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Abstract: Composite systems of monolayer and multilayer nickel films elec-
trochemically deposited on single crystal (100)-oriented silicon wafers were
fabricated with and without the ultrasonic agitation. The hardness and adhe-
sion behaviour of these composite structures were characterized by Vickers
microindentation test. The dependence of composite microhardness and film
adhesion on the structure of the film and mixing conditions of electrolyte were
analysed. Mathematical models of Chicot-Lesage and Chen-Gao were applied
to experimental data in order to obtain the film hardness and adhesion param-
eter respectively. It is confirmed that the mechanical properties of composite
systems of nickel thin films on silicon substrate can be enhanced by formation
of multilayer film structure by ultrasound-assisted electrodeposition and by
reducing the layer thickness in the multilayer film.
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Introduction

Complex structures consisting of
thin films on various substrates are im-
portant building blocks in fabrication of
microelectromechanical (MEMS) devic-
es. Development of reliable techniques
for growing of metal monolayer or mul-
tilayer thin films is of great attention in
the microsystem technologies (Morales,
2006, Datta, Landolt, 2000).

The integrity of microdevices will in
many respects depend on mechanical
properties such as hardness and adhe-
sion. These mechanical properties de-
pend on the film microstructure and
the film-substrate interfacial structure.
There are different techniques used to
modify the interface structure in order
to achieve better adhesion of the film
such as introducing a new layer between
the substrate and the film or modify-
ing the film into a multilayered struc-
ture (Serre et al.,, 2005, Fritz, Mokwa,
Schnakenberg, 2001).

Electrochemical deposition (ED) is
a well-known technique, fully compati-
ble with MEMS technologies. This tech-
nique gives many possibilities of obtain-
ing and controlling the structure of ma-
terials which will directly affect the me-
chanical properties (Ebrahimi, Bourne,
Kelly, Matthews, 1999).

Nickel films with fine-grained micro-
structure can easily be obtained by elec-
trochemical deposition. Fine-grained
films have better mechanical properties
such as high yield strength, lower wear
ratings, high hardness values and bet-
ter corrosion resistance in comparison
with nickel films of a standard grain size
(Ebrahimi et al., 1999, Lamovec, Jovic,
Randjelovic, Aleksic, Radojevic, 2008).

Using of ultrasound as a type of agita-
tion together with electrochemical dep-

osition (ED) technique can improve the
structural and mechanical properties of
the films such as grain size and shape,
hardness and adhesion to the substrate,
reduces internal stress and improves
wear resistance (Walker, Walker, 1973).

One of the possibilities of using the
ultrasound together with ED technique
is to obtain the multilayer structure of
the films, since it allows the change of
the chosen film sub-layer structure (Niu,
Wei, Yang, Hu, Yu, 2012, Yu et al., 2013).

A thin film on a substrate can be con-
sidered as a composite system whose
mechanical properties depend on par-
ticular material properties of the film
and of the substrate and also on compos-
ite system parameters such as adhesion,
controlled residual stress, etc. Indenta-
tion hardness testing is a reliable meth-
od for evaluation of composite and film
mechanical properties.

The response of the system to the in-
dentation is so-called “composite hard-
ness’. As the thickness of the film is very
small in comparison with the thickness
of the substrate, the influence of the sub-
strate must be included during the film
hardness determination.

The measured composite hardness
value is influenced by a number of fac-
tors such as film or film layer thickness,
load or indentation depth, film and sub-
strate hardness and their hardness ratio.
Microhardness measurements are listed
as a significant tool for assessing film
adhesion on the substrates (Cammara-
ta, 1994, Kaneko, Mizuta, Nishijima,
Hashimoto, 2005, Magagnin, Maboudi-
an, Carraro, 2003).
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1. Composite hardness and adhesion models

There is a large number of mathemat-
ical models developed for the purpose
of calculating the absolute hardness of
the film from the experimental meas-
urements of composite hardness. They
operate on a number of different princi-
ples and according to previous research
of various types of composite systems,
a selection of mathematical models for
the systems being analysed was made
(Chicot, Lesage, 1995, Lesage, Pertuz,
Puchi-Cabrera, Chicot, 2006).

