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Abstract—Microhardness test is the most commonly used 
method for assessing the mechanical properties of thin films. 
This testing method uses controlled contact at a single point of an 
indenter and chosen material which induces the plastic 
deformation in material under indenter. The measured hardness 
is considered as the composite hardness, because the substrate 
participates in the plastic deformation caused by indentation. 
This research has been carried out in order to analyze and 
compare the hardness response of different composite systems 
consist of monolayer electrodeposited copper thin film on brass 
and steel alloys as the substrates. The influence of the 
electrodeposition parameters and of the substrate on the 
hardness and interlayer adhesion were investigated by Vickers 
microhardness testing for different load. 

Index Terms— microhardness, composite system, thin film, 
adhesion, electrodeposition.  

I. INTRODUCTION

Copper electroplating is one of the oldest method for 
producing the protective and decorative coatings. Thin copper 
films are used to improve wear and corrosion resistance or 
used as diffusion barriers [1].  

Thin copper films have various applications in the 
electronic industry for the fabrication of contacts in integrated 
circuits. They are the best choice when it is necessary to fulfil 
the HAR-channels (high aspect ratio trenches). Along with 
alternately electrodeposited thin Ni films, they may be 
considered as laminate composite structures with good 
mechanical properties such as high hardness and tensile 
strength, which is especially important for the MEMS 
structures fabrication [2-4]. 
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Electrochemical deposition (ED) is technique that is fully 
compatible with MEMS technologies. It is a low temperature 
and easy-controlled deposition technique with high deposition 
rate [5].  

Electrolytes that are commonly used for the copper 
deposition are on the base of sulphate with content of various 
additives. Organic or nonorganic additives are added to 
electrolyte in purpose of change the film microstructure and 
improvement the mechanical properties such as higher 
hardness value, brightness and ductility [6]. Synergetic effect 
of the additives (chloride ions + polyethylene glycol (PEG) + 
MPSA) in the plating solution contributes to obtaining the 
fine-grained film microstructure and high values of composite 
hardness and adhesion [7-8].  

Indentation testing is reliable test method for the 
evaluation of mechanical properties of bulk materials and thin 
films over a wide range of size scales. During hardness 
measurement of thin films by indentation method, the 
influence of the substrate must be considered. The measured 
composite hardness is a complex function which depends on 
the relative indentation depth and structural and mechanical 
properties of both the film and the substrate.  

Change of the composite and film hardness with applied 
loads depends on the type of the system and structure of the 
film. Copper films electrodeposited on brass and steel 
substrates belong to “soft film on hard substrate” composite 
system type. The composite hardness model of Chicot-Lesage 
(C-L) [9] was chosen and applied to experimental data in 
order to calculate the film hardness.  It is possible to assess 
the interlayer adhesion in the composite systems by 
microindentation test. The composite hardness model 
designed for the evaluation of thin film adhesion properties is 
developed by Chen and Gao [10-12].  

II. DETERMINATION OF FILM HARDNESS

The model proposed by Chicot and Lesage (C-L) is 
developed on the analogy between the variation of the 
Young’s modulus of reinforced composite in function of the 
volume fraction of particles, and the variation of the 
composite hardness between the hardness of the substrate and 
the film.  

Meyer’s law express the variation of the size of the indent 
in function of the applied load P. For the particular case of a 
film-substrate couple, the evolution of the measured diagonal 
and the applied load can be expressed by a similar relation as 
is Meyer's: 

** ndaP  (1) 
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The variation part of the hardness number with load is 
represented by the factor n*. They adopted the following 
expression: 
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The composite hardness can be expressed by the following 
relation: 
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Hardness of the film is the positive root of the next equation: 
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The value of m (composite Meyer's index) is calculated by a 
linear regression performed on all of the experimental data 
obtained for a given film/substrate couple and deduced from 
the relation: 

 bPmd  lnln  (5) 

With the known value of m, only the hardness of the films 
remains to be calculated. 

III. EVALUATION OF ADHESION PROPERTIES OF THIN FILMS IN 

COMPOSITE SYSTEMS 

For evaluation of the adhesion properties of thin films, 
Chen-Gao (C-G) method was chosen. This method introduces 
the composite hardness as a function of the critical reduced 
depth beyond which the material will have no effect on the 
measured hardness. They found that a large value of the 
critical reduced depth b (ratio between the radius of the plastic 
zone beneath the indentation and the indentation depth) 
corresponds to good adhesion, while low values indicate poor 
adhesion of the films, as shown in Fig.1. The correlation 
between composite hardness value HC and the critical reduced 
depth are found as: 

   )(/)1( sfsc HHDbmtmHH   (6) 

Hs and Hf are the hardness of the substrate and of the film, t is 
film thickness, D is indentation depth, m is the power index. 
Critical reduced depth has different values for various film-
substrate systems. Even for the same film-substrate system, 
due to the different adhesion strength, b values are different. 

 

 

Fig.1. Schematic representation of deformation associated with indentation in 
a coated substrate (weak adhesion) (a); The effect of a strong film/substrate 
interface (b) [10]. 

