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A model explaining Lorentzian low-frequency (LFN) noise spectra observed in electronic interconnects is pre-
sented. The model is based on the interaction of electrons with vacancies, whose thermodynamic equilibrium
properties determine the temperature dependence of the noise. The model therefore allows calculating va-
cancy formation and migration enthalpies. It is experimentally verified on copper and tungsten interconnects;
the sum of formation and migration enthalpies matches the electromigration (EM) activation energy obtained
using standard accelerated tests.

Previously, a new electromigration (EM) test method,
based on low-frequency noise (LFN) measurements was
proposed1–3. Contrary to standard test methods, LFN
provides non-destructive and faster EM characterization,
while enabling a deeper fundamental understanding of
EM mechanisms1–5. A particularly interesting applica-
tion of the LFN measurements is the calculation of EM
activation energies, based on the model of Dutta et al.6,7.
Recently, we showed an adaptation of that model, in
order to explain why the LFN activation energy corre-
lates so well with the EM activation energy in electronic
interconnects3. Nevertheless, it could still not be used to
calculate thermodynamic equilibrium properties of va-
cancies. In this letter, we provide an alternative expla-
nation to incorporate the calculation of vacancy forma-
tion and migration enthalpies from LFN measurements.
The main benefit of this technique is the individual cal-
culation of the thermodynamic equilibrium properties of
defects. This is very helpful to obtain a better phys-
ical understanding of the diffusion mechanisms acting
in a metal, for example during electromigration failure.
The activation energy derived using standard EM tests
(black’s law) can sometimes be an average of different
mechanisms and extrapolation to use conditions may not
always be justified. Obtaining vacancy migration and
formation enthalpies at operation conditions can fill the
gaps of standard EM testing and provide additional fun-
damental understanding. Two interconnect systems can
have a similar activation energy but different vacancy for-
mation and migration enthalpies. Identifying those dif-
ferences can help to understand the impact of different
process parameters on electromigration. For example,
a low vacancy formation enthalpy could indicate pre-
existing defects. In summary, this methodology allows
comparing different interconnect material systems in de-
tail, with the additional benefit of being non-destructive.
The model presented here, is similar in approach to that
of Stoll et al.8; it is assumed that the continuous cre-
ation and annihilation of vacancies in the metal and the
interaction of electrons therewith, result in pulses in the
output voltage. The final signal is a superposition of sev-
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eral of these pulses, as shown in Fig. 1. The pulse height

FIG. 1. Schematic representation of voltage pulses caused by
a vacancy. The shape y(t) is defined by the height h of the
pulse and the lifetime of the vacancy, τ .

is given by h, the distance between two adjacent pulses
is θ and the duration of the pulse, which is the lifetime
of the vacancy, is described by τ . The shape of a pulse is
described by y(t). To calculate the corresponding power
spectrum, it suffices to first calculate the spectrum for
the individual pulses shown in Fig. 19.
The following assumptions are made9: (a) The pulse se-
quences are stationary and ergodic (the time average is
equal to the average over the probability space), (b) inde-
pendent parameters of different pulses and (c) all pulses
have the same basic shape y(t).
Heiden showed that in the case of independent θ, τ and
h, with 〈h〉 = 0, the power spectrum is given by9:

S(f) = 2ν 〈h2〉 〈|F0(f, τ)|
2〉 , (1)

with ν the pulse density and 〈|F0(f, τ)|
2〉 the Fourier

transformation of an individual pulse. Eq. 1 is valid
irrespective of the distribution of τ and θ, but only when
the duration and amplitude of the pulse are not coupled.
For a single pulse series, the number of pulses in a time
∆t is equal to ∆t/ 〈τ〉, where 〈τ〉 is the average vacancy
lifetime. The pulse density ν is the average number of
pulses per unit time and is therefore given by 〈τ〉

−1
.

Because several of these pulse series occur simultane-
ously, albeit independently, the spectrum in eq. (1) can
be multiplied by NV , the average number of vacancies.
The total vacancy pulse density is then given by

νtot =
NV

〈τ〉
. (2)

If the creation and annihilation of a vacancy is considered
to be statistically independent, with each vacancy having
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2

a lifetime τ , an exponential distribution of the lifetimes
may be assumed8,10. The probability distribution func-
tion is then given by:

P (τ) =
1

τ0
exp

(

−
τ

τ0

)

, (3)

where 1/τ0 is the rate parameter and τ0 is the mean and
standard deviation of the distribution. Moreover, for a
rectangular pulse:

F0(f, τ) =

τ
∫

0

exp (−j2πft)dt, (4)

such that with 〈h2〉 = (∆U)2, eq. (1) becomes:

S(f) =
4NV

(2πf)2τ0
(∆U)2



1−

∞
∫

0

P (τ) cos (2πfτ) dτ



 .

