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Abstract 
 
During air-gap formation in interconnects, decomposition process of the sacrificial layer induces deformation of a low-k dielectric cap 

layer. For analysis of ensuing structural instability, a logistic kinetics model is introduced to describe the removal process of the sacrifi-
cial layer, and finite difference method (FDM) is applied to evaluate the deformation behavior of the cap layer. The instability of the cap 
layer depends on its span length and the degree of adhesion between the cap layer and sacrificial layer. During decomposition, strong 
adhesion causes the collapse of the cap layer, while the cap deformation remains small and stable with weak adhesion. For intermediate 
adhesion, a snap-back instability is predicted as the cap layer suddenly detaches from the sacrificial layer at a critical deflection. The 
critical adhesion energy is predicted as a function of the air gap width.  
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1. Introduction 

Continuous scaling of microelectronic devices has brought 
serious challenges to the material and process development of 
on-chip interconnects beyond the 32 nm technology node [1, 
2]. In particular, interconnect RC delay becomes a main factor 
limiting the chip density and performance. To improve the RC 
delay in interconnects, low dielectric constant (low-k) materi-
als were integrated in place of SiO2. These low-k intercon-
nects currently prevail in the microelectronics industry [3-6]. 
However, recently the trend of introducing various low-k ma-
terials has faced difficulty to overcome the requirement of 
new generation of interconnects. Thus, implementation of air-
gaps in the trench level has been demonstrated as an effective 
potential solution to replace ultra low-k dielectrics [7, 8]. The 
air-gap structures may be produced by non-conformal chemi-
cal vapor deposition into patterned trenches, or by removing a 
sacrificial material [9-12]. However, air-gap interconnect con-
fronts serious challenges concerning its structural integrity and 
mechanical stability due to process-induced thermal stresses 
as shown in Fig. 1 [13-18]. Figs. 1(b) and (c) are the collapse 
of the low-k cap (or hard mask) bridge over a wide gap during 
thermal decomposition of the gap forming material [7, 8, 12].  

In this paper, the process of air-gap formation by removing 
a sacrificial material was studied. Decomposition of the sacri-
ficial material was evaluated using a logistic kinetics model in 
order to establish the time dependent gap height. Here, we 
assumed that the decomposed gases escaped through a low-k 
interlayer dielectric (ILD), which acted as a cap layer. Defor-
mations of the cap and the sacrificial layer during decomposi-
tion were investigated by taking into account the interaction 
forces. Finally, by employing finite difference method (FDM) 
[19], the effect of the interactive adhesion levels (strong, in-
termediate, and weak) on the detachment behavior of the cap 
layer from the residual sacrificial material was evaluated with 
respect to span length of the cap layer. 
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        (a)                 (b)                 (c) 
 
Fig. 1. Stability and reliability issues for air-gap structures [7, 12]: (a) 
delamination at the edge of air-gap; (b) and (c) collapse of low-k cap 
layer. 
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2. Decomposition process of sacrificial layer 

For air-gap formation, thermally degradable polymers may 
be used as a sacrificial material in between the metal lines. In 
the processing, the degradable polymer is deposited first, fol-
lowed by trench formation by lithographic process, and Cu 
deposition into the trench. After removing the Cu overburden 
by chemical mechanical polishing (CMP), porous interlayer 
dielectric (ILD) is deposited. Then the sacrificial polymer is 
thermally decomposed and the gaseous by-product generated 
diffuses out through the porous ILD layer to complete the air-
gap process [7]. Several kinetic models have been developed 
to explain the complex chemical decomposition processes 
[20]. In this study, the following logistic kinetics model is 
applied for numerical simplicity and stability [21]. 
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where C(t) is the percentage of the remaining sacrificial mate-
rial at time t. C0 is the initial percentage, Cf is the final per-
centage, and t50, n are the convergence parameters. 

In the decomposition process, the sacrificial material is as-
sumed to be uniformly removed starting from its upper sur-
face in contact with the porous ILD cap layer, through which 
the decomposed gases will escape. The decomposition and 
removal of the sacrificial material lead to a separation between 
the cap layer and the sacrificial material. During this separa-
tion as a function of time t, interaction forces between the 
upper cap layer and lower sacrificial layer are generated due to 
adhesive energy as illustrated in Fig. 2. The detailed relation-
ship between energy and force will be treated in the later sec-
tion. 

The thickness of the remaining sacrificial material at time t 
is defined as hsac. 

 
0( ) ( )sach t C t h=  (2) 

 
where h0 is the initial thickness. 

