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ABSTRACT  

Study of stress evolution in thin films has been an area of rigorous research for the past few decades. In spite of 

these research efforts, understanding stress generation and relaxation remains incomplete. In this study, a 

modified surface stress based approach for modeling intrinsic stresses in thin film using dome-shaped islands 

and hexagonal shaped grains is proposed. Equations that describe stress evolution at the precoalescence, 

coalescence and postcoalescence growth stages were derived. The results of the models were then compared to 

some previous models and validated with experimentally obtained values for copper and silver films at various 

growth stages. For Cu films deposited on silicon substrates, intrinsic stresses of -200, 140 to 230 and -260 to -80 

MPa were obtained for precoalescence, coalescence and steady state postcoalescence stages, respectively while 

the current models gave -261, 102 and -115MPa. For continuous film, the current model gave -115 MPa which is 

comparable to -140 MPa obtained from an experimental study conducted on Cu thin films. Furthermore, 

parametric studies showed that the directions of growth for both intrinsic and steady state stress are converse. 

Thus, the results obtained indicate that the current models are reliably and can be used for accurate stress 

prediction. The predictions of the current models are closer to the experimental values than any of the previous 

models. 
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INTRODUCTION 

Thin films are currently deployed for various 

technological applications ranging from micro/nano-

electromechanical systems (M/NEMS) like sensors 

and actuators to magnetic storage media, and thermal 

barrier coatings among others (Tesfamichaela et al., 

2012). One of the critical requirements for successful 

application of thin films is the ability to control and 

reproduce the manufacturing processes. 

Consequently, understanding the effects of growth 

conditions and materials properties on the resulting 

residual stresses is necessary to fabricate low stress 

thin films (Tello and Bower, 2008; Pei at al., 2017; 

Xie, et al., 2017). Irrespective of fabrication method 

adopted, thin film-based structural layers usually 

exist under a state of internal stress which is often 

detrimental to the functionality and structural 

integrity of the final devices made therefrom. For 

example, the dynamic and reliability characteristics 

can be altered due to changes in structural stiffness 

(Guo, et al., 2012; Mehta, et al., 2004; Freund and 

Suresh, 2003;Xie, et al., 2019). Stresses in thin films 

may originate from thermal, intrinsic or extrinsic 

sources or a combination thereof (Pauleau, 2001; 

Evans and Hutchinson, 2009). The intrinsic stress 

depends on the film microstructure and material 

behavior (type I or type II) (Thompson, 2000). Type I 

materials (such as Cr, Fe and Ti films) are low 

mobility materials having only tensile stress during 

growth. They usually have columnar grain 

morphology making stress-thickness nearly constant 

throughout the growth duration. However, for type II 

materials such as Ag, Cu and Au, their high mobility 

leads to incremental stress as film thickened. 

Consequently, the stress changes from compressive 

to tensile and then compressive based on the slope of 

the stress-thickness curve.    

A few mathematical models have been developed to 

estimate intrinsic stresses in thin films for type II 

materials. The two relevant models for the 

precoalescence stage are those of Laugier (1981) and 

Cammarata et al (2000). While the approach used by 

the former is based on the changes in the lattice 

constant, that of the latter relies on surface stresses 

using a cylindrical island. For the coalescence stage, 

the stress generation is based on reduction in surface 

energy / stress when a grain boundary is formed from 

neighboring islands. In this regards, Hoffman (1976) 

theorized that neighbouring crystallites spontaneously 

snap together when the gap between the adjacent 

islands reaches a critical value.  

Because of the challenges associated with estimating 

critical gap, Nix and Clemens (1999) came up with 

two models using the surface energy-driven approach 
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similar to the Griffith principle of crack propagation. 

However, the models overestimate the induced 

stresses prompting Freund and Chason (2001) to use 

theory of contact of elastic solids with cohesion. This 

approach brought the predicted stress slightly closer 

to the experimental values. Cammarata et al. (2000) 

explored the concept of surface energy reduction to 

model islands zipping process and further extended 

the model to capture the steady-state stress in a 

growing film. It should be noted that only the models 

of Cammarata et al (2000) addressed the mechanisms 

of stress behavior during the precolescence and 

postcoalescence growth stage. However, all the 

models generally overestimate the intrinsic stresses 

compared to the experimental observations. 

Therefore, a more accurate mathematical model is 

necessary. This paper therefore reports refined 

models with higher accuracy for stress estimation.   

