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Abstract. Higher performance large scale integration (LSI) requires copper (Cu) instead of aluminum
(Al) as a wiring metal because of its superior electrical conductivity. These LSI also requires lower
dielectric constant to decrease line-to-line capacitance. Recently, porous low-k dielectrics are
introduced for low-k dielectrics because of its ultra lower dielectric constant. However, their poor
mechanical strength causes cohesive failure of low-k dielectrics or interfacial failure between Cu/low-k
dielectrics during Chemical Mechanical Polishing (CMP) process. Especially, the damascene structure
of the Cu interconnect can give rise to complex stress states and this causes a lot of issues during the
fabrication process. Therefore, it is important to study interfacial adhesion for wide range of stress
condition for Cu/low-k dielectrics. In this paper, we studied the mechanical strength and dielectric
constant of porous low-k dielectrics and the interfacial strength between Cu and low-k dielectrics by
finite element analyses. The effects of mechanical strength, porosity of porous low-k dielectrics on
interfacial failure were discussed.

Introduction

Recently, wiring distances become narrow because of higher performance large scale integration
(LSI). The narrow wiring distances induce a signal cross-talk and resistance-capacitance delay. Then,
copper (Cu) wiring technology instead of aluminum (Al) wiring and low-k dielectrics are introduced.
Especially, low-k dielectrics with a dielectric constant less than 2.1 are necessary for the 65nm
technology nodes. Porous low-k dielectrics have lower dielectric constants. However, the mechanical
strength becomes lower. Then, the cohesive failure of low-k dielectrics and the interfacial failure
between Cu and porous low-k dielectrics can occur during Chemical Mechanical Polishing (CMP) or
packaging processes. Especially, the damascene structure of the Cu interconnect can give rise to
complex stress states and this causes a lot of issues during the fabrication process.

A lot of research institutions are studying about porous low-k dielectrics. The structure of porous
low-k dielectrics can be measured by small-angle X-ray scattering [1]. The method to make pores in
dielectrics was confirmed [2]. The influence of pore size and distribution to Young’s modulus and
dielectric constant is being investigated [3,4]. Shear stress distribution on the surface of the low-k
dielectrics during CMP process was studied [5] and shear stresses concentrated at the boundary layer
between hard mask and low-k dielectrics. However, it has not been clarified the interfacial failure
between Cu/low-k dielectrics and the effect of porous structures on the interfacial failure. In this study,
the interfacial failures between Cu/low-k dielectrics are simulated by finite element analyses with
cohesive zone model. We also investigated the relationship between the mechanical strength and
dielectric constant for the porous low-k dielectrics.
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Numerical models

Elastic moduli and dielectric constant

We consider the dielectric material as silicon oxy carbide (SiOC) in this paper. The dielectrics are
assumed to be isotropic and Young’s modulus is 22.7GPa, Poisson ratio is 0.3, dielectric constant is
2.9 [6,7]. Figure 1 shows the numerical models for porous low-k dielectrics. We set the porosity of the
models are 0~50%. The pore shapes were cylinder, sphere and 2D voronoi. At cylinder models and
sphere models, the pore distributions shown in Fig. 1 were random, midmost, vertical that pores were
lined lengthways and oblique that pores were lined asquint. The pore radii of the random structure were
Weibull distribution. Weibull distribution function is
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where r is the radius, m is the shape parameter and 7 is the scale parameter. The radii of the cylinder
random structure models were Weibull distribution which was m=2.47 and 77=64.68. The radii of the
sphere random structure models were Weibull distribution which was m=2.29 and 77=60.52[8].

For boundary conditions, the top surface of the model was displaced to the vertical direction and the
bottom surface of the model was fixed. Both side of the model was assumed as periodic boundaries.
We got the normal stress on the top surface of the model after displacement and calculated Young’s
modulus. We also calculated the shear modulus of these models. For boundary conditions in this case,
the top surface of the model was displaced to the horizontal direction and the bottom surface of the
model was fixed. We got the shear stress on the top surface of the model after displacement and
calculated shear modulus.

We also calculated the dielectric constants of those models. For boundary conditions, the top
surface of the model was loaded 1V, and the bottom surface of the model was loaded -1V. The escape
of the electric field to both side of the model was neglected because we assumed them as periodic
boundaries. We got the electric charge on the top surface of the model after loading voltage and
calculated dielectric constant. The dielectric constant is

a=% @)

where Q is the electric charge, Vis the potential, S is the area of the model and d is the distance between
the top surface and the bottom surface of the model.