As the sacrificial material degrades over time, the interfacial 
average separation (δo) between the cap and the sacrificial 
layer can be expressed as, 

 
0 0 0( ) ( ) 1 ( )sact h h t C t hd = - = -é ùë û . (3) 

 
At close proximity, two surfaces interact and exert forces 

onto each other (J. Israelachvili, Intermolecular and Surface 
Forces, Academic Press, 1992). Various physical origins for 
forces between surfaces exist, such as dispersion forces (Van 
der Waals), electrostatic forces, and hydration forces, etc.. To 
begin with, we assume a Lennard-Jones (L-J) type interaction 
[22] between the cap layer and the sacrificial layer. The inter-
action is described by L-J potential as a function of the surface 
separation, 
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The interaction force (per unit area of the surface) is then 
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Here, Γ is the adhesion energy between the two surfaces 

[23], and r0 is a characteristic length that controls the decay of 
the interaction force as the surfaces are increasingly separated. 

Typical values are 0.1-1 J/m2 for Γ and about 1-5 nm for r0. 
The force intensity varies from repulsive (p < 0) at negative 
separation (δ < 0) to zero at zero separation and to attractive (p 
> 0) at positive separation (δ > 0). The attractive interaction 
force reaches a maximum, 016 / 9 3mp r= G  at δ = 0.2r0, and 
then decays to become vanishingly small for δ > 10r0. Thus, 
the length r0 sets the range of the interaction. 

 
3. Mechanical model for cap layer deformation 

3.1 Deformation of the cap layer: a beam model 

As the sacrificial material is removed, separation of the two 
surfaces induces an attractive interaction force acting on the 
lower surface of the cap layer. Assume the upper surface of 
the cap layer is traction-free during the decomposition process. 
For a relatively wide air gap (L/hcap > 5, where L and hcap are 
the width and thickness of cap layer, respectively), we model 
the cap layer as a beam, for which the equilibrium equation is 

 

  
(a) 

 

 
(b) 

 

  
(c) 

 
Fig. 2. Illustration of decomposition process for sacrificial material: (a) 
initial deposit status; (b) degradation of sacrificial layer; (c) air-gap 
formation (dash line indicates the deformation of cap layer). 

 



 S.-K. Ryu et al. / Journal of Mechanical Science and Technology 28 (1) (2014) 255~261 257 
 

  

3 4 2

04 212
cap cap

cap
E h w wh p

x x
s¶ ¶

- =
¶ ¶

  (6) 

 
where w is the lateral deflection of the cap layer (positive to-
wards the sacrificial layer), and x is the coordinate along the 
interface or gap. Ecap is the elastic modulus, hcap is the cap 
layer thickness, and σ0 is the residual stress in the cap layer 
(e.g., process-induced thermal stress). 

Assuming that the cap layer is fixed at both ends (bonded to 
the neighboring Cu barriers), the deflection w at each time 
instance t is a function of x, which must satisfy the boundary 
conditions at the ends: 

 
w = 0 and ∂w/∂x = 0 at x = 0 and L          (7) 
 

with L being the length of the cap layer (or width of the air 
gap). 
 
3.2 Deformation of the sacrificial layer: a Winkler model 

The same interaction force also acts on the sacrificial layer 
and leads to elastic deformation. Assume that the lower sur-
face of the sacrificial layer remains bonded to the substrate. 
The displacement of the upper surface is related to the interac-
tion force by the Winkler model (simple elastic foundation) 
[24, 25]: 
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where, v is the normal displacement (positive toward the cap 
layer), and Esac is the elastic modulus of the sacrificial material. 

 
3.3 Coupling of decomposition and deformation 

At each time instance t, the surface separation between the 
cap layer and the remaining sacrificial layer depends on both 
the material removal and the deformation, the latter being a 
function of x. The total separation is thus 

 
δ(x, t) = δ0(t)-w(x, t)- v(x, t). (9) 
 
Here, δ0(t) is as expressed in Eq. (3), and the displacements 

are related to the interaction force by Eqs. (6) and (8). More-
over, the local separation δ(x, t) is related to the interaction 
force by Eq. (5). The model system is thus complete, coupling 
the kinetic decomposition process with the surface interaction 
and elastic deformation of the cap layer and the sacrificial 
layer. 