MODELING  

Approach, Justification and Assumptions 

The modeling approach used in the current study is 

similar to the precoalescence stress model of 

Cammarata et al. (2000) but a dome shape island is 

envisioned as against a cylindrical island used by 

Cammarata. An evidence for the chosen shape is 

shown in the AFM image of Cu islands (Fig.1 a, b) 

prepared by electrodeposition of Cu on 

polycrystalline ruthenium (Guo and Searson, 2010). 

It is evident that the Cu deposition is still in the 

precoalescence stage since significant number of the 

islands are isolated. This island is then modeled as a 

dome (Fig. 1c). The curved surface stress of the 

island is assumed to be uniform along the entire 

curved surface since the whole surface is exposed to 

the influence of incoming gas flux. The area of the 

circular bottom disk of radius r is  𝐴𝑥𝑦 = 𝜋𝑟2 and 

that of the convex surface is      𝐴𝑧 = 𝜋𝑟2 + 𝜋ℎ2. The 

volume of the dome is given by 𝑉 =
𝜋ℎ

6
(3𝑟2 + ℎ2).  

It is assumed that the curved surface of the island is 

associated with the surface stress cf  and the 

interface between the circular bottom disk and the 

substrate is associated with the interface stress if . 

Due to these stresses, the in-plane Laplace pressure 

∆𝑃𝑟 and out-of-plane ∆𝑃𝑧 are assumed to be generated 

along the radial and transverse directions, 

respectively. For an island with bottom area 𝐴𝑥𝑦 and 

surface area 𝐴𝑧, the Laplace relation                                              

(
dV

dA
fP  ) gives:  
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 By substituting the expressions for xyA , zA
 
and V in Eq.(1) and Eq. (2); then: 
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Figure 1: (a) AFM image showing significantly isolated Cu islands on oxide layer, and (b) AFM image of a single 

Cu island (Guo and Searson, 2010) and, (c) spherical dome shaped model of the island.  
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Stress Generation at Precoalescence Stage 

Based on the island configuration of Fig. 1(c), the 

resulting stresses imposed on the island due to the 

Laplace pressure effect are ryyxx P  

and zzz P . The in-plane radial strain rr

 induced during growth is related to the volumetric 

stresses by Hooke’s law as 

zzyyxxrr sss  131211  where 11s , 12s  

and 13s  are the elastic compliances of the coordinates 

in the x, y and z direction, respectively. If the 

volumetric stress components are substituted, then 

the radial strain becomes: 
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Following the step adopted by Cammarata et al. (2000) or CTS (i.e. Cammarata, Trimble and Srolovitz), and 

assuming an in-plane biaxial modulus and strain free island, the precoalescence stress can be expressed as: 
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Where   depends on the crystallographic orientation and elastic compliance. The equivalent model from CTS is: 
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Where hf  is the surface stress due to the height of the cylindrical island. 

 

One of the most significant differences between Eq. 

(5) and Eq. (5.1) is that the thickness and diameter-

dependent terms are coupled and non-linear unlike in 

the former. This indicates that stress is non-linearly 

dependent on these parameters. For an elastic 

isotropic material where 10   , the contribution 

from 𝛽 − 1 will be negative for Eq. (5) and just   

for Eq. (5.1). This is  bound to change the sign or 

magnitude of the estimated stress thereby generating 

a new trend. 

Coalescence and Postcoalescence Stresses 

The mechanism of stress generation during island 

coalescence is similar to the concept discussed in 

Cammarata et al., 2000).  The grain boundary is 

formed by gradual zipping of the islands as it is 

energetically favourable. In such a case, surface stress 

gbf associated with the grain boundary is formed. In 

the current case, it is assumed that the dome shaped 

islands coalesce to form a regular hexagonal grain of 

a side length r , height h , grain boundary area 

hrAgb
 6 , surface area 2

2

33
rAxy
  and total 

volume hrV  2

2

33
 (Fig. 2a). Assuming in-plane 

isotropy, Laplace pressure–surface stress relation 

gives: 
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Substituting for xyA , zA , gbA and V  , Eq. (6) and Eq. (7) become:  
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The associated bi-axial strain associated with the Laplace pressure change is given by:  
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The extra stress cont,  imposed by the substrate constraint on the grain as it grows from complete coalescence 

stage ),( impimp rh   to a steady state ),( rh  is given by:
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Figure 2: (a) SEM image showing grain structure in Cu film (inset is a single hexagonal grain) (Ji, 2004). Note that 

the grain boundaries have been etched (b) the equivalent hexagonal grain model 

 