The composite hardness model of
Chicot-Lesage (C-L) was found to be
appropriate for experimental data anal-
ysis and film hardness calculation. This
model is based on the analogy between
the variation of the Young modulus of the
reinforced composites in function of the

The basic problem in determining
the hardness is that it is load depend-
ent. Meyer’s law is an empirical relation
between change of the applied load P
and indentation diagonal, d. The rela-
tion between the measured diagonal and
the applied load that is used in the C-L
model and Meyer’s relation is similar in
appearance:

P=a" -d" (1

The hardness number has the variable
part which is represented by the factor
n*. By introducing the expression given
by the Eq. (2), the equation for the
composite hardness (H_) can be derived
as Eq. (3):

volume fraction of particles and the vari- ¢ Y 1
ation of the composite hardness between ! (;j - (3) =f where m= e (2)
the hardness of the substrate and hard-
ness of the film (Chicot, Lesage, 1995).
e R R TR L I
F S

where H_ is hardness of the substrate
and H, is hardness of the film. Hardness

of the film (H,) can be obtained as the
positive root of the next equation:

A-H} +B-H, +C=0, with

A=12(f-1)

B=(=2-/*+2-f*=1)-Hg+(1- f)-H,

C=f-H.-Hg+[f*-(f-1)-H}

The value of composite Meyer’s index
(m) is calculated by a linear regression
performed on all of the experimental
data obtained for a particular film-

(4)

substrate composite system and deduced
from the relation:

Ind =m-InP+5b (5)
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For each specific value of the com-
posite Meyer’s index m, the hardness of
the film was calculated.

Evaluation of the adhesion proper-
ties of Ni thin films electrodeposited on
Si (100) substrates was performed us-
ing the Chen-Gao model (Chen, Gao,
2000). This model introduces new ex-
pression named a function of inden-
tation depth weight factor, which de-

WEAK ADHESION

scribes the contribution of local hard-
ness to composite hardness.

The relationship between the com-
posite hardness H . of the film-substrate
system and the function of indentation
depth weight factor expressed through
the critical reduced depth b, is given by
the Eq. (6):

Ho—H, + {(m+1)-t

m}'(h& ~Hg)  (6)

STRONG ADHESION
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Fig. 1. Schematic representation of deformation associated with indentation in a coated
substrate for a weak adhesion (left) and a strong adhesion (right)

The appropriate value for the power
index m is found to be 1.8 for the sys-
tem of ED Ni films on Si(100) substrate
(Chen et al., 2000). The film thickness is
given with t and D is indentation depth.
It was found that a large value of the crit-
ical 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.

By replacing the Vickers indent di-
agonal d with d = 7-D, and introducing
the relation AH = H-H , Eq. (6) may be
reorganized as:

7-(m+1)-(Hg—Hy)

m-b

(t/d) (7)

The critical reduced depth b can be
calculated by using the Eq. (7) together

with experimental values of H, H), t
and d.

2. Experimental procedure

2.1. Preparation of the Si substrates

The substrates for the electrodeposition
of Ni thin films were rectangular pieces of
4” (100)-oriented Si wafers. The plating

base for the Si wafers were sputtered layers
of 10 nm Cr as the adhesion layer and 100
nm Au as the nucleation layer (Fig. 2).
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2.2. Ni film electrodeposition procedure

Electrochemical deposition (ED) of Ni
was performed under the dc-galvanostat-
ic regime with the current density value
maintained at 50 mA/cm?, with and with-
out the assistance of agitation in ultrason-
ic bath (40 kHz). Nickel films were elec-
trodeposited from laboratory-made sul-
phamate electrolyte consisting of 300 g/l
Ni(NH,S0,) -4H O, 30 g/l NiCL-6H,0,
30 g/l H,BO, and 1 g/l saccharine.

