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Abstract—Electroplated Cu films are known to change their 
microstructure at room temperature due to the self-annealing 
effect. This recrystallization process results in a film-thickness-
dependent stress evolution. Films with the thickness of 5µm and 
below decrease in stress with time, while thicker films reveal 
initially an increase in film stress followed by a stress relaxation 
at a later stage. This behavior is explained by the superposition of 
grain growth and grain size dependent yielding. Existing models 
have been used and improved to describe the mechanisms related 
to stress evolution. In general, the models proposed in this study 
provide a satisfactory description of the stress evolution of 
electroplated Cu films and the simulated results show good 
agreement with the experimental data. This gives the possibility 
to evaluate and predict mechanical behavior of electroplated Cu 
films at room temperature.  
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I.  INTRODUCTION  
Copper has replaced aluminum for interconnect 

applications in semiconductor devices due to its higher 
electrical conductivity, increased electromigration resistance 
and better thermal conductivity [1]. Electro-chemical 
deposition (ECD) of copper has been demonstrated as one of 
the best methods to be adopted for high performance logic 
devices using dual damascene technology and for power 
devices using pattern plating technology [2-4]. The 
recrystallization of ECD Cu at room temperature, which is 
termed self-annealing, is a very distinct phenomenon [5-8]. 
During self-annealing, stress change is observed [7-11], which 
is associated with a transition from an as-deposited ultrafine-

grained microstructure to a coarse-grained microstructure. It 
may require expensive post deposition treatments to overcome 
the self-annealing which might cause reliability impairment. 
Thus, the control of stress development is of great importance 
to ensure the lifetime and reliability performance of Cu 
metallization.  

So far, most of the research has been devoted to analyze 
mechanisms and kinetics of self-annealing of ECD Cu films [5, 
9, 12-18]. Only very few publications can be found which 
present the modeling results regarding the self-annealing effect. 
Still, most of them only focus on the modeling in terms of sheet 
resistivity evolution [19, 20]. The purpose of the present work 
is to develop a model which is able to describe the mechanisms 
of stress evolution of ECD Cu films based on experimental 
studies published elsewhere [21] so that the prediction of the 
stress evolution at room temperature becomes feasible.  

II. EXPERIMENTAL OBSERVATIONS 
The film stress of electroplated Cu films with the thickness 

between 1.5 and 20µm was measured at room temperature by 
the time elapsed. As illustrated in Fig. 1, all films show a 
tensile stress. Thin Cu films (1.5-5µm) have relatively high 
initial stress compared to thick Cu films (8-20µm). The stress 
evolution shows a disparate tendency between these two 
groups: i) thin films with the thickness of 5µm and below, ii) 
thick films with the thickness of 8-20µm. The as-deposited film 
stress shows also an inverse relationship between film stress 
and film thickness. The tensile stress of thin films continues to 
decrease with time, while for thick Cu films the stress first 
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Figure 1. Stress evolution of 1.5-20µm thick Cu films at room temperature. 
Disparate tendencies of stress are observed between thin Cu films (1.5-5µm) 
and thick Cu films (8-20µm). 

increases and subsequently starts to decrease or stagnate 
depending on the maximum stress value. Finally, the tensile 
stress values of all Cu films stagnate at a certain value, which is 
determined by the film thickness. Thicker films reveal a lower 
final stress than thinner films. 

Meanwhile, the images in Fig. 2 made by focused ion beam 
(FIB) technique show a remarkable grain growth of 8µm thick 
Cu film during self-annealing. The first FIB image taken 2h 
after deposition reveals a fine globular grain structure. After 
20h, a significant change in grain size has occurred. The grains 
which frequently contain twins have a bimodal grain size 
distribution. It should be noted, that at the Cu/substrate 
interface, a ~300nm thick region of fine grains still exists. After 
44h, all fine grains have been consumed by large grains. Some 
of the grains (columnar grains) extend through the complete 
thickness of the film and contain twins. The coexistence of 
columnar grains and twins leads again to a bimodal grain size 
distribution. With the help of the linear intercept method, 
average grain size can be calculated based on each FIB image. 
Twins are counted as grains. The 45° tilt angle of the FIB 
images has been taken into account for the grain size analysis. 
The average grain sizes of 8µm thick Cu film are 
approximately 135nm, 210nm and 290nm according to the FIB 
images taken after 2h, 20h and 44h at room temperature, 
respectively.  

