Chapter 2

Metal–Dielectric Diffusion Processes:
Fundamentals

There are two main mechanisms by which metal species can migrate into
dielectrics. One is diffusion of metal atoms at an elevated temperature driven by
the metal concentration gradient. The other is drift of metal-ions as a result of an
external electric field. In the latter case, metal-ions have to be generated at the
metal–dielectric interface for the drift to begin [1]. The origin of metal-ion generation is related to the chemical interaction between the metal and the dielectric at
their interface. For example, a metal oxide may be formed if there is an oxidant
residing at the interface. In this chapter, we attempt to describe a coherent treatment of ion generation and drift based on the thermochemistry that occurs at the
metal–dielectric interface. The basic formulation of atomic diffusion and ionic
drift is reviewed.

2.1 Thermal Diffusion
Ideally, when metal atoms are brought into contact with a dielectric surface, the
interface is very sharp, as shown schematically in Fig. 2.1a. However, under
sufficiently high temperature, metal atoms can be activated so that they undergo a
random walk from site to site at the interface. Since the concentration of the metal
atoms within the deposited metal film is much larger than that in the dielectric, this
movement produces a net flow of metal atoms across the interface into the
dielectric. As a consequence, the boundary between the metal and the dielectric is
no longer clearly defined, as shown in Fig. 2.1b.
In one dimension, the net flux of metal atoms inside a dielectric film is given by
Fick’s first law [2]:
f ðx; tÞ ¼ D

oqðx; tÞ
;
ox
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Fig. 2.1 A schematic diagram showing the interface between the metal and dielectric materials.
a An ideal sharp interface prior to diffusion, and b a diffused interface after the penetration of the
metal into the dielectric

Fig. 2.2 A schematic
diagram showing the motion
of an atom in a diffusion
process through a potential
energy barrier Ed. The site-tosite distance is denoted by
a (on the order of several
angstroms)

where f is the flux, defined as the number of metal atoms passing through a unit
cross-sectional area per unit time, q is the concentration of metal atoms in a unit of
cm-3, and oqðx; tÞ=ox is the concentration gradient (the driving force for diffusion). The position x is measured from the interface toward the dielectric. D is the
diffusion coefficient, or the diffusivity in unit of cm2/s. The diffusion of metal
atoms inside a dielectric is a thermally activated process, as shown in Fig. 2.2. The
diffusivity can be written as an Arrhenius form:
D ¼ D0 eEd =kB T ;

ð2:2Þ

where D0 is the pre-exponential factor. Ed is the potential energy barrier height
for the atom motion inside a dielectric (on the order of electron volts), kB is the
Boltzmann constant, and T is the temperature. Equation (2.2) can be applied to all
species that are in motion. If ions are the moving species, then Ed is the barrier
height for the ion motion.
Fick’s first law basically says that flux is proportional to the concentration
gradient. The concentration may change as a function of time during the diffusion
process. The mass balance requirement gives Fick’s second law [2]:


oqðx; tÞ
of ðx; tÞ
o
oqðx; tÞ
¼
¼
D
:
ð2:3Þ
ot
ox
ox
ox
If D is independent of x, which is a valid assumption when the metal concentration inside a dielectric is dilute, then Eq. (2.3) can be simplified as
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oqðx; tÞ
o2 qðx; tÞ
¼D
:
ot
ox2

ð2:4Þ

In this equation, the most important parameter to describe atomic diffusion is
the diffusivity, D. The higher the diffusivity, the faster an atom can migrate inside
the dielectric. It is therefore essential to obtain this coefficient in order to understand the behavior of metal transport inside a dielectric. The diffusivity is usually
evaluated by solving Eq. (2.4) numerically with the actual boundary conditions.
Under certain boundary conditions, Eq. (2.4) can be solved analytically. For
most of the diffusion experiments discussed in this monograph, all test samples
have a thick layer (hundreds of nanometers) of metal deposited on the dielectric,
serving as a constant diffusion source. Assuming that the annealing process has not
driven metal atoms across the whole dielectric film to reach the other interface, an
analytical solution for Eq. (2.4) can be derived. It is called the predeposition
diffusion, with the boundary conditions described below:
qðx; t ¼ 0Þ ¼ 0
qðx ¼ 0; tÞ ¼ qs :