IV. EXPERIMENTAL PROCEDURE 

4.1. Substrates and film deposition 
 

For the composite hardness measurement two different 
substrates were chosen and prepared: brass foil 260 ½ hard, 
250 mm-thick (ASTM B36, K&S Engineering) and stainless 
steel 316 L with a thickness of 200 mm. The -brass has a 
FCC crystal structure as well as copper and constitutes a 
suitable surface for deposition in terms of crystal lattice 
match. Prior to deposition, the brass substrate requires the 
activation in 20% sulfuric acid solution. The stainless steel 
foil was degreased and mechanically polished with alumina 
powder. The set of starting samples is shown in Fig.2. 

Electrochemical deposition was performed under DC 
galvanostatic mode . Copper films were electrodeposited from 
a sulphate bath consisting of 240 g/l CuSO4·5 H2O, 60 g/l 
H2SO4, 0.124 g/l NaCl, 1 mg/l PEG (polyethylene glycol), 1.5 
mg/L MPSA (mercapto propane sulphonic acid) [13]. The 
current density values were maintained at 10 mA/cm2 and 50 
mA/cm2. According to the plating surface and chosen process 
parameters, projected thickness of deposits was determined. 
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Fig.2. Prepared samples, brass foil (a) and steel foil (c); Electrodeposited 
copper film on brass (b), and ED Cu on steel (d). 

 
 



 

4.2. Microindentation test 
 

The mechanical properties of the composite systems were 
characterized using Vickers microhardness tester “Leitz, 
Kleinharteprufer DURIMET I “ with loads ranging from 1.96 
N down to 0.049 N. Three indentations were made at each 
indentation load from which the average composite hardness 
could be calculated. Topographic examination was done by 
the metallographic microscope (Carl Zeiss Epival Interphako) 
and optical images are shown in Fig.3. 

 

 
a) 

 
b) 
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Fig.3. Optical images of Vicker's indent, on substrate steel and brass (a) and 
(c). The Vickers indent on 5 mm ED Cu film on steel b) and ED Cu film on 
brass, microetching in wather solution of Na2S2O8 (=16.67 mas.%, time=10 
min.) (d).  

V. RESULTS AND DISCUSSION 

5.1. Absolute hardness of the substrates 
 

Indentation tests were performed on uncoated substrates of 
brass 260 and steel 316 L in order to observe their response to 
indentation according to their different microstructure. Model 
proposed by Li and Bradt, Proportional Specimen Resistance 
(PSR) model [14], was chosen for analyzing the variation of 
substrate microhardness with the load:  

 22
01 )/( ddPdaP c   (7) 

                                               
Here Pc is the critical applied test load above which 
microhardness becomes load independent and do is the 
corresponding diagonal length of the indent. A plot of P/d 
against d will give a straight line, and the slope gives the 
value of Pc∙d0

-2 which when multiplied by the Vicker’s 
conversion factor 1.8544 gives the value of the load 
independent substrate microhardness, that is shown in Fig.4. 
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Fig.4. PSR plot of applied load (in N) through indent diagonal (in mm), P/d, 
versus indent diagonal, d, for different hard substrates. Absolute hardness of 
the substrates, Hs, is 1.483 GPa for brass and 1.67 GPa steel. 

 
5.2. Composite and film hardness of monolayer thin film        
composite systems. 

Composite systems of electrodeposited copper films on 
substrates of brass and stainless steel were fabricated. The 
average values of the indent diagonal d (in mm), were 
calculated from several independent measurements on every 
specimen for different applied loads P (in N). The absolute 
substrate hardness and composite hardness values, H (in GPa) 
were calculated using the formula: 

 201854.0  dPHc  (8) 

where 0.01854 is a constant, geometrical factor for the 
Vickers indenter. 

Variation of the composite Hc, and film hardness Hf, of 
electrodeposited Cu films with different thickness (2 mm, 5 
mm and 10 mm) on steel substrates, with relative indentation 
depth h/t, where h is indentation depth and t is total film 
thickness, is shown in Fig.5. 
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Fig.5. Composite hardness vs. relative indentation depth for the copper films 
deposited on steel substrate with variation film thickness, and 10 mA/sq.cm 
current density. 

 
For relative indentation depth h/t, between 0.1 and 1, it was 

found that the hardness response is of the composite system 
(the film and the substrate together). The influence of the 
substrate is dominant for very thin films and the hardness 
curve is shifted to the right (for 2 µm-thick ED Cu film).  
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Fig.6. Variation in composite hardness with normalized depth h/t, for 
electrodeposited Cu film on alloy (brass and steel) with constant current 
density (j=10 mA/sq.cm). 
 

Change of the composite hardness with relative indentation 
depth for ED Cu films with thickness 5 mm and 10 mm on 
different substrates is shown in Fig. 6. Composite hardness of 
ED Cu films on brass substrate is higher than the composite 
hardness of ED Cu films on steel substrate. A potential 
explanation can be found in analysis of the adhesion strength 
difference on the film-substrate interface [15].  