The observed stress evolution of ECD Cu films can be 
explained by the superposition of grain growth and grain size 

dependent yielding. On the one hand, grain growth leads to 
annihilation of excess film volume by reducing the amount of 
grain boundaries. This gives rise to the stress increase in 
tension due to the shrinkage of the film volume if the film 
remains bonded to the substrate. On the other hand, dislocation 
plasticity leads to the stress decrease by relaxing the film. 
When initial stress is high, dislocation glide acts as the 
dominant mechanism and overtakes the effect of grain growth. 
Thereby it exhibits the continuous stress decrease in Cu films 
with the thickness of 1.5–5µm. When initial stress is low such 
as in the case of Cu films with the thickness of 8-20µm, 
dislocation glide cannot be activated immediately. Instead, 
grain growth plays a dominant role in the early stage of stress 
evolution. Until film stress reaches a threshold value, 
dislocation plasticity is then triggered.  Afterwards, the stress 
decreases like in the 8 and 10µm thick Cu films when the effect 
of dislocation plasticity becomes more prominent than that of 
grain growth. For the 15 and 20µm thick films the peak stresses 
are still so low that dislocation glide and grain growth 
counterbalance each other. As a consequence, stress evolution 
of ECD Cu films ascribes to the competing mechanisms of 
grain growth and dislocation plasticity.  

III. MODEL 

A. Stress increase due to the loss of grain boundary volume  
The loss of grain boundary volume due to grain growth 

induces the shrinkage of the film volume. If the film remains 
constrained to the substrate, it causes stress increase in tension. 
Chaudhari has presented a model which explains the stress 
development due to grain growth [8, 22]. It calculates the strain 
in the film by estimating the change in volume associated with 
the coalescence of grain boundaries. The density of a region 
containing a grain boundary is usually lower than that of a 
region containing no boundary. Assuming a grain boundary 
parameter α  (0< α <1), the boundary region has the same 
density as the grain if 0=α , and a monolayer of atoms is 
missing in the boundary if 1=α . Hereby the grain boundary 

parameter α can be defined as 
a

aw −
=α in terms of the grain 

boundary width w and the atomic diameter a. When grain 
growth starts, two boundaries coalesce to generate a single 
boundary. Thus, the elastic distortion in the film due to grain 
growth can be given by aaw)aw(w2 α=−=+− . 

 Considering a thin film that has an average grain size L0 in 
the as-deposited condition, and assuming the grains grow to 
final grain size L, the total elastic strain associated with grain 

a) 2 hr b) 20 hr c) 44 hr

3 µm 3 µm 3 µm

a) 2 hr b) 20 hr c) 44 hr

3 µm3 µm 3 µm3 µm 3 µm3 µm

Figure 2. Microstructural evolution of 8µm thick Cu film at room temperature. a). 2 hours after deposition only fine grains are existing in the film; b). 20 
hours after deposition coarse grains are formed while fine grains are still existing at the bottom of the film; c). 44 hours after deposition, coarse grains occupy 
the film, where twins are embedded. 
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Figure 3. Stress increase due to grain growth, calculated by Chaudhari’s model 
[22]. Original grain size is 135nm. (E=121GPa, v=0.33) 
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where ggσΔ  is the stress increase induced by grain growth, E 
is the elastic modulus of the film, v is the Poisson’s ratio of the 
film, and a is the bulk atom layer spacing (0.36148nm) [8]. 

     If it is assumed that original and final grain size are 135 and 
370nm, respectively, the total stress increase calculated is about 
25MPa which is plotted in Fig. 3. It must be pointed out that 
the value of the grain boundary parameterα  can vary with the 
deposition conditions, such as electrolyte composition or 
current density [23]. Moreover, grain growth and coalescence 
of grain boundaries are not homogeneous over the film, as seen 
in Fig. 2. It is very difficult to set the global α  value 
accurately based on the actual local values over the film. In our 
model, it is assumed that α  is the average over transformed 
and untransformed grains and it is estimated to be 0.12 based 
on the best fitting, which is fairly close to the value of 0.15 
found by Cabral [24]. 

B. Grain growth rate 
As Chaudhari’s model describes stress evolution as 

function of grain size, it additionally needs an intermediate 
model which introduces the grain size development as function 
of time elapsed so that the stress evolution can be correlated 
with time. Doerner and Nix have successfully developed such a 
grain growth model to describe the rate of grain size 
development [25]. 

There are two major contributions to the total energy Etotal 
of a film during grain growth. One is the grain boundary energy 
Egb, and another is the elastic strain energy Wel, Therefore, Etotal 
can be written as follows: 

elgbtotal WEE +=                               (3) 

As grain growth proceeds, the grain boundary energy 
reduces due to the decrease of the grain boundary area, whereas 
elastic strain increases because of accumulated stress and strain 
in the film. 