ð2:5Þ

qðx ¼ d; tÞ ¼ 0
Here, qs is the fixed metal concentration at the metal–dielectric interface, and
d is the dielectric thickness. The solution of Eq. (2.4) with these boundary conditions is



x
qðx; tÞ ¼ qs 1  erf pﬃﬃﬃﬃﬃ :
ð2:6Þ
2 Dt
pﬃﬃﬃﬃﬃ
In this equation, Dt is the characteristic diffusion depth, and erf is the error
Rx 2
function, defined as erfðxÞ ¼ p2ﬃﬃp et dt: The surface concentration qs can be
0

obtained by an elemental measurement. By fitting the profile from Eq. (2.6) with
the distribution data from elemental characterization, the only variable, D, can be
estimated. If both sides of Eq. (2.6) are divided by the surface concentration qs, the
relative concentration profile is given by


qðx; tÞ
x
¼ 1  erf pﬃﬃﬃﬃﬃ :
ð2:7Þ
qs
2 Dt
This equation is more suitable for fitting the depth profile obtained from
elemental measurements, most of which only provide the information of relative
counts instead of actual concentration data. As an example, based on Eq. (2.7),
relative concentration profiles are plotted as a function of diffusion depth for the
predeposition diffusion in Fig. 2.3. Both diffusivity and annealing time can contribute to diffusion length.
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Fig. 2.3 Relative
concentration profiles are
plotted as a function of
diffusion depth for
predeposition diffusion

Fig. 2.4 A schematic
diagram showing the motion
of an ion in an activated
process through a potential
energy barrier Ed and an
external electric field E. The
potential is tilted to the right,
enhancing the ion drift

2.2 Field-Enhanced Ion Drift
The situation can be very different if a strong electric field is applied to the
dielectric and there are ions, instead of atoms, inside the dielectric. When this
occurs, the electric field will provide an additional driving force for ion migration
inside the dielectric. Figure 2.4 is a schematic diagram showing the motion of an
ion in a dielectric film under the influence of an external electric field. Effectively,
the external electric field will tilt potential barriers towards the right, causing the
ions to drift more easily to the right, particularly if the sample is stressed at an
elevated temperature. The flux to the right has a drift term due to the electric field,
in addition to the thermal diffusion term given by Eq. 2.1 [3]:
f ðx; tÞ ¼ D

oqðx; tÞ qDEðx; tÞqðx; tÞ
þ
;
ox
kT

ð2:8Þ

where q is the electric charge, and E(x,t) is the effective electric field, which
includes both the external field and the ionic field from the penetrated ions. Here
D represents the metal-ion diffusivity and is independent of the location inside the
dielectric if the ion concentration is limited [4]. This equation is valid when the
electric field is relatively small (EkT/qa, where a is the lattice spacing). This
condition is satisfied under most testing conditions discussed in this monograph. A
more general description of the ionic flux is given by [3, 5]:

2.2 Field-Enhanced Ion Drift
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Fig. 2.5 a An atomistic scale
schematic of the metal–
dielectric interface. b An
energy diagram showing how
metal atoms diffuse out of the
metal matrix into the
dielectric. Metal atoms need
to overcome two barriers in
order to diffuse into the
dielectric film, including the
metallic bonding with metal
matrix and the barrier from
the interface layer


f ðx; tÞ ¼ D cosh




qaE oqðx; tÞ 2D
qaE
þ
sinh
qðx; tÞ:
2kT
ox
a
2kT

ð2:9Þ

This equation takes into account the lowering of the diffusion energy barrier by
the external electric field. Such barrier lowering effect needs to be considered if
testing is carried out at an extreme condition, for example, at 400°C with an E field
in the MV/cm range.
Ion diffusivity can also be estimated in a similar way as is done in atomic
diffusion, by simulating the distribution profile using Eq. (2.8) or (2.9) in Fick’s
second law, which can be solved numerically. In addition to elemental characterizations, there are other ways such as electrical methods that one can employ to
derive metal-ion diffusivity, which will be discussed in Chap. 8.

2.3 Thermodynamics and Chemical Interactions
The discussion above focuses on the migration behavior of atoms and ions inside
dielectrics, but the process by which these metal atoms or ions are initially released
from the metal into the dielectric is actually quite complex.
For metal atoms to thermally diffuse into a dielectric, the atoms need to
overcome metallic bonding (Em) with the rest of the metal matrix, as shown in
Fig. 2.5. A good indication of metallic bonding strength (Em) is given by the
melting point of the material. A higher melting temperature corresponds to a
stronger bonding energy within the metal matrix; therefore, it is generally more
difficult for a metal with a higher melting temperature to be released from its metal
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Fig. 2.6 a A schematic of M–O bonds at the metal–dielectric interface. b The Mie-GrÜneisen
potential energy of M–O bonding. Without an external electric field, the length of M–O bond is at
the most stable position, r0. The torque from the external field will stretch the M–O bond and the
bond will deviate away from its most stable position

matrix into the dielectric. The melting points of different metals can be found in
Fig. 1.5. Meanwhile, there may also be an interface layer that is the product of the
surface reaction between the metal and the dielectric film, as shown in Fig. 2.5a.
This interface layer will add another energy barrier (Ei) that must be overcome
before metal atoms can penetrate the dielectric, as shown in Fig. 2.5b. The barrier
strength depends upon the chemistry and film quality of the interface layer.
The origin of metal-ions depends on the chemistry of the interface layer. Many
dielectric materials used in electronic devices contain oxygen [6]. The oxidation of
the metal at the dielectric surface is perhaps the most important reaction that can
take place there [7, 8]. If a metal is oxidized, the metal and oxygen can form a
polarized dipole bond at the interface as shown in Fig. 2.6a. The M–O bonding can
be described by the Mie-GrÜneisen potential energy /ðrÞ [9]:
/ðrÞ ¼