(5)
After substituting expression (3) and calculation of the
integral, the spectrum is then:

S(f) = 4NV (∆U)2
τ0

(2πf)2τ20 + 1
. (6)

This same result was obtained by Stoll8 using both the
fluctuation dissipation theorem and by considering the
power spectrum of a series of single pulses, similar to the
analysis presented above.
The expression for the PSD in eq. 6 contains the follow-
ing vacancy properties: NV , the number of vacancies in
thermal equilibrium and τ0 = 〈τ〉, the average vacancy
lifetime. Furthermore

NV = CV CAV, (7)

where CA is the atom concentration, V the volume of the
sample under investigation and CV the vacancy concen-
tration at a temperature T11, given by:

CV = exp

(

−
GF

V

kT

)

= exp

(

−
HF

V − TSF
V

kT

)

. (8)

HF
V and SF

V are the enthalpy and entropy of vacancy for-
mation respectively, k is the Boltzmann constant. GF

V

and GM
V are the corresponding Gibbs free energies of va-

cancy formation and migration, defined as G = H − TS.
The average lifetime of a vacancy can be calculated from
the average distance it can travel by a random walk in
the lattice, until it is annihilated. During an average life-
time 〈τ〉, the vacancy makes NS steps of length equal to
the lattice parameter a. The total distance which the va-
cancy travels, is the result of a random walk and is given
by

Λ = a
√

NS , (9)

while the total number of steps depends on the jump
frequency, Γ, and the lifetime:

NS = 〈τ〉 · Γ. (10)

This vacancy jump frequency is given by11:

Γ = CM

v̄

δ
, (11)

where CM is the concentration of activated complexes
(atoms in a saddle point configuration) that have to over-
come an energy barrier GM

V to migrate. v̄ is the velocity
of the atoms moving through the midpoint with width
δ such that v̄

δ
is equal to the Debye frequency ν0. The

jump frequency Γ is thus also given by:

Γ = ν0 exp

(

−
GM

V

kT

)

= ν0 exp

(

−
HM

V − TSM
V

kT

)

. (12)

The vacancy lifetime 〈τ〉 = τ0 can then be calculated by
combining equations (9) and (10):

〈τ〉 =
Λ2

a2Γ
, (13)

such that the spectrum, given by eq. (6) becomes:

S(f) = 4
Λ2

a2
ν−1
0 (∆U)2CAV exp

(

SF
V − SM

V

k

)

·
exp

(

−
HF

V
−HM

V

kT

)

(2πf)2 Λ4

a4 ν
−2
0 exp

(

2HM

V

kT

)

exp
(

−2SM

V

k

)

+ 1
. (14)

This result is valid for different types of vacancy diffusion,
for example grain boundary, interface or surface diffusion
(common in electromigration of microelectronic intercon-
nects). The 3 assumptions made in the first paragraph
are independent of the type of vacancy diffusion. The
activation energies however, will differ because the ther-
modynamic equilibrium properties (GM

V , GF
V ) for each of

these diffusion mechanisms are different.
The spectrum in eq. (14) is of Lorentzian form and is
illustrated in Fig. 2. Two regions can be distinguished:
at low frequencies (1), the PSD is frequency-independent
and at higher frequencies (2), the PSD decreases as 1/f2.
The frequency at which the transition from (1) to (2) oc-
curs, is denoted by fknee:

fknee ∝ exp

(

−
HM

V

kT

)

, (15)

The two regions will now be discussed in detail.
The frequency independent part occurs for f → 0. In
this case, eq. (14) reduces to

lim
f→0

S(f) = 4
Λ2

a2
ν−1
0 (∆U)2CAV

· exp

(

SF
V − SM

V

k

)

exp

(

−
HF

V −HM
V

kT

)

. (16)

From the temperature dependence of lim
f→0

S(f), we can

then calculate (HF
V −HM

V ), because:

ln (S(f → 0)) = −
(HF

V −HM
V )

kT
+ C. (17)
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FIG. 2. Illustration of the Lorentzian spectrum given by
eq. (14). Two parts can be distinguished: (1) a frequency-
independent part at low frequencies and (2) a 1/f2 depen-
dency at higher frequencies.