The rates of the deposition with and
without the presence of ultrasound were
determined for the selected time inter-
val (30 minutes), deposition area of 2
cm?”and current density value of 50 mA/

cm’, by measuring the sample mass be-
fore and after the deposition and with
the calculation of the average film thick-
ness value. Deposition time was then
determined for the projected thickness
of the film of 10 um. For comparison of
properties of mono and multilayer films,
monolayer thin films of Ni were electro-
deposited first, with and without ultra-
sonic agitation. The multilayer Ni films
were then obtained by alternate electro-
deposition of ordinary (O-Ni) and ultra-
sonic-assisted nickel layers (U-Ni) for
different deposition times for one layer
(1 min and 30 s).

2.3. Observation of the multilayer film structure

Examination of the multilayer film
structure was performed by optical mi-
croscopy. Cross-section of the multilay-
er O-Ni/U-Ni film with thickness of 25
pum was prepared by cutting the sam-
ple vertically to the deposit surface and
sealing with polymethyl methacrylate

(PMMA) in the polishing mould. After
mechanical polishing, the sample was
etched in acidic solution HNO, (conc.):
CH,COOH (glac.) = 1:1 for 20 s, fol-
lowed by etching in HCI (conc.) for 1.5
hour (Rawdon, Lorentz, 1921).

ot
R

— - ',‘

250 nm

Fig. 2. Optical image of indents on the Si(100) substrate and AFM topography image
of the plating base (Cr/Au) on Si(100) substrate

3. Microindentation test

The hardness of electrodeposited
monolayer and multilayer Ni films on

Si(100) substrate was characterized us-
ing the Vickers microindenter “Leitz,
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Kleinharteprufer DURIMET I” with
loads ranging from 0.049 N up to 1.96 N
at room conditions. For each load, three
best indentations were selected and their

diagonals measured, from which the av-
erage composite hardness could be cal-
culated (Lamovec et al., 2008).

4, Results and discussion

In order to see more clearly the differ-
ences in the microstructure of Ni films
obtained by electrodeposition with and
without the ultrasonic agitation by the
optical microscopy, films with a layer
thickness of 5 microns were deposited.

The multilayered structure of the Ni film
is verified and clearly visible and shown in
Fig. 3. The bright layers on the optical im-
age represent the nickel layers deposited
under ultrasonic agitation of electrolyte
(U-Ni) and the dark ones are the ordinary
deposited nickel layers (O-Ni).

Fig. 3. Optical image of cross-section of multilayer U-Ni / O-Ni film

According to the literature, it is con-
sidered that the grains of the U-Ni layer
grow preferentially in the manner par-
allel to the substrate surface unlike the

O-Ni layer with columnar grains growth
vertical to the substrate surface (Yu etal.,
2013, Lamovec et al., 2018).

5. Composite and film hardness

Microhardness testing was per-
formed first on uncoated substrate of
single-crystal Si in order to calculate
the substrate absolute hardness H,. The
value of load-independent microhard-
ness for the Si substrate was calculated
according to the Proportional Specimen
Resistance (PSR) model of Li and Bradt

as H, = 6.49 GPa (Li, Bradt, 1993, Lamo-
vec et al., 2008).

For the analysis and comparison of
composite hardness, four samples were
prepared. Two monolayer Ni films elec-
trodeposited with and without the ultra-
sonic agitation were prepared first. The
other two systems are multilayer com-
posite systems with alternately electro-
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deposited O-Ni/U-Ni films with differ- itation, the average values of measured
ent layer thickness of 1 pm and 500 nm. diagonals and composite hardness, to-

For monolayer Ni films electrodep- gether with their standard deviations,
osited with and without ultrasonic ag- are given for different loads (Table 1).

