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The purpose of this study was to determine the influence of different substrates (C45 steel, polycarbonate, glass) on the
topography as well as tribological and mechanical properties (nanohardness, modulus of elasticity and friction force) of alu-
minum, gold and silver thin films. The 3D image analysis showed a strong influence of the substrate material on the topography
of the studied thin films with no certain variation rule. Using the Oliver and Pharr method for determining nanohardness it was
observed that, the smallest values were obtained for the thin films deposited on plastic substrate, followed by glass and C45
steel, regardless of the deposited material. The determination of the modulus of elasticity was done using the Hertzian method.
The obtained results showed that the highest values of this parameter were obtained for the films deposited on plastic substrate,
while the lowest values depended on both the deposited material and substrate. Friction force analysis for aluminum and gold
showed a significant impact of the substrate material, with more constant values for gold. As a consequence, one must pay a
particular attention when choosing the material for the substrate on which the thin films are deposited.
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1. Introduction

Different materials obtained as thin films by
means of physical or chemical vapor deposi-
tion methods or other technologies can be used
for manufacturing microelectronic and microelec-
tromechanical systems (MEMS). Aluminum [1-6],
gold [7-12] and silver [13-18] are used in micro-
electronics and MEMS due to their physical, opti-
cal, mechanical, electric and/or magnetic charac-
teristics. Even though the density of these three
materials differs significantly from each other:
2.69 g/cm? (for aluminum) and 19.32 g/ecm?® (for
gold), their Vickers hardness is quite close (15 HV
to 25 HV). The melting point of the three materials
ranges between 660 °C (for aluminum) to 1064 °C
(for gold), while their modulus of elasticity (for the
bulk material) varies between 68 GPa (aluminum)
and 77.2 GPa (gold). So, even though the physi-
cal properties of aluminum, gold and silver differ
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significantly, the mechanical characteristics of
these materials are quite close.

Thin films for microelectronics and MEMS ap-
plications can be deposited using different meth-
ods such as thermal evaporation, magnetron sput-
tering, laser ablation, ion-beam deposition, RF re-
active sputtering, plasma assisted CVD (chemical
vapor deposition) and so on. Researchers are trying
either to establish the deposition parameters that
assure superior properties of thin films or to find
out new methods for elaborating thin films that can
be used for MEMS applications. The characteriza-
tion of these materials is frequently done by the
atomic force microscopy technique. This type of
characterization allows determining their mechani-
cal, tribological, electrical or magnetic properties
at nanoscale. The characteristics of the materials
obtained in this way are influenced by many fac-
tors specific to both the substrate and the deposi-
tion parameters. The substrate material, its topogra-
phy, temperature and bias voltage lead to the elab-
oration of thin films with different properties. The
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presence of a buffer layer between the substrate and
the thin film often leads to better characteristics of
the deposited films. This study gives an overview of
three metallic thin films (Al, Ag, Au) deposited us-
ing thermal evaporation. Atomic force microscopy
investigations were performed to determine the to-
pography as well as the tribological and mechanical
properties of the films.

2. Experimental

The aluminum, gold and silver thin films were
deposited by thermal evaporation on different sub-
strates using evaporation materials with purity of
99.99 %. Three different materials were used as
substrates, namely C45 steel, plastic (polycarbon-
ate) and glass. After cutting, grinding and polish-
ing the steel substrate was submerged in an ul-
trasound alcohol bath (99.9 % purity) for clean-
ing. Then it was dried under air jet. The polycar-
bonate and glass substrates were only cleaned and
dried. The average roughness of the substrates was
measured using an AFM which provided the fol-
lowing R, values: 0.4 nm for glass, 41.2 nm for
steel and 53.8 nm for plastic. The parameters at
the beginning of the deposition process (pressure,
substrate temperature, type of resistance heated
source, filament current, distance between the sub-
strate and the resistors) were the same for all sub-
strates. The deposition was done under vacuum
(6.65 x 10~* Pa) using a filament current of 60 A
to 80 A. The distance between the substrate and the
deposition material was kept constant at 50 mm.
The resulting thin film thickness was 0.7 pm for all
materials. The deposition was performed at room
temperature (22 °C) but, due to the deposition pro-
cess, a small increase of the substrate temperature
was noticed (up to 57 °C). However, this change in
temperature had a negligible effect on the proper-
ties of the deposited films.