(a) Random structure  (b) Midmost structure  (c¢) Vertical structure (d) Oblique structure

Fig. 1. The pore distributions of the porous low-k dielectrics models.
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Interfacial failure

The models of the dielectrics for delamination analysis are shown in Fig.2. Figures 2 (a) and (b)
show the models of the dielectrics for delamination analysis introducing porous structure in the left side
of the low-k dielectrics and all of the low-k dielectrics, respectively. These pores are assumed to be
cylindrical shape. These models are composed of Cu wiring, tantalum (Ta) barrier layer, silicon carbon
nitride (SiCN) hard mask and SiOC low-k dielectrics. The target interface where the interfacial failure
would occur is the interface between the hard mask and the low-k dielectrics. We introduce the
interfacial cohesive zone models between these two layers. It is assumed that the energy release rate of
this interface is 3.05 J/m” [9]. The Young’s moduli and Poisson's ratios of the wiring and the dielectric
materials are summarized in Table 1[5].

For the boundary conditions, the compression and shear forces are applied on the top surface of the
model. The ratio of the pressure to the shear force was kept 0.1 or 0.2. The bottom surface of the
model was perfectly fixed. The compression and shear forces increased gradually until the interfacial
failure occur at the target interface.

250nm Cu
10nm Ta
50nm SiCN
o 100nm SiOC

2050nm

(a) Model A: Introducing porous structure in the left side of the low-k dielectrics

250nm Cu
— 10nm Ta
50nm SiCN

FRCher | | 1000m SiOC

2050nm

(b) Model B: Introducing porous structure in all of the low-k dielectrics

Fig. 2. The models of the dielectrics for delamination analysis.

Table 1. Elastic moduli of materials.

Layer Material Young’s modulus [GPa] | Poisson's ratio
Wiring Copper (Cu) 129.8 0.343

Barrier layer Tantalum (Ta) 185.7 0.34

Hard Mask Silicon carbon nitride (SiCN) | 120 0.2

Low-k dielectrics Silicon oxy carbide (SiOC) 22.7 0.3
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Numerical Results

Elastic moduli and dielectric constant

Figure 3 shows the relationship between the porosity and Young’s modulus of several porous
structures. Young’s modulus of spherical pore shape models is higher than the other models. At
cylindrical pore shape models, Young’s modulus of midmost structures and vertical structures is higher
than that of random structures and oblique structures. At spherical pore shape models, Young’s
modulus of oblique structures is the lowest. Young’s modulus of 2D voronoi models is smaller than the
other models. It is concluded that the midmost structure and the vertical structure are strong against
the loading to the vertical direction. The relationship between the porosity and shear modulus is shown
in Fig.4. Shear modulus of spherical pore shape models is higher than the other models as the same as
Young’s modulus. At cylindrical pore shape models, shear modulus of oblique structures is the highest.
At spherical pore shape models, there are no significant differences between them. Shear modulus of
2D voronoi models is smaller than the other models. It is concluded that the oblique structure is strong
against the loading to the horizontal direction. The relationship between the porosity and dielectric
constant is shown in Fig.5. The dielectric constant of cylindrical pore shape models is slightly larger
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than the other models. It is concluded that pore distributions do not affect dielectric constants and the
porosity is the important parameter for decreasing the dielectric constant.

Interfacial failure

Figure 6 represents the relationship between the porosity and the shear strength in model A. The shear
strength is defined as the shear force at the initiation of the delamination between the hard mask and the
low-k dielectrics. The shear strength of the oblique structures is the highest. Meanwhile, that of the
midmost structures is the lowest. It is noted that the shear strength reaches the maximum value at 35%
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porosity in the oblique (12 pores) structures and then the shear strength decreases. This indicated that
it is possible to make the structure which has the high strength and low dielectric constant to control
the porosity.

Figure 7 shows the relationship between the porosity and the shear strength in model B. The trend is
quite different from Fig.6. The shear strength tends to decrease as the porosity increase. However, it is
noted that the shear strength of the oblique structures increases at the low porosities and the shear
strength has the maximum value around 35% porosity in the oblique (12 pores) structures. It is also
indicated that it is possible to make the structure which has the high strength and low dielectric
constant to control the porosity.

Conclusions

The influences of pore arrangement on mechanical strength and dielectric constant of porous low-k
dielectrics were investigated. The sphere models have the highest Young’s modulus and shear modulus.
The vertical structures have a high stiffness to tensile load and the oblique structures have a high
stiffness to shear load. The pores distributions do not affect the dielectric constant and only the
porosity is the important parameter to reduce the dielectric constant. The shear strength of the oblique
structures is the highest in the porous structures. Thus, introducing the oblique structure in low-k
dielectrics can increase the interfacial strength.
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