Above the frequency fknee the power spectrum becomes
frequency dependent. Considering that for sufficiently
large x: ln(1 + x) ∝ ln(x), this means that if

(2πf)2
Λ4

a4
ν−2
0 exp

(

2HM
V − 2TSM

V

kT

)

> 0, (18)

while being sufficiently large (which depends not only
on the thermodynamic properties of the vacancies, but

also on the ratio Λ4

a4 ), the following approximation can
be made:

ln(S(f)) ∝ −
(HF

V +HM
V )

kT
+ C′. (19)

The slope of ln(S(f)) over 1/kT (evaluated at frequen-
cies in the two regions of the spectrum), is then propor-
tional to either (HF

V −HM
V ) or (HF

V +HM
V ), such that the

vacancy formation and migration enthalpies can be cal-
culated individually. HM

V could also be obtained directly
from eq. (15), but it is generally difficult to correctly
extract fknee from the experimental data.
HF

V and HM
V , are directly linked with electromigration

because also there, mass-transport occurs by vacancy-
assisted diffusion. The vacancy diffusion coefficient in an
FCC lattice, such as for Cu, can be calculated as11:

D = a2CV Γ, (20)

where a is again the inter-atomic distance, CV the frac-
tion of vacant sites, as in eq. (8) and Γ, the jump fre-
quency as in eq. (12), such that

D = a2ν0 exp

(

−
GF

V +GM
V

kT

)

= a2ν0 exp

(

−
EA

kT

)

.

(21)

Because the term exp
(

SF

V
+SM

V

k

)

is generally negligible,

this EA is indeed equal to the sum of the enthalpy of
formation and migration, or as per eq. (19), the slope of
ln(S(f)) vs 1/kT , when condition (18) is fulfilled.
This theory is now experimentally verified on a 22 nm
wide and 100 µm long Cu interconnect with a 3 nm

FIG. 3. Power spectral density from 1 to 50Hz at 25, 40, 65
and 80◦C of a 22 nm wide and 100µm long Cu interconnect
with a 3 nm TaN barrier and 1 nm Co liner. Other tempera-
tures are omitted for the purpose of readability.

TaN barrier and 1 nm Co liner. The LFN measurement
setup that was used to obtain the spectra at different
temperatures can be found in ref.2.
The measured spectra at a few temperatures are shown
in Fig. 3.
Similar to the illustration of the expected spectrum
in Fig. 2, these spectra decrease with the frequency
as ≈ 1/f2 and exhibit a ‘plateau’, where the PSD is
frequency independent. Above 65◦C, the spectra start to
deviate more from the Lorentzian type depicted in Fig.
2. At the temperatures where the PSD is independent
between 1 and 2 Hz, eq. (17) can be verified by plotting
ln (PSD(1Hz)) as a function of 1/kT and calculating
the slope. This is shown in Fig. 4, where (HF

V − HM
V )

is then found to be 0.59 ± 0.08 eV. When the PSD is
evaluated at 2 Hz (≥ fknee), its temperature dependence
follows eq. (19). In Fig. 4, ln (PSD(2Hz)) is plotted as a
function of 1/kT and the slope is −0.81± 0.06 eV, which
is equal to −(HF

V +HM
V ). Using both results, we then

find that in these Cu interconnects, HF
V = 0.7± 0.07 eV

and HM
V = 0.11± 0.07 eV.

Note that in Fig. 4, the multiple data points at each
temperature are the result of different measurements.
Not all LFN measurements were equally reliable, due
to external interference with the measurements. Only
the reliable LFN data, exhibiting a Lorentzian noise
spectrum (to comply with the model’s assumptions)
were used.
The value of HM

V can also be obtained from the temper-
ature dependence of fknee, using eq. (15). Determining
the exact value of fknee is, however, difficult because of
the noisiness of the curves (see Fig. 3). Nevertheless,
the calculation was done here and the results are shown
in Fig. 5. The slope, which is equal to −HM

V , is
−0.08 ± 0.02 eV. This is indeed in accordance with the
value calculated using the temperature dependence of
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FIG. 4. ln (PSD(1Hz)) and ln (PSD(2Hz)) are plotted as a
function of 1/kT , for a 22 nm wide and 100µm long Cu in-
terconnect with a 3 nm TaN barrier and 1 nm Co liner. The
respective slopes are equal to −(HF

V −HM

V ) and −(HF

V +HM

V ).

the PSD magnitude. In Fig. 5, fknee in the vicinity of
the peak is observed to deviate from the overall trend.
Nevertheless these points are shown because the fknee
could still be extracted.
The sum of the vacancy formation and migration
enthalpies is indeed in line with the electromigration
activation energy (0.85 ± 0.07 eV) and equal to the
activation energy, previously obtained using the Dutta
model2,12.
Note that above 70◦C, the spectra deviate from the
Lorentzian in Fig. 2. Moreover, around this temperature

FIG. 5. ln (fknee) vs. 1/kT , fknee is the frequency at which
the plateau starts.