The influence of the substrate on the topogra-
phy and the mechanical properties of aluminum,
gold and silver thin films was studied in order to
analyze if the substrate has an effect on the prop-
erties of the deposited films [6, 11, 13]. Atomic
force microscopy (AFM) investigations were per-
formed on an XE-70 AFM (from Park Systems) in
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Fig. 1. 3D images of the (a) aluminum, (b) gold and (c)
silver thin films deposited on glass substrates.
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a clean room. The tests were carried out at room
temperature and the relative humidity of 30 %.
The software employed for the interpretation of
the achieved data was the XEI Image Process-
ing Tool for scanning probe microscope (SPM)
data. The topographical and tribological charac-
teristics of the deposited films were determined
using a NSC36/Tipless/Cr-Au cantilever. Accord-
ing to the manufacturer, the AFM tip is a n-type
silicon cantilever with the following dimensions:
thickness — 1 pm, width — 32.5 pm and length
— 110 pm. The mechanical properties were deter-
mined by nanoindentation tests using a TD21562
nanoindenter. The characteristics of this indenter
were: cantilever stiffness — 144 N/m, tip radius —
25 nm, tip height — 109 pm, tip thickness — 24 pm,
and cantilever length — 782 pum.

3. Results and discussions

Topography of the deposited thin films was one
subject of performed studies. 3D images of alu-
minum, gold and silver thin films deposited on
glass substrates are presented in Fig. 1. Even for
the same substrate, significant variations of the sur-
face topography can be observed. The surfaces of
the gold thin films show more asperities compared
to the aluminum surfaces while the silver thin films
are characterized by smoother surfaces. We assume
that the topography of these films is strongly influ-
enced by the substrate topography and the growth
mechanism, which is specific to each material. The
same effect was observed when the deposition was
done on plastic or steel substrates. For topography
assessment of the deposited films, with respect to
the nature of the substrate, 3D images of the alu-
minum thin films deposited on glass, plastic and
C45 steel substrates are given in Fig. 2. The topog-
raphy of the substrate has a very important impact
on the topography of the deposited films. It is nec-
essary to take into account the roughness and the
machinability of the substrate when opting for a
certain substrate material. Smoother surfaces of the
deposited thin films can be obtained if the substrate
roughness is small and the substrate machinability
is as good as possible. The same influence of the
substrate on the topography of the gold and silver

thin films could be observed. The average rough-
ness of the deposited films was determined by inter-
preting the data collected with the AFM as a means
to characterize their topography.

Fig. 3 presents an image of the XEI Image Pro-
cessing Tool for SPM Data software regarding de-
termination of this parameter for an aluminum thin
film deposited on a glass substrate. The software al-
lows the researcher to determine the values of dif-
ferent parameters of roughness (R, Rq, Rk, Ry,
etc.). The average roughness values for the studied
surfaces give an overview concerning their topog-
raphy.

Fig. 4 shows the fluctuation of the average
roughness for aluminum (Fig. 4a), gold (Fig. 4b)
and silver (Fig. 4c) thin films when the deposition
process was done on glass, plastic and C45 steel
substrates, respectively. The initial analysis shows
that, regardless of the material that is deposited, the
highest values of the topography parameter are spe-
cific to the thin films deposited on plastic substrate
while the smallest values are characteristic of the
thin films deposited on glass substrate. These re-
sults are backed up by the roughness of the sub-
strates used for the films deposition. In case of the
aluminum and gold thin films deposited on glass
substrates, the values of the average roughness are
8 to 11 times smaller for aluminum and 4.5 to
5.6 times smaller for gold than the values deter-
mined for the thin films deposited on plastic and
C45 steel substrates, respectively. Instead, for the
silver thin films, the values of the average rough-
ness determined on the films deposited on glass
substrate are 2 to 3.5 times smaller than the val-
ues of the films deposited on plastic and C45 steel
substrates. The values determined for the average
roughness of the gold thin films were more stable
than the values of the other two thin films.

The average roughness of the aluminum, gold
and silver thin films varies significantly when dif-
ferent substrates are used (Fig. 5). The values de-
termined for this characteristic are ranging between
0.8 nm and 14.9 nm. The average roughness of alu-
minum thin films deposited on glass, plastic and
C45 steel substrates is about 0.8 nm, 8.7 nm and
6.9 nm, respectively. In case of gold thin films, the
average roughness of the films deposited on glass,
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(b)

Fig. 2. 3D images of the aluminum thin films deposited
on (a) glass, (b) plastic and (c) C45 steel sub-
strates.
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Fig. 3. Image of the XEI Image Processing Tool for
SPM Data software for determining the rough-
ness parameters of an aluminum thin film de-
posited on a glass substrate.

plastic and C45 steel substrates is about 2.7 nm,
14.9 nm and 12 nm, respectively. Instead, the aver-
age roughness of the silver thin films deposited on
the glass, plastic and C45 steel substrates is about
2.9 nm, 10.4 nm and 6.0 nm, respectively. The ob-
tained results indicate a significant impact of sub-
strate material on the topography parameters of the
deposited thin films. This impact is more evident
for the aluminum thin films as the average rough-
ness is about 10 times lower for the films deposited
on glass substrates compared to those deposited on
plastic substrates.