Table 1. The average values of measured diagonals, composite hardness and standard
deviations for monolayer Ni films electrodeposited with and without ultrasonic agitation

Sample load (N) dsr (um) stdev(um) Hc (GPa) stdev(GPa)
O—N¥ 0.049 6.01 0.22 2.51 0.18
U-Ni 5.80 0.10 2.71 0.09
O-Ni 0.098 7.46 0.16 3.27 0.14
U-Ni ' 7.23 0.11 3.50 0.11
O-Ni 0.245 10.66 0.11 4.00 0.09
U-Ni ) 10.36 0.23 4.20 0.19
O-Ni 0.392 13.65 0.15 3.90 0.08
U-Ni ' 13.04 0.23 4.28 0.15
O-Ni 0.490 14.64 0.22 4.24 0.12
U-Ni ' 14.49 0.19 4.32 0.11
O-Ni 0.882 20.20 0.10 4.00 0.04
U-Ni 0.980 21.20 0.20 4.09 0.08
O-Ni 1.961 29.66 0.39 4.13 0.11
U-Ni ' 29.19 1.39 4.27 0.40

Change of the composite system the ED Ni films are with total thickness
hardness (H_) with relative indentation of 10 um and they were all electrodep-
depth (h/t, indentation depth through osited with 50 mA/cm? current density.
film thickness) is given in Fig. 4. All of

6 -
g5
S ol °¢
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¢ ®
- <
¢ 4 e ® o, 08%,
o A o
5 *
= A O #U-Ni, total film thickness 10 pm
£ 3
8 * A O-Ni/U-Ni multilayer, layer
g ¢ thickness 1 pm
Q9 @ O-Ni/U-Ni multilayer, layer
g thickness 500 nm
(&) & 0-Ni, total film thickness 10 pm
1 + { 1 f—t——+—+
0.01 0.1 1

Relative indentation depth, h/t

Fig. 4. Variation in the composite hardness (HC) with relative
indentation depth (h/t) for 10-um thick films on Si(100) substrates
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For shallow indentation depths (up
to 10% of the film thickness, 0.01< h/t <
0.1), only the film is subject to deforma-
tion. With increasing of the relative in-
dentation depths increase (h/t > 0.1), the
composite hardness changes in terms of
approaching the hardness of the sub-
strate (H,).

It is confirmed that electrodeposition
supported by ultrasonic agitation leads to
significant change in the microstructure
(Fig. 3). Although the mean values of the
measured diagonals and the calculated
composite hardness for the monolayer
films O-Ni and U-Ni do not differ much
(Table 1 and Fig. 4), it can be said that
electrodeposition in the presence of ul-
trasound can affect the mechanical prop-
erties in terms of their improvement.

In comparison with monolayer Ni
films electrodeposited under ordinary

conditions (O-Ni) and ultrasonic-as-
sisted (U-Ni) films, higher values of the
composite hardness are obtained for the
multilayer ED films (especially for 0.1<
h/t £ 0.2, when the hardness of the film
in the hardness of the composite has a
higher share). By reducing the thickness
of the layer within the film and increas-
ing the number of interfaces, it is pos-
sible to increase the composite hardness
of the multilayer film - substrate com-
posite system.

According to the model of
Chicot-Lesage (C-L model), (Chicot,
Lesage, 1995, Lesage et al., 2006), from
measured indentation diagonal and cal-
culated composite hardness, film hard-
ness was calculated. The dependence of
the film hardness (H,) on the relative
indentation depth (h/t) for all composite
systems is shown in Fig. 5.

5+ # U-Ni, total film thickness 10 pm
L%

. 45 + o 9, A O-Ni / U-Ni multilayer, layer
& o, a4 L o thickness 1 pm
S.D..- 4 -+ "o A @ O-Ni / U-Ni multilayer, layer
T A o0 A thickness 500 nm
g’; 3.5 | ’00 < O-Ni, total film thickness 10 pm
o - * (% RS
e @ Co
1] 3+ &
= o
£
T 25+

2 ———t——+++ H

0.01 0.1 1

Relative indentation depth, h/t

Fig. 5. Variation in the film hardness (HF) with relative indentati
on depth (h/t) for different ED Ni films with thickness of 10-um
deposited with current density value of 50 mA/cm2

As shown in Fig. 5, the ultrasonic ag-
itation affects the mechanical properties
of monolayer and multilayer ED Ni films
in terms of their slight improvement. This

can be noticed by comparing the calcu-
lated values of the film hardness at low
loads (for the relative indentation depth
0.1 <h/t<0.2), when the influence of the
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film hardness in the measured composite
hardness is more dominant.