The grain boundary energy is given by [22, 25]: 

γβ
L

Egb =                                       (4) 

where γ  is the grain boundary energy per unit area, L is the 
average grain size, and β  is the geometrical factor determined 
by the shape of the grains. β  has a value of 2 if grains have a 
square cross section, a value of 3 for grains with a circular 
cross section and amounts to 34  for grains with a hexagonal 
cross section [22, 25, 26]. 

The strain energy, which is associated with stress, is give 
by [25] 
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     Using Using Hook’s law, this becomes 
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An infinitesimal amount of grain growth dL produces an 
energy change given by  
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This energy variation is equal to that generated by the 
migration of grain boundaries in response to a driving pressure 
difference PΔ .  

2
dL

L
PdE βΔ−=                                     (9) 

Combining (8) and (9) results in, 
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Following expressions given by Shewmon [27] and Smith 
[28], the rate of grain growth as a velocity is given by 

P
kT
D

dt
dL *

Δ
δ
Ω=                                    (11) 
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where D* is the diffusivity given by ( )kT/EexpD a0 − , 0D  is 
the pre-exponential factor for grain boundary diffusion, aE  is 
the activation energy of grain boundary diffusion, Ω  is the 
atomic volume, δ  is the average jump distance in the grain 
boundary, k is the Bolzmann constant, and T is the absolute 
temperature. 

Finally, the kinetics of grain growth can be derived by 
combining (10) and (11). 
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As mentioned in section II, grain size can be determined by 
using linear intercept method. Based on the FIB images of 3 
and 8µm thick Cu films which were taken at 2h, 20h and 44h, 
the grain sizes have been extracted and plotted as the dots in 
Fig. 4. It exhibits that both films undergo a continuous increase 
of grain size during the whole measurement period. 
Meanwhile, the simulated curves of 3 and 8µm thick Cu films 
are also plotted in Fig. 4 by the deduced differential equation 
(12). The grain sizes of 105 and 135nm accordingly obtained 
from FIB images of 3 and 8µm thick Cu films are applied as 
original grain size L0 in the simulation. As a consequence, the 
simulated curves converge with the experimental data very 
well. 

By the incorporation of the grain growth rate model (12) 
into the grain growth model (2), we obtain the direct 
relationship between stress increased due to grain growth and 
time. Thus, stress increase as a function of time can be plotted 
as in Fig. 5. The modeled stress curves display for both films 
the stagnation after ~1500min, though the grain size still 
continuously dramatically increases as shown in Fig. 4. This 
indicates that the grain growth from fine grains to moderate 
grains contributes the major part to the stress increase. Later 
on, the grain growth from moderate grains to coarse grains only 
plays a minor role in stress increase. As a result, it shows 
clearly that stress increase due to grain growth is film 
thickness/grain size dependent. 3µm thick Cu films have a 

stress increase of ~27MPa compared to ~18MPa in 8µm thick 
films. This is due to the fact that original grain size is smaller in 
thinner films. As the amount of stress increase is mainly 
determined by the fine grains, a smaller original grain size will 
result in a larger stress increase. 

C. Grain boundary strengthening to dislocation plasticity 
At room temperature, grain boundaries as well as 

dislocations act as obstacles to dislocation motion. Impeding 
the dislocation motion will hinder the onset of plasticity and 
hence increase the yield strength of the film. The dislocation 
pileup which determines the stress concentration in the grains, 
relates to the grain diameter and dislocation density. If the 
grain size is large and dislocation density is high, a greater 
stress concentration is developed in the grains, and thus the 
applied stress needed to activate plastic flow in the grains is 
relatively low, and vice versa. Hall-Petch law well represents 
the grain boundary barrier to dislocation motion as function of 
grain size [8, 29-31]. By the modified Hall-Petch equation the 
stress decrease due to dislocation motion can be calculated: 

)
L
1

L
1(K

0
LLgb 0

−=−= σσσΔ            (13) 

where gbσΔ  is the stress change due to dislocation glide, 

Lσ and 
0Lσ are the flow stress of the film in the case of the 

grain size of L and L0, respectively, K is the Hall-Petch 
coefficient. 

If the grain growth rate model (12) is incorporated into 
Hall-Petch equation (13), the direct relationship between stress 
decrease by dislocation glide and time is obtained and shown in 
Fig. 6. As discussed in section II, in thick Cu films (8-20µm) 
dislocation plasticity can only be activated if a certain value of 
the threshold stress is reached. Therefore, according to the 
experimental data in Fig. 1, it is assumed that dislocation 
plasticity in 8µm thick Cu films is activated when grain growth 
reaches the grain size of ~190nm after 820min. Similar to the 
stress increase by grain growth, the stress decrease due to 
dislocation plasticity is film thickness/grain size dependent as 
well. It indicates that thicker films end up with less stress 
relaxation, which explains why stress decrease becomes less 
prominent with the increasing film thickness. The stress 
decrease tendency is even not visible in 20µm thick Cu film, 
because dislocation plasticity is so marginal that it is 

Figure 4. Grain size development of 3 and 8µm thick ECD Cu films at 
room temperature. The modeled curves are in good agreement with the 
experimental data (markers) which is determined from FIB images. The 
following material properties are used in the simulation: 
Ea= J1046.1 19−× , 0D = 51004.3 −× m2/s, Ω = 2910182.1 −×  m3, γ =0.625 J/m2, 
δ =0.40486 nm, β =2. 