 
4. Finite difference methods (FDM) 

The kinetic process as given by Eq. (1) and the interfacial 
interaction by Eq. (5) are nonlinear. Numerical solutions to the 

nonlinear system are sought by the following methods. For the 
purpose, we introduced a finite difference method (FDM) to 
simulate the coupled decomposition-deformation process. 
Using the finite difference method, the equation can be ap-
proximated by a matrix operation in the discrete form, 

 
p = Dw .  (10) 
 

Here, p and w are the vectors for the interaction force and 
deflection at discrete nodes, and D is a square matrix in Eq. 
(11), where Δx is the distance between two neighboring nodes, 
namely, the element size. 
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The second term in the square matrix comes from residual 

stress (σ0). However, for simplicity, we first ignored the proc-
ess-induced residual stress in the cap layer, i.e., σ0 = 0. Then 
Eq. (6) becomes a linear differential equation. The effect of 
residual stress currently ignored will be discussed later in next 
section. Note that the boundary conditions for the deflection 
have been applied for the end nodes. Similarly, Eq. (8) can be 
written in a matrix form: 
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where, I is the identity matrix of the same size as D. 

In Eq. (12), C(t) is a nonlinear function of time t. An incre-
mental form of Eq. (12) is 
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Eq. (5) gives a nonlinear relationship between p and δ at 
each node. The increments, Δp and Δδ, from time t to t+Δt are 
related approximately by a linear relation, 

 
p K δD = D  (14) 

 
where K is a diagonal matrix: ( ) ( )K K /

m
mm m dp d dd d= = , 

and md  is the surface separation at node m. 
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Incremental deflection, Δw, can be obtained from Eq. (10) 

as, 
 
Δw = D-1Δp. (16) 
 
In addition, Eq. (9) can be rewritten in a matrix and incre-

mental form, 
 
Δδ = Δδ0 - Δw - Δv. (17) 
 
Substituting Eqs. (13), (14), and (16) into Eq. (17), we ob-

tain that 
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It was found that the matrix K sometimes becomes ill-

conditioned and the calculation of its inverse causes a diver-
gence problem. This may be mitigated by an alternative form 
of Eq. (18): 
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A normalized form of  Eq. (19) is then 
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where the separations are normalized by thickness h0, the 
pressure is normalized by the modulus Esac, and both K and D 
are normalized by Esac/h0. 

The kinetics model gives Δδ0 for every time increment. 
Then, solve Eq. (20) to find Δδ, and the other increments, Δp, 
Δw, and Δv, from Eqs. (14), (16) and (13), respectively. After 

updating the quantities, repeat the above steps for the next 
time increment. 

 
Steps: 
(0) construct matrix D (out of the loop). 
(1) calculate K (in the loop). 
(2) calculate normalized separation increment.     

( )11
0 0 0 0δ I D K (1 ( ))K δ ( ) ( ) p .t t t t td d d
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(3) calculate other parameters 
p K δD = D ,  

-1D ΔpwD = ,      
( )0 0 0v ( ) ( ) p (1 ( )) pt t t t td d dD = - + D + - + D D .  

(4) update δ, p, w, v. 
(5) repeat (1)-(4). 

 
5. Effect of adhesion strength on structural instability 

It is found that the separation and deformation during the 
decomposition process strongly depend on the adhesion en-
ergy Γ between the cap layer and the sacrificial layer. Three 
distinct modes of behavior are identified for large, intermedi-
ate, and small adhesion energies, respectively. As illustrated in 
Fig. 5 for various Γ, the deflections at the center of the cap 
layer are very different. In these calculations, we have set r0 = 
5 nm, h0 = 110 nm, hcap = 110 nm, Ecap = 9.5 GPa, Esac = 6 GPa, 
L = 1 μm and the residual stress is neglected (σ0 = 0) for a 
simple evaluation. In addition, we set n = 7 and t50 = 4000 sec 
for the logistic kinetics model. Fig. 3 indicates that the separa-
tion and deformation during the decomposition process 
strongly depend on the adhesion energy. 

 

5.1 Adhesive energy 

Fig. 4 shows the distribution and evolution of the cap layer 
deformation (hsac-w), surface separation (δ), and the interaction 
force (p) at different time instances of the decomposition 
process, for the case of strong adhesion (Γ = 1 J/m2). For 
strong adhesion, the center of the cap layer is stuck to the sac-
rificial layer all the time as shown in Fig. 4(b). The center 
deflection increases as the decomposition continues and 
reaches over 100 nm at the end of the decomposition process. 

 
 
Fig. 3. Center deflection of the cap layer as a function of time for dif-
ferent adhesion energies. 
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In this case, the deflection of the cap layer is significant and 
could cause collapse of the cap due to failure at the ends. 

Fig. 5 shows the behaviors for weak adhesion (Γ = 0.01 
J/m2). For weak adhesion, the center of the cap layer deflects 
slightly (up to about 5 nm) at the beginning of the decomposi-

tion process and then smoothly retreats back as the surfaces 
are further separated with continual decomposition. In this 
case, the interaction between the cap layer and the sacrificial 
layer is weak and collapse of the cap is unlikely. 