The formation of the multilayer
structure of the films achieved by al-
ternate electrodeposition of O-Ni and
U-Ni layers indicates possible further
improvement of the mechanical proper-
ties compared to the monolayer films, in
terms of increasing hardness compared
to monolayer films.

By changing the thickness of the layer
in the film, it is possible to change the
structure and mechanical properties of
the composite systems. With decreasing
the layer thickness within the film, it is
possible to achieve higher values of the
film hardness. A large number of the in-
terfaces in multilayer film structure are
considered to serve as a barrier to dis-
locations, obstructing dislocation move-
ment between the layers.

The model of Chicot-Lesage (C-L
model) gives the possibility of calculat-
ing the composite Meyer’s index m that
depends on the composite structure (es-
pecially of the substrate type). In Fig. 6
the composite Meyer’s parameter (t/d)”
is shown as the function of relative in-
dentation depth (h/t). Itis the parameter
that can express the difference in tenden-
cy of the composite hardness with the
indentation load (Lamovec et al. 2008).

For the low loads (h/t < 0.1), the re-
sponse is of the film only and the highest
value of the parameter was obtained for
the system of multilayer Ni film with the
layer thickness of 500 nm. With increas-
ing load, the parameter (#/d)” depends
mostly on the substrate type. The behav-
iour of the parameter confirms that it is
a substrate of the same type.

< O-Ni, total film thickness 10 pm
OU-Ni, total film thickness 10 pm

AO-Ni/ U-Ni multilayer, layer
thickness 1 pm

A O-Ni / U-Ni multilayer, layer
thickness 500 nm

14 - 5%

12 |

&
1

£ %
T 08
-

0.6 -

0.4 - +H

0.01 0.1

1

Relative indentation depth

Fig. 6. Comparison of the parameter (t/d)m with relative indentation depth (h/t),
for ED Ni films on Si(100) substrates. Electrodeposited Ni films are grown
with the 50 mA/cm2 current density and have the thickness of 10 um.

6. Evaluation of film adhesion

A composite hardness model of Chen-
Gao (Chen, Gao, 2000) was used to evalu-
ate the adhesion of ED Ni films on Si(100)
substrates. The composite hardness of the

film-substrate systems given in the form
of Eq. (3) was used to calculate the crit-
ical reduced depth b. The film hardness
results of applied C-L model were used.
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The values of critical reduced depth were
calculated for every indent diagonal and
then the average value was found. In Ta-

ble 2 the results of the critical reduced
depth (b) calculation are given.

Table 2. Critical reduced depth values (b) for the systems
of ED Ni films on Si(100) substrates.

Sample Critical reduced depth (b)
O-Ni monolayer film 8.95
U-Ni monolayer film 9.03
O-Ni/U-Ni multilayer film. layer thickness 1 pm 9.44
O-Ni/U-Ni multilayer film, layer thickness 500 nm 9.73

Increasing values of the critical re-
duced depth correspond to increasing
adhesion. The microhardness difference
decreases faster for a weaker adhesion
when increasing the indentation load.
It can be seen that using the ultrasound

together with electrodeposition for ob-
taining the multilayer structure and also
decreasing the layer thickness in the
multilayer film lead to higher values of
the film hardness and better adhesion
properties.

Conclusion

Composite systems of electrochemi-
cally deposited (ED) Ni films on Si(100)
substrates with and without the presence
of ultrasound were prepared and ana-
lysed. It has been tried to obtain multi-
layer Ni films by alternating electrodepo-
sition of ordinary and ultrasonic-assisted
Ni layers. The current density value was
maintained at 50 mA/cm? total thick-
ness of the films was 10 um and thick-
nesses of the layers within the multilayer
films were set as 1 um and 500 nm.