Since coalescence is not an instantaneous process, the change in the strain due to the grain boundary formation is 

evaluated at the beginning and completion of coalescence process. The induced stress Δσ,imp is given as:  
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Therefore, the total intrinsic stress for a continuous film cont,  is the summation of Eq. (5), Eq. (10) and Eq. (11). 
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The stress at coalescence can be obtained from Eq. (12) when ),(),( impimp rhrh  and the actual stress induced by 

the coalescence process is given by Eq. (11). For comparison, the equivalent stress model from Cammarata et al 

(2000) is given by: 
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RESULTS AND DISCUSSION 

Parametric studies 

Equations 5, 10 and 12 were coded on MATLAB 

platform to explore the stress behaviour at 

precoalescence, coalescence and postcoalescence 

growth stages based on available data obtained from 

Cu film deposited on silicon oxide.  Figure 3 (a) 

shows the influence of island height on the 

precoalescence stress using Eq. (5) and Eq. (5.1). 

While both CTS and the current models showed a 

decreasing compressive stress with increased island 

height, the current model indicates a smaller 

compressive stress similar to experimental data (Seel, 

2002).  For the coalescence process, the induced 

stress depends on both the island radius prior to 

impingement as well as the thickness changes over 

which the coalescence process takes place (Eq. 11). 

According to Fig. 3(b), the stress due to coalescence 

decreases with increased thickness at impingement 

and increases with island diameter at impingement 

for film  thickness less than 4 nm. Beyond thickness 

of 4 nm, the stress increases with increased diameter 

at impingement.  For instance the coalescence stress 

at thickness of 2 nm is 160, 60 and 40 MPa at 

impingement diameter of 5, 10 and 15 nm, 

r
’ 

h
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respectively. The slope of the stress-thickness curve 

is higher for smaller island at impingement compared 

to bigger islands as can been observed.  

By computing stress over a few thickness prior to 

impingement, the maximum stress generated during 

island coalescence decreases with island size (Fig. 

3c). This may account for higher compressive stress 

observed in the films with large grains compared to 

those of small grains. Also, the intrinsic stress 

becomes compressive during postcoalescence 

evolution due to increased film thickness or grain size 

(Fig. 3 d).          
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Figure 3: (a) Precoalescence stress evolution (b) stress changes due to coalescence as a function of thickness and 

diameter at impingement (c) maximum stress variation with thickness at impingement (d) Postcoalescence stress 

evolution, f = g = 0.5N/m, h= 1.5N/m, do = 2.5 nm.  

Model Comparison 

The current models are validated with experimental 

results from literature, and then compared to a few 

published models. For the precoalescence stage, the 

models were compared with stress evolution in thin 

Ag films deposited by CVD (Freund and Suresh, 

2003). For silver, with 37.0  (Freund and 

Chason, 2001), the values of the surface stresses were 

assumed to be mNfff fic /5.0 and 

mNfh /1  since the surface stresses for most 

alkaline metals are in the range of 0.2 and 1 N/m 

(Cammarata et al., 2000). For a critical or lock down 

parameter of ho = 1.5 nm and an impingement 

parameter of himp = 5 nm, and d = 2.5*h for silver 

islands just before impingement, Eq. (5) and Eq. (5.1) 

gave ~-42 MPa and ~ -119 MPa, respectively. This 

implies that the result of the current model (~-42 

MPa) is closer to the experimental values ( -20 to +20 

MPa) obtained from Seel (Seel, 2002) than the CTS 

model (-119 MPa). Also for Cu, a good agreement 

between experimental results (-200 MPa) and the 

current model (-213 MPa) was obtained (Table 1).  

For the choice of 2.5 as a multiplier for island 

diameter d, the diameters and heights of a series of 

silicon germanium islands were measured, and it was 

found that the diameter/height ratio stabilized at ~2.5 

prior to coalescence. Since silicon germanium films 

are polycrystalline as evident from the XRD spectra 

published elsewhere (Asafa et al., 2013) and behave 

like type II materials at elevated temperature, it is 

expected that the island diameter/height ratio will be 

similar to those of Cu and Ag films.  
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Table 1: Predicted and measured compressive stress (MPa) prior to coalescence for Ag and Cu films 

 

Material/ Substrate Fitting Parameters Eq. (5.1) Eq. (5) Experiment 

Ag/CVD oxide layer  ν = 0.37  fc = fi = ff = 0.5,     fh =
1 N/mb,  ho = 1.5 nm,     do = 2.5 ∗
honm,  himp = 5 nm,   d = 2.5 ∗ h nm,  