Characterization of the thin films employed
for manufacturing MEMS devices also implies
determination of some mechanical properties at
nanoscale. The nanoindentation tests allowed the
determination of the nanohardness and the modu-
lus of elasticity of these materials. For determin-
ing the mechanical characteristics, two different
methods can be used for interpreting the collected
data, namely the Oliver and Pharr method and the
Hertzian method. The Oliver and Pharr method is
used for determining nanohardness of thin films
while the Hertzian method is used for determin-
ing their modulus of elasticity. The difference
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Fig. 4. Average roughness of the aluminum, gold and
silver thin films deposited on glass, plastic and
steel substrates.

between the two methods is that the Hertzian
method assumes that there is no plastic deforma-
tion between the deposited thin films and the AFM
tip regardless of the nature of the deposited ma-
terial. Fig. 6 shows an image of the XEI Image
Processing Tool for SPM Data software for de-
termining the nanohardness of an aluminum thin
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Fig. 5. Average roughness of aluminum, gold and silver
thin films deposited on glass, plastic and steel
substrates.

film deposited on a glass substrate. The determi-
nation of this mechanical property takes into ac-
count the values of the Poisson ratio for both the
tip and the deposited thin film. The fluctuation of
the nanohardness for the deposited aluminum, gold
and silver thin films was studied to determine the
influence of substrate material on this mechani-
cal characteristic. When considering the same de-
posited material (aluminum, gold or silver), the
smallest values of this parameter were obtained
for the thin films deposited on plastic substrates,
while the highest values of nanohardness were de-
termined for the thin films deposited on C45 steel
substrates (Fig. 7). The nanohardness of the alu-
minum thin films ranged between about 0.57 GPa
(for the films deposited on plastic substrates) and
0.72 GPa (for the films deposited on C45 steel sub-
strates). In the case of gold thin films, this mechani-
cal property varied from 0.66 GPa (for the films de-
posited on plastic substrates) to 0.94 GPa (for the
films deposited on C45 steel substrates). The sil-
ver thin films were characterized by nanohardness
ranging between (.70 GPa (for the films deposited
on plastic substrates) and 1.18 GPa (for the films
deposited on C45 steel substrates). The values de-
termined for the three materials (aluminum, gold,
and silver) deposited on glass substrates ranged
between the ones determined for the thin films
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deposited on plastic and those determined for the
thin films deposited on C45 steel substrates. The in-
fluence of substrate material on the nanohardness is
most significant for the silver thin films for which,
the values of this parameter increased by approxi-
mately 68.6 %.
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Fig. 6. Image of the XEI Image Processing Tool of SPM
Data software for determining the nanohardness
of an aluminum thin film deposited on glass sub-
strate.

An image of the XEI Image Processing Tool for
SPM Data software for determining the modulus
of elasticity for an aluminum thin film deposited
on glass substrate is given in Fig. 8. The values of
this mechanical characteristic are influenced by the
tip shape, the face angle of nanoindenter and the
Poisson ratio of deposited thin film. The variation
of the modulus of elasticity for the aluminum, gold
and silver thin films deposited on glass, plastic and
C45 steel was also studied (Fig. 9). The highest val-
ues of this mechanical property were achieved for
the thin films deposited on plastic substrates. The
smallest values for aluminum and gold were at-
tained when the films were deposited on C45 steel,
and for silver when the films were deposited on
glass substrates. When discussing about the alu-
minum thin films, the modulus of elasticity varied
between 9.24 GPa (films deposited on C45 steel
substrate) and 12.94 GPa (films deposited on plas-
tic substrate). The interval in which the modulus

of elasticity varied for the silver thin films is larger
than for the aluminum films, its values ranged be-
tween 14.33 GPa (films deposited on glass sub-
strate) and 25.77 GPa (films deposited on plastic
substrate). The determined values of this mechan-
ical characteristic for the gold thin films are be-
tween 13.03 GPa (films deposited on C45 steel sub-
strate) and 15.32 GPa (films deposited on plastic
substrate).