The ultrasonic-assisted electrodep-
osition leads to changes in the micro-
structure of the Ni films. The ability to
form a multilayer Ni films with the assis-
tance of ultrasound was confirmed.

Due to the higher hardness of the Si
substrate (6.49 GPa) compared to Ni
films, Ni films on Si (100) substrate can
be thought of as “soft film on hard sub-
strate” composite system type. The mod-
el of Chicot-Lesage (C-L model) was
chosen for the analysis of experimental
results of indentation and the film hard-
ness was calculated for each indentation
diagonal.

According to the results of compos-
ite hardness and film hardness measure-
ments for electrodeposited monolayer
Ni films, it can be concluded that the
presence of ultrasound during the elec-
trodeposition affects the mechanical
properties in terms of their slight im-
provement.
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The higher composite hardness and
film hardness values are obtained for
the multilayer ED Ni films (significant
for values of relative indentation depth
in the range of 0.1 < h/t < 0.2, when the
hardness of the film is more dominant
in composite hardness value). Reducing
the film thickness (from 1 um to 500
nm) led to an increase in the composite
hardness and the hardness of the multi-
layer film.

The parameter (#/d)™ can express the
difference in tendency of the composite
hardness with indentation load. When
the composite hardness tends to that of
the film (h/t < 0.1), the parameter (#/d)
™ is almost independent of the substrate
type. Based on the behaviour of this pa-
rameter (the highest value of the param-
eter and the lowest value of the relative
indentation depth), it can be concluded

that the system with multilayer Ni film
and the layer thickness of 500 nm has
the best mechanical properties of all an-
alysed systems. With increasing load,
the influence of the substrate becomes
the most important, and the parameter
depends mostly on the substrate type.

Using of multilayer films is an effec-
tive way to release the stress across the
interface of Ni films and the substrate.
The distribution of stress at the interface
is an important factor governing the ad-
hesion of the film on the substrate. The
adhesion assessment parameter based
on the measured microhardness, named
critical reduced depth, was used to eval-
uate the film adhesion. The multilayered
Ni film with a 500 nm layer thickness
has the highest value of this parameter,
which points to better adhesion proper-
ties of this film compared to the others.
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TVRDOCA I PROCENA ADHEZIJE JEDNOSLOJNIH I
VISESLOJNIH TANKIH FILMOVA NIKLA ELEKTROHEMIJSKI
DEPONOVANIH NA SILICIJUMSKIM PODLOGAMA
SA 1 BEZ ULTRAZVUCNOG MESANJA
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Sazetak: Formirani su kompozitni sistemi od jednoslojnih i viSeslojnih filmo-
va nikla elektrohemijski deponovanih sa i bez ultrazvu¢nog mesanja na ploci-
cama od monokristalnog silicijuma orijentacije (100). Tvrdoca i adhezija tih
kompozitnih struktura su okarakterisane testom mikrotvrdoc¢e po Vikersu.
Analizirana je zavisnost mikrotvrdoc¢e kompozita i adhezije filma od strukture
filma i uslova mesanja elektrolita. Matemati¢ki modeli Siko-Lezaza i Cen-Gaoa
su primenjeni na eksperimentalne podatke kako bi se dobile vrednosti tvrdoce
filma i parametra adhezije. Potvrdeno je da se mehanicka svojstva kompozit-
nih sistema sastavljenih od tankih filmova nikla na silicijumskoj podlozi mogu
poboljsati formiranjem viseslojne strukture filmova, primenom ultrazvu¢nog
mesanja pri elektrodepoziciji i smanjenjem debljine sloja u viseslojnom filmu.
Kljucne reci: kompozitna tvrdoca, adhezija filma, ultrazvu¢no potpomognuta
elektrodepozicija, viseslojni film nikla.
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