For intermediate adhesion (Γ = 0.1 J/m2), the center of the 
cap layer deflects until it reaches a point of instability and then 
snaps back abruptly to zero deflection (Fig. 6). The point of 
instability depends on the adhesion energy as well as the mod-
ulus and thickness of the cap layer. The snap transition may 
lead to a dynamic deformation process (e.g., vibration). De-
pending on the level of the maximum deflection, collapse of 
the cap layer may occur. 
 
5.2 Effect of various lengths of the cap layer 

Considering the intermediate adhesion (Γ = 0.1 J/m2), the 
effect of different length of the cap layer on the deformation is 
also studied. For a relatively short length of the cap layer, the 
interaction force eventually becomes very weak after 4000 sec 
so that the cap layer retreats back almost to the original posi-
tion. However, as the length of the cap layer is increasing, the 
interaction force seems to be stronger at the center of the cap 
layer (Fig. 7(a)). In Fig. 7(b), the interaction force doesn’t 
become zero at the center of cap. Thus, the center deflection 
of cap layer also doesn’t completely return to its initial posi-
tion, either. From the above results, we might find the thresh-
old adhesive energy of layer detachment with respect to the 
length of the cap layer.  

 
(a) 

 

 
(b) 

 
Fig. 4. Structural instability for strong adhesive energy (Γ = 1 J/m2): 
(a) deformation of the cap layer; (b) surface separation between the cap 
and the sacrificial layer. 

 

 
(a) 

 

 
(b) 

 
Fig. 5. Structural instability for weak adhesive energy (Γ = 0.01 J/m2): 
(a) deformation of the cap layer; (b) surface separation between the cap 
and the sacrificial layer. 

 

 
(a) 

 

 
(b) 

 
Fig. 6. Structural instability for intermediate adhesive energy (Γ = 0.1 
J/m2): (a) deformation of the cap layer; (b) surface separation between 
the cap and the sacrificial layer. 
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Fig. 8 shows the critical adhesion energies for various 
lengths of the cap layer. In this plot, the first region (I) below 
the blue line with square symbol corresponds to weak adhe-
sion and the second area above the red line with circle symbol 
(III) is for strong adhesion. The last region in between two 
lines (II) indicates the case of intermediate adhesion. For a 
relatively short length of cap layer, the behavior was mostly 
that of intermediate adhesion; that is, sudden detachment of 
the adhering layers. However, as the cap layer length increases, 
the mode of detachment behavior becomes very sensitive to 
the level of adhesive energy. The result can serve as a design 
guideline for the air-gap interconnects. 

 
5.3 Effect of residual stress 

As a last part, the effect of residual stress, σ0 previously ig-
nored in section 5.1 was investigated with the same numerical 
model. The trend of center deflection including σ0 up to 100 
MPa was similar to the previous cases where the residual 

stress term was neglected (Fig. 9). Even though the effect of 
the residual stress is small, the cap layer deflection still be-
comes smaller when the intensity of residual stress increases, 
due to the reversely increasing bending effect of residual stress. 

 
6. Conclusions 

A kinetics model is introduced to simulate the removal 
process of the sacrificial layer to form air-gap interconnects. 
The decomposition process of the sacrificial layer is analyzed 
by numerical methods. The induced deformation of a low-k 
cap layer depends on its span length between the Cu channels 
and the degree of adhesion between the cap layer and sacrifi-
cial layer. 

For strong adhesion energy, the center of cap layer always 
bonds to the sacrificial layer in spite of a large deflection. This 
implies that the cap layer can ultimately be ‘collapsed’ under 
this condition. However, the behavior at weak adhesion ap-
pears stable. The cap layer smoothly deflects and retreats back. 

 
(a) 

 

 
(b) 

 
Fig. 7. (a) Surface separation; (b) interaction force for different lengths 
of cap layer for intermediate adhesion at t = 4000 sec. 

 

 
 
Fig. 8. Critical adhesion energies for various lengths of the cap layer. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 9. The effect of process-induced residual stress: (a) Γ = 0.01 J/m2; 
(b) Γ = 0.1 J/m2; (c) Γ = 1 J/m2.  
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For intermediate adhesion, the cap layer suddenly returns to 
the original position with a snap-back motion after some de-
flection. Under this condition, dynamic force is exerted, which 
might cause layer cracking near the fixed edge of the cap layer. 
The distinction among the different levels of adhesion is di-
minished if the cap layer span length is reduced; the behavior 
was akin to a case of intermediate adhesion. 
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