Figure 5. Stress increase of 3 and 8µm thick ECD Cu films as function of 
time induced by grain boundary loss due to grain growth. 
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compensated by grain growth easily.   

The Hall-Petch coefficient K reflects the resistance of grain 
boundaries to dislocation motion. Typically, a lower value of K 
refers to less resistance of dislocation motion, and vice versa. 
In Fig. 6, the modeled curves are calculated with the K value of 
0.0448 MN/m3/2, which is ~40% of the well-known Hall-Petch 
constant 0.112 MN/m3/2 for face-centered cubic (FCC) copper 
[31]. During the abnormal grain growth, subgrains with low 
angle grain boundaries (<15°) may be strongly involved in the 
coarse-grained structure, which weakens the blocking of 
dislocations compared to high angle grain boundaries 
(>15°C)[32-34]. Consequently, Hall-Petch coefficient related 
to subgrains is typically 1/2 to 1/5 of the well-known value 
[31]. In order to capture the process of subgrain coarsening, in-
situ electron backscatter diffraction (EBSD) or transmission 
electron microscopy (TEM) during grain growth would be 
required. 

D. Model with competing mechanisms 
      As aforementioned, the individual mechanism of grain 
growth or dislocation plasticity does not enable us to interpret 
the complex stress evolution of ECD Cu films. Instead, a 
competing model combining the above two mechanisms, as 
shown in (14), needs to be applied in combination with grain 
growth rate model (12). 

gbgg0 σΔσΔσσ ++=                              (14) 

where σ is the film stress, 0σ  is the as-deposited stress, 

ggσΔ and  gbσΔ  is the stress change due to grain growth and 
dislocation glide, respectively. 

       Fig. 7 shows the results of two representative numerical 
calculations in comparison with the corresponding 
experimental data labeled as dots. The as-deposited stress 0σ  
is 60MPa and 23MPa for 3µm and 8µm thick Cu films, 
respectively. In Fig. 7, both calculated curves are qualitatively 
similar to the measured stress plots. As dislocation glide is 
prominent in the Cu films (1.5-5µm), continuous 

decrease of stress, which is fully represented by the calculated 
curve of 3µm thick Cu films, can be obtained by the described 
model with competing mechanisms. Meanwhile, the curve of 
8µm thick Cu films is well on the behalf of thicker films (8-
20µm), which conforms to grain growth and successive 
dislocation glide mechanisms. 

     However, there is a notable limitation of the model, which is 
associated with incubation of grain growth. As observed in Fig. 
1, particularly in the stress evolution curves of thick Cu films 
(8-20µm), stress increase does not start immediately after 
deposition, but at ~200min after the deposition. This implies 
that the onset of grain growth is retarded and all fine grains 
maintain as-deposited undergoing an incubation phase. The 
incubation of grain growth is not considered in the present 
model. Thus, the simulated results only emphasize on the stress 
evolution after the commencement of grain growth, but neglect 
the stress stabilization during incubation. Nevertheless, 
compared to the total evolution time, the incubation time is 
relatively short. 

IV. CONCLUSION 
A model with competing mechanisms has been developed 

to simulate the stress evolution of ECD Cu films. The model is 
based on the mechanisms of grain growth and dislocation 
plasticity. On the one hand, the stress increase is modeled by 
the loss of grain boundary volume due to grain growth. On the 
other hand, dislocation glide is responsible for the stress 
decrease. The incorporation of the model of grain size 
development makes it possible to include the time as a 
parameter into the competing model. The results show an 
accurate correlation between experimental data and simulated 
values. To extend the model, incubation phase of grain growth 
may be considered. Further, EBSD or TEM for the 
investigation of subgrains is required in order to determine 
important model parameters, such as the Hall-Petch coefficient. 
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Figure 7. Experimental and modeled stress evolution of 3 and 8µm thick 
ECD Cu films 

Figure 6. Stress decrease of 3µm and 8µm thick ECD Cu films induced 
by grain boundary strengthened dislocation plasticity. Note that for thick 
Cu films, e.g. 8µm, dislocation motion doesn’t start immediately after 
deposition, but only at 820min after deposition. 
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