The results of the calculated film hardness according to the 
Chicot-Lesage model for the system of ED Cu film on brass 
substrate were given in the Fig.7. The film thickness was 10 
mm. The films obtained with higher current density (50 
mA/cm2) appear harder than films deposited with 10 mA/cm2. 
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Fig.7. Variation in composite hardness Hc and film hardness Hf with relative 

indentation depth, h/t for 10 mm ED Cu films on brass as the substrate. 

 
Change of the composite and film hardness, Hc and Hf, with 

relative indentation depth, h/t, for the system of soft ED Cu 
films on hard stainless steel and brass substrates, are shown in 
Fig.8. and Fig.9. The current density values were maintained 
at 10 mA/cm2 and 50 mA/cm2 and projected thickness of the 
films was 5 mm. Increase in current density value has led to 
grain size refinement and hardness increase [16]. 
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Fig.8. Variation in composite hardness Hc and film hardness Hf, with relative 
indentation depth, h/t, for 5 mm electrodeposited Cu films on stainless steel 
substrates. 
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Fig.9. Variation in composite hardness Hc and film hardness Hf, with relative 
indentation depth, h/t, for 5 mm electrodeposited Cu films on brass substrate. 

 
5.3. Composite hardness and adhesion 

 
It is observed that adhesion influences the microhardness 

values of composite systems and films. Equation (6) was used 
to calculate the critical reduced depth b for the systems of thin 
ED Cu films on brass and stainless steel substrates. The 
hardness of the brass substrate was calculated and it is 1.483 
GPa and of the stainless steel substrate is 1.67 GPa. The 
hardness of the copper film was calculated according to Chen-
Gao (C-G) model. The calculated values of film hardness for 
5 mm ED Cu film on steel substrates are 1.25 GPa (for current 
density 10 mA/cm2), and 1.34 GPa (for current density 50 
mA/cm2). The copper film electrodeposited under the same 
process conditions on brass substrate has similar value of the 
film hardness and it is 1.24 GPa. It means that the model is 
appropriate for separation the film hardness value from the 
composite hardness. The indentation depth D is given by the 
indenter geometry (D = d / 7), and the film thickness was kept 
constant (5 mm). The appropriate value for power index, m, is 
found to be 1.8 for a soft film on a hard substrate [17]. 

The model of Chen-Gao was used to calculate the critical 
reduced depth, b, (the ratio between the radius of the plastic 



 

zone beneath the indenter and the indentation depth) for 5 mm 
ED Cu films on steel substrate electrodeposited with different 
current density (10 and 50 mA/cm2) as shown in Fig.10. The 
higher value of b is obtained for the films deposited with 
higher current density (50 mA/cm2). 
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Fig.10. Hardness difference vs. ratio between the film thickness and the 
indentation diagonal for copper films on steel as a substrate. The critical    
reduced depth  for 5 mm ED Cu films for different current density is shown. 

 
Comparison of the adhesion parameter for the systems of 

ED Cu films on brass and stainless steel substrates show that 
critical reduced depth has higher value for the system of ED 
Cu on brass which corresponds to better adhesion properties. 
This behavior is shown in Fig.11. 

b = 1.886

b = 2.431

0

0,2

0,4

0,6

0,8

1

1,2

0 0,2 0,4 0,6

Film thickness/Indentation diagonal, t/d

H
a

rd
n
e
s
s
 d

iff
e

re
n
c
e
, 
D

H
=
H

s
-H

c
 (

G
P

a
)

5 microns ED Cu on steel, 10 mA/sq.cm

5 microns ED Cu on brass, 10 mA/sq.cm

Fig.11. Hardness difference vs. ratio between the film thickness and the 
indentation diagonal for copper films on different substrates. The critical 

reduced depth b for 5 mm ED Cu films is shown. 

 

In summary, adhesion influences the microhardness of 
films for soft films on hard substrates. With increasing the 
indentation load, the composite hardness decreases more 
rapidly for poor adhesion.  

VI. CONCLUSION 

Analysis of the composite and film hardness of ED Cu 
films on substrates of brass and stainless steel was studied. 
Microhardness measurements were performed on uncoated 
substrates and film-substrate composite systems to observe 
their hardness response. Composite hardness models of 
Chicot-Lesage and Chan-Gao were applied to experimental 
data in order to evaluate the film hardness and adhesion 
properties of the systems. 

Composite and film hardness of ED Cu monolayer films on 
the brass and steel substrates were determined. Microhardness 
measurements indicated that the hardness response of the 
same film depends on type and contribution of the supportive 
substrate. 

All test systems belong to “soft film on hard substrate” type 
of composite system (composite hardness values show 
ascending character). The copper films deposited on brass 
substrates have higher composite and film hardness then ED 
Cu films on steel substrates for the same deposition 
parameters and projected thickness. 

A large value of critical reduced depth, corresponds to good 
adhesion properties of the film. For the same film-substrate 
system, critical reduced depth increases with increasing the 
current density. Systems of ED Cu film on brass substrate 
have better adhesion properties than the systems of ED Cu 
film on stainless steel substrate such as the critical reduced 
depth parameter shows. 
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