A B
 ; m [ n;
rm rn

ð2:10Þ

where r is the distance between metal and oxygen, A and B are some constant
values, m represents repulsive exponent and n is the attractive exponent. When a
positive bias is applied across the interface, the polarization of the M–O bond will
be distorted by the torque from the electric field. For example, when the dipole is
in the same direction with the external field, the M–O bond will be stretched apart.
The bond length increases from r0 to r’, and their Mie-GrÜneisen potential energy
deviates from their most stable position, as shown in Fig. 2.6b. Overall, the barrier
for bond breakage is reduced under an external field [10]. The breakage of M–O
bonding will result in the metal-ion release into dielectrics [11–22].
Since metal-ion generation is attributed to M–O bond breakage, the energy
barrier for ion generation is strongly related to the M–O bonding strength (Em-o),
as shown in Fig. 2.7. The M–O bonding strength is related to the heat of metal
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Fig. 2.7 An energy diagram
for metal-ion generation at
the metal–dielectric interface

Fig. 2.8 The negative heat
of oxide formation per
oxygen atom is plotted for a
selective group of metallic
materials

oxide formation. A smaller negative heat of oxide formation implies a lower
oxidation tendency and weaker M–O bonds, which may not be sustained under
severe electrical and thermal stress. Figure 2.8 shows the negative heat of oxide
formation per oxygen atom for a selective group of elements [23].

2.3.1 Pt2Dielectric Interface
Noble metals such as Pt have such a low negative heat of metal oxide formation
that no metal oxide can be formed with Pt and no interface oxide layer exists
between Pt and a dielectric. Meanwhile, Pt has a high melting temperature. Hence,
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Fig. 2.9 a A cross-sectional schematic of an Al/SiO2 structure, with the Al2O3 interface layer.
b A cross-sectional schematic of an Al/porous low-k dielectric structure, with the porous Al suboxide layer at the interface

although there is no interface layer (with Ei) to halt Pt atom penetration, the
metallic bonding (Em) within Pt is strong enough to make it very thermally stable
when deposited onto a dielectric surface. The lack of an interface oxide layer also
eliminates ion generation, so there would be no Pt ion penetration under an
external electric field. Solubilities of noble metals in dielectrics are negligibly
small as well [24]. Therefore, noble metals such as Pt can serve as a reference
against other metals for the study of metal penetration in dielectrics [18, 21].
Noble metals could also serve as electrodes to test intrinsic chemical stability
factors such as the polarization effects of the dielectric itself under an external
electric field [25].

2.3.2 Al2Dielectric Interface
Al has a low melting temperature, indicating a weaker Em barrier. However, the
negative heat of formation for Al2O3 is very high, 1677.4 kJ/mole (or 559 kJ/mole
per oxygen atom). When Al is deposited on a SiO2 surface, Al reduces SiO2 to
form a thin layer of Al2O3 as shown in Fig. 2.9a. This Al2O3 can serve as a barrier
for two purposes. Firstly, it is so dense that it can prevent Al atoms or oxygen from
diffusing through for further oxidation, acting as a so-called self-limited oxide.
This capability is attributed to the high diffusion barrier (Ei) within the Al2O3
layer. Also, this dense Al oxide has very strong Al–O bonds (large Em-o), which
can prevent bond breakage in the oxide, eliminating the ion generation [26–28].
Therefore, Al-SiO2 is a very stable interface and has served the microelectronic
industry well for a long time.
However, when Al is deposited on a low-k dielectric, the situation can be very
different. Most low-k dielectrics contain oxygen complexes, so Al oxide can be
readily formed at the interface when Al is deposited onto these low-k dielectric
surfaces. Very often, however, the density of oxygen in the low-k dielectric is not
as abundant as that found in SiO2, due to the porosity and other chemical ligands
within the low-k material. Therefore, instead of a continuous layer of stoichiometic
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Table 2.1 The negative heat of formation for metal oxides at 298.15 K in kJ/mole (-DHf) [23,
33–35]
Mg
MgO