β = -0.504 

-128.6 -42 -20 to +20a 

Cu(001)/oxidized silicon ν = 0.34  fc = fi = ff = 1,          fh =
1.5 N/mb  ho = 2 nm,      do = 2.5 ∗
ho nm, h = 5 nm,     d = 2.5 ∗ h nm,  β = 

-0.448 

-382 -213 -200a 

a [Ref (Seel, 2002) b [Ref. (Cammarata et al., 2000)] 

  

The postcoalescence stress models are validated with 

three experimental results (Seel, 2002; Abermann and 

Koch, 1985; Shull, 1996)). For Cu; the grain 

boundary energy
2/715.0 mJgb  , free surface 

energy 
2/3135.1 mJs  (Murr, 1975), elastic 

modulus E = 127 GPa and 34.0 . Also 

nmho 5.2 , oo hd *5.2  and 

mNff cgb /62  were selected similar to that 

of Cammarata et al (2000), other parameters are 

similar to those in Table 1. Two important points are 

examined: (i) at the completion of coalescence and 

(ii) during a continuous or steady-state growth. Upon 

complete coalescence; nmhimp 13 and 

nmdimp 13*5.2  and h = 60 nm at steady stress 

state (Seel, 2002).
 

The results for the post-

coalescence stress models are presented in Table 2.  

The predictions of the current models are closer to 

the experimental values than any of the previous 

models. Both Nix-Clemens models over-exaggerate 

the induced stress. Freud-Chason and Seel models are 

slightly close to the experimental values. The 

coalescence and postcoalescence models of 

Cammarata et al. indicate compressive stresses for 

both stages while the experiments indicate a tensile 

stress for the stress just after coalescence. These 

results indicate that the dome shaped island is more 

realistic than other shape. 

At the precoalescence stage, the stresses predicted by 

the current model are slightly more compressive than 

those of the experiments (see Table 2). One of the 

possible reasons for the deviation may be due to the 

assumed shape of the growing islands which may not 

be a perfect dome. Also, the slightly lower tensile 

stress obtained from the experiment for the steady-

state stress may be attributed to an incomplete island 

coalescence. In addition, the accurate determination 

of the interfacial stress associated with the grain 

boundary fgb might require an extensive experimental 

investigation. However, since fc - fgb/2 > 0 is a 

necessary condition for a grain boundary to form, the 

assumption of fgb – 2fc = -6 N/m  may as well be 

justified. Finally, it is assumed that the surface, 

interfacial and grain boundary stress/energy are 

dependent on the material and not the growth 

conditions. This may require further investigation.  

On a general note, the current approaches do not 

include other mechanisms of stress generation and 

relaxation which have been the focus of previous 

studies (Freund and Chason, 2001; Abermann and 

Koch, 1985)].  It may be necessary to investigate a 

hybrid approach where the surface stress method is 

combined with any of the atomic-level models. While 

the current models are simple, they may also provide 

a useful framework for stress evolution study in thin 

films.  
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Table 2: Stresses at coalescence and continuous stages for Cu (001) films  

 

S/N Model/ 

Experiment 

   

Source (s) 

Stress after complete 

coalescence (MPa) 

Stress in the   

continuous film (MPa) 

 

1 Nix-Clemens 1 Nix and Clemens, 1999 5320 2476  

2 Nix-Clemens 2 Nix and Clemens, 1999  6158 2866  

3 Freund-Chason Freund and Chason, 2001  616 222  

4 Seel et al Seel at al, 2000) 1532 713  

5 Cammarata et al. Eq.  (12.1) -150 -346  

6 This work Eq.  (12) 102 -115  

7 Experiment 1 Seel, 2002 175 -107±33  

8 Experiment 2 Abermann and Koch, 1985
 

230 -80  

9 Experiment 3 Shull, 1996
 

140 -260±25  

CONCLUSIONS 

It has been shown that surface stress can explain the 

intrinsic stress observed during film growth. The 

current model is based on the assumption of dome 

shaped islands for the precoalescence state. These 

isolated islands induce stress when their lattice 

parameters are constrained in response to the 

volumetric expansion. An assumption of hexagonal 

grains is made for the postcoalescence state. By 

balancing the forces due to the Laplace pressure and 

those of the surface stresses, models that account for 

the precoalescence compressive stress, the 

coalescence tensile stress and the postcoalescence 

compressive stress observed in Cu and Ag thin films 

were derived. It was observed that island/grain shape 

changes can account for the type of stress obtained 

during thin film deposition. The results of the current 

models are in better agreement with experimental 

observations compared to those of other published 

models.  
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