As expected, the experimental results obtained
for the investigated thin films by nanoindentation
are different from the values provided in the liter-
ature for bulk materials [20, 21]. Table 1 contains
the values for hardness and modulus of elasticity
obtained by nanocharacterization of the films de-
posited on a steel substrate and those of the bulk
materials. The differences between the values ob-
tained by nanocharacterization compared to those
of the bulk materials are due to several causes,
like: measurement at macroscale compared to the
one at nanoscale, grain size, fabrication method,
etc. [21, 22]. In this case, the deposition method
was the same for all materials (Au, Ag, Al). It
was noticed that the increase in hardness for the
aluminum and silver thin films compared to the
bulk material hardness is similar (approximately
4.85 times), whereas for gold this increase was
only 3.8 times. While the hardness value increased
for all thin films compared to the bulk materials,
their modulus of elasticity decreased. The small-
est variation (about 4.08 times) was noticed for sil-
ver, followed by gold (5.92 times) and aluminum
(7.36 times).

The friction force of thin films can be deter-
mined using the lateral mode of AFM investiga-
tions according to the following formula [19]:

_d.r-G-hb

Fy 2.5

(1)
where d, represents the tip deflection, r is a con-
stant, G is shear modulus (G = 50.92 x 1073 N-um
for silicon), r = 0.33, h, b, and | are the dimen-
sions of the cantilever used for the nanocharac-
terization of the films, while s is tip height. The
fluctuation of the friction force for the aluminum
and gold thin films deposited on glass, plastic and
C45 steel substrates is graphically given in Fig. 10.
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Table 1. Properties of aluminum, gold and silver thin films deposited on steel substrates at nanoscale and at

macroscale
Property Aluminum Gold Silver
nano bulk nano bulk nano bulk
Hardness [GPa] 0.72 0.147 0.94 0.245 1.18 0.245
Modulus of elasticity [GPa] 9.24 68.0 13.03 77.2 18.64 76.0
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Fig. 7. The nanohardness of the aluminum, gold and
silver thin films deposited on glass, plastic and
steel substrates.
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Fig. 8. Image of the XEI Image Processing Tool of SPM
Data software for determining the modulus of
elasticity of an aluminum thin film deposited on
glass substrate.

A significant impact of the substrate material on
the friction parameter of these films is noticeable.

For both deposited materials, the highest values of
the friction force were determined on the films de-
posited on C45 steel substrates. The friction force
of aluminum thin films deposited on C45 steel sub-
strates is about 6 to 12 times higher than the friction
force of aluminum thin films deposited on plastic
or glass substrates. Instead, the friction parameter
of the gold thin films deposited on C45 steel sub-
strates is about 4 to 8 times higher than the friction
force of aluminum thin films deposited on plastic or
glass substrates. The gold thin films are character-
ized by more constant values of this characteristic
in comparison with the aluminum thin films.
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Fig. 9. The modulus of elasticity of aluminum, gold and

silver thin films deposited on glass, plastic and
C45 steel substrates.

4. Conclusions

The paper presents the analysis of the sub-
strate effect on the mechanical and tribological
properties of some metallic thin films. For this
study, aluminum, gold and silver thin films were
deposited by thermal evaporation on three differ-
ent substrates, namely glass, C45 steel and plastic.
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Fig. 10. The fluctuation of the friction force for the (a)
aluminum and (b) gold thin films deposited on
glass, plastic and C45 steel substrates.

Analysis of obtained data in terms of topographical
and mechanical characteristics of aluminum, gold
and silver thin films deposited on the three sub-
strates revealed a major impact of substrate mate-
rial on the properties mentioned before. The sub-
strate topography has a strong influence on the to-
pography of all deposited thin films. We can con-
clude that:

* the smallest roughness was obtained for all
three metallic thin films deposited on glass -
the substrate with the lowest R, value;

* the mechanical properties, namely the hard-
ness and modulus of elasticity, determined
at nanoscale differ significantly compared

to the bulk materials. While the hardness at
nanoscale increased several times for each
material, the modulus of elasticity showed a
stronger decrease;

¢ the highest friction force values were ob-
tained in all cases for the films deposited on
the C45 steel substrate.

We assume that the differences in these char-
acteristics occur due to the surface energy (which
differs from one film to another), the bonding be-
tween the substrate and the deposited material and
last but not least, due to the growing mechanism
that is specific to each film. Therefore, one must
pay a particular attention, when choosing a mate-
rial for the substrate on which the thin films are de-
posited.
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