TABLE I. Summary of HF

V and HM

V obtained from the LFN
measurements for the Cu and W lines. The last column shows
the EM activation energy obtained using standard accelerated
testing (Black’s law).

H
F

V H
M

V EM EA

Cu 0.7± 0.07 eV 0.11± 0.07 eV 0.85± 0.07 eV
W 0.5± 0.06 eV 0.14± 0.05 eV 0.69 eV

the LFN PSD exhibits a maximum (can be seen in Fig.
4), due to the activation of a diffusion mechanism3,6.
This maximum then results in a change in slope, such
that the above model is no longer applicable. Therefore,
the slope is calculated based on the data points at
temperatures below those of the PSD maximum.
The model is also tested on tungsten interconnects; the
results are shown in Fig. 6. For tungsten, the cut-off
frequency in the 25 to 100◦C range, occurs between 2
and 6Hz, hence the choice to use the PSD at 2Hz to
calculate HF

V − HM
V and the PSD at 10Hz to obtain

HF
V +HM

V . Using the data from Fig. 6 (a), the vacancy
formation enthalpy, HF

V , is 0.50 ± 0.06 eV and the
vacancy migration enthalpy, HM

V , is 0.14± 0.05 eV. The
alternative extraction of HM

V , from the temperature
dependence of fknee, is demonstrated in Fig.6 (b) and
givesHM

V = 0.15±0.03 eV, which is perfectly in line with
the the value found using Fig. 6 (a). As discussed in our
publication1, the EM activation energy (HF

V +HM
V ) was

found to be 0.69 eV using standard accelerated EM tests
and 0.73-0.75 eV using LFN with the model of Dutta et
al.
Note that also in this case the PSD at 2Hz shows a
maximum in PSD close to 65◦C. Also in this case, that
can be explained by application of the model of Dutta
et al.6, but is out of the scope of this paper.
The results from both experiments are summarized
in Table I, where the last column shows the electro-
migration activation energy obtained using standard
accelerated testing. For both W and Cu, HF

V + HM
V ,

is in line with the EM EA. The vacancy equilibrium
properties in the Cu and W interconnects are very
similar, which is not surprising given their similar EM
activation energy. The low tungsten EA was previously
discussed in ref.1. It should be noted that these W
samples had significant voids in the center of the line,
which could contribute to their low vacancy formation
enthalpy.
In conclusion, this letter presents a model that attributes
the LFN spectra observed in metallic interconnects,
to the interaction of electrons with vacancies. The
temperature dependence of the LFN PSD can then be
explained by the thermodynamic equilibrium properties
of vacancies. The model allows extracting the enthalpies
of vacancy formation and migration by analyzing the
temperature dependence of the LFN in two different
regimes and was verified experimentally.
As compared to the model of Dutta et al. and adapta-

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
4
0
4
5
3



5

FIG. 6. The data in this figure were obtained on 32nm wide
and 100µm long tungsten interconnects; (a) shows the loga-
rithm of the PSD at 2 and 10Hz as a function of 1/kT , with
the respective slopes equal to HF

V −HM

V and HF

V +HM

V . (b)
displays the logarithm of the cut-off frequency (fknee) as a
function of 1/kT , the slope being equal to HM

V .

tions thereof, the disadvantages of this model are that it
is only valid in the case of a 1/f2 spectrum, when one

mechanism is dominant and that the calculation of the
activation energy, based on a slope, introduces a large
uncertainty. Nevertheless, the insights that this model
offers into the equilibrium properties of vacancies enables
many applications. For example, the comparison of
vacancy properties in different materials and providing a
means for fast and non-destructive EM characterization
at a much more fundamental level than is possible
with the standard accelerated EM test methods. In
future work, the model presented in this paper could
be expanded to include more complex vacancy diffusion
scenarios, for example where different pulses are coupled
and no longer independent, or interstitial diffusion
mechanisms are present.
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Physics 119 (2016), 10.1063/1.4947582.

2S. Beyne, O. Varela Pedreira, I. De Wolf, Z. Tokei, and K. Croes,
Semiconductor Science and Technology 34 (2019).

3S. Beyne, “Electromigration mechanisms in scaled intercon-
nects,”.

4S. Beyne, L. Arnoldi, I. De Wolf, Z. Tőkei, and K. Croes, Applied
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