Al
601.2

W
WO2
WO3

Ta

Al2O3
(AlO2)AlO(g)
Al2O

Co
589.7
842.9

CoO
Co3O4

1677.4
823
-91.2
130.0

Ta2O5
TaO2
TaO
Ta3Si5
Ta2Si
TaSi2

Mn
238.9
905

MnO
MnO2
Mn2O3
Mn3O4

Ti
2046.0
180
222
335
125.5
119.2

TiO
Ti2O3
Ti3O5
TiO2

Cu
384.9
520.1
956.9
1386.6

CuO
Cu2O

Ru
542.7
1520.9
2459.4
944.0

Si
155.2
167.4

SiO2
SiO
SiH4

RuO2
RuO3
RuO4

305.0
78
184.1

H
910.4
98.3
30.5

H2O
H2O2

241.8
187.8

Al2O3, non-uniform Al sub-oxides (AlOx) are formed, as illustrated in Fig. 2.9b.
Table 2.1 shows the negative heat of oxide formation for a selective group of
elements, including some sub-oxides [23]. Since the negative heat of formation for
Al sub-oxides is not as large as that of Al2O3, they are not as stable. Al ions can be
ripped apart from these sub-oxides under a strong electric field. Meanwhile, the
sub-oxide layer could be porous and therefore unable to stop Al ion migration into
the dielectric. As a result, unlike Pt, Al cannot be used as a standard reference to
test the stability of metal/low-k dielectric interfaces [12, 17, 18, 21, 27, 28].

2.3.3 Ta2Dielectric Interface
Because Ta has a very high melting point indicating strong metal bonding (Em), it is
generally thermally stable on dielectric films without Ta atom diffusion under
annealing. Furthermore, on a SiO2 surface, Ta will react to form Ta2O5 and Ta
silicide [29], which could act as a diffusion barrier against metal penetration.
Therefore, Ta has been used as a reliable barrier for Cu-SiO2 interconnect structures.
For porous low-k dielectrics, Ta/low-k dielectric interfaces are similar to those
of Al/low-k dielectrics. When Ta is deposited on a low-k surface, Ta suboxides are
created. The weakened Ta–O bonding in these suboxides serves as a source of ion
generation under an electrical stress at an elevated temperature [14, 17, 18, 21, 30].

2.3.4 Cu2Dielectric Interface
As for Cu, its oxidation tendency is smaller than that of Al and Ta, but higher than
that of Pt. The negative heat levels of oxide formation for CuO and Cu2O per
oxygen atom are 155.2 kJ/mole and 167.4kJ/mole, respectively. These are both
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smaller than that of SiO2, which is 455.2 kJ/mole. From the thermodynamic point
of view, when Cu is deposited on a SiO2 surface, it should not reduce the SiO2 to
form a Cu oxide. This fact was indeed verified by X-ray photoelectron spectroscopy (XPS) and internal photoemission [22, 31]. Thus, under an external electric
field, no Cu ions should be generated at the Cu-SiO2 interface, and no ion drift
should occur. This was confirmed by electrical measurements in a contaminationfree environment [22, 24]. However, Cu can be easily oxidized by residual
moisture within the dielectric or by oxygen from the ambient environment. It is
believed that most of the reports in the literature on Cu ion drift in SiO2 result from
the oxidation of Cu at the interface by the contamination of oxygen-containing
species on the surface or from an oxidation ambient environment, instead of
through the reduction of SiO2 at the surface. So, in general, if there is a Cu oxide at
the Cu-SiO2 interface, Cu ions can be generated and released into SiO2 under
thermal or electrical stress.
Similarly, the interface of Cu on a low-k dielectric containing a SiOx complex is
stable against Cu ion generation if the interface is free from oxidant contamination.
But this does not assure the Cu/low-k dielectric interface is more stable than that of
interfaces of Al or refractory metals on low-k dielectrics. Cu has a relatively low
melting temperature, which means its metallic bonding within Cu metal matrix is
weak. Without a stable and dense interface, Cu atoms can diffuse thermally into
low-k dielectrics at an elevated temperature or even during the physical vapor
deposition of Cu [32].

2.4 Summary
The transport of metal-ions and atoms inside dielectrics under thermal or electrical
stress can be well described once the diffusivity is known. However, the origin of
the penetration of metal atoms and ions is complex. The metallic bonding and the
quality of the interface layer will both affect metal atom diffusion from the
interface into the dielectric. For metal-ions, we attempt to describe the generation
and drift of metal-ions within a unifying picture based on thermochemistry that
occurs at the interface which involves heat of formation, chemical reaction, and the
energetics associated with physical transport. The interface oxide layer is the cause
of metal-ions during stressing. A weak metal–oxide bonding can be broken apart
under an electrical field at an elevated temperature, resulting in the release of
metal-ions into dielectrics.
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