger temperature (Fig. 19) and the very thin Ta/TaN
barrier with its large resistivity.
These results indicate that EM failures become a more serious issue with the interconnect scaling, which agrees with
the experimental observation. Fig. 21 shows a comparison between the estimated lifetimes of the Metal1 lines for
the different technologies, where the mean-time-to-failure
(MTTF) of the GPDK 45 nm is normalized to 10. The MTTF
reduces to 2 in the 10 nm technology, an expressive reduction
of 80%. As the MTTF reduces 60% after each interconnect
scaling, the line’s lifetime improvement is a priority for the
next technology nodes.
The above analysis makes clear that Cu poses severe limitations to further improvement of the interconnects’ performance and reliability. This has driven the research of new
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materials, such as Co and Ru, as alternative metals to replace
Cu lines, at least for the smallest interconnect layers, as Intel
has already announced [12, 31].
VII.

CONCLUSION

A method to calculate the temperature distribution on the
BEOL structure and its impact on the EM in a design environment has been developed and implemented. The study
for a 45 nm technology indicates a large temperature variation from the local to the global interconnects, which should
be considered for the EM induced resistance increase of the
line, in contrast to the standard analysis through a fixed operation temperature throughout the BEOL.
The importance of investigating the temperature distribution on the BEOL becomes more evident for the new technologies, in particular for the state-of-the-art 10 nm technology node. For the new technologies, the metallic layers have smaller thicknesses and a reduced distance between
the metal layers and the transistors, being the BEOL more
affected by temperature changes due the self-heating of the
transistors. This leads to an accelerat-ed EM and, consequently, a significant reduction of the interconnect lifetime.
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