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Abstract
This study investigates the nano-mechanical properties of as-deposited Cu/Si thin films indented to a depth of
2000 nm using a nanoindentation technique. Cu films with a thickness of 1800 nm are deposited on (100) silicon

substrates and the indented specimens are then annealed at temperatures of 160°C and 210°C, respectively, using

rapid thermal annealing (RTA) technique. The results show that the hardness and Young’s modulus of the Cu/Si thin
films have maximum values of 0.82 GPa and 95 GPa, respectively. The TEM observations show that the specimens

annealed at a temperature of 160°C, the amorphous nature of the microstructure within the indented zone is
maintained. However, annealed at a higher temperature of 210°C, the indentation affected zone consists of Copper

silicide (n-Cu;Si) precipitates are observed in the annealed specimens. Overall, the results presented in this study
confirm that the annealing temperature has a significant effect on the formation of n-Cu;Si in nanoindented Cu/Si

thin-film systems.
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1. Introduction

Silicon is one of the most commonly used substrate materials in the microelectronics and optoelectronics industry due to
its excellent semiconducting properties. Face-centered cubic (fcc) films deposited on silicon substrates are widely used as
metallic contacts at the micro- and macro-scales [1-3]. The mechanical properties of thin-film materials are typically very
different from those of the corresponding bulk materials [4, 5]. Therefore, in optimising the thin-film structures used in MEMS
and integrated circuit (IC) applications, it is necessary to study the mechanical properties and microstructure of the thin-film

system at an appropriate (i.e. nanometer) scale.

Nanoindentation technology provides a convenient method to analyze the mechanical properties of both bulk materials
and thin films [6, 7]. Previous articles have shown that the indentation process results in a pressure-induced phase
transformation of the material directly beneath the indenter, which has a direct effect on the characteristics of the
corresponding load-displacement curve [7, 8]. The loading curve obtained during the nanoindentation process often exhibits a

discontinuity referred to as a “pop-in” event [9], while the unloading curve sometimes contains a discontinuity referred to as a
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“pop-out” event [10]. In general, both events are indicative of a change in the phase transformation mechanism under the
corresponding indentation load. Furthermore, it has been shown that the indented microstructure of an as-deposited specimen

can be modified via the application of a suitable annealing temperature [8, 11].

Amongst all the face-centered cubic (fcc) materials, copper (Cu) tends to be one of the most commonly used for the
coating of silicon substrates in the fabrication of modern electronic devices dues to its high chemical stability, low resistivity,
good patterning ability, good reliability, ready availability, and low cost [12, 13]. Various physical and chemical methods have

been proposed for the fabrication of Cu/Si systems with coherent layers [14-17].

It is known that the bonding strength of the Cu/Si system is enhanced via the precipitation of copper silicide particles and
via a solid state reaction when the interface between the thin Cu film and the Si substrate is heated to a sufficient temperature.
Accordingly, this study investigates the nano-mechanical properties of as-deposited Cu/Si samples indented to a depth of 2000

nm and then anneals the indented samples at temperatures of either 160°C or 210°C, respectively.

Thereafter, the microstructures of the as-deposited and annealed samples are examined via transmission electron
microscopy (TEM) in order to examine the effects of the annealing temperature on the microstructural evolution of the

indented specimens and the degree of copper silicide formation.

2. Experimental procedure

The Cu films with a thickness of 1800 nm were deposited on Si (100) wafers using an evaporation deposition technique.

During the deposition process, the substrate was maintained at a temperature of 150°C to improve the homogeneity of the

evaporated film and the chamber pressure was maintained at a constant 10 ~ 107 Torr. The thickness of the Cu film was
monitored continuously during the deposition process using a quartz-crystal microbalance, and was confirmed following

fabrication using an X-ray reflectometry technique.

The nanoindentation tests were performed using an MTS Nanoindenter XP system fitted with a Berkovich diamond
pyramid tip. The loading-unloading procedure involved the following steps: (1) loading to the maximum indentation depth
(2000nm) at a constant rate of 0.2 mN/s, (2) holding at this depth for 10 s, and (3) smoothly unloading over a period of 30 s.
The hardness and Young’s modulus of the as-deposited Cu/Si thin film were then calculated from the loading-unloading curve

using the Oliver and Pharr method [18].

Following the nanoindentation tests, the specimens were annealed at a temperature of either 160°C or 210°C for 2 min in
a rapid thermal annealing (RTA) system. During the annealing process, purified nitrogen gas (99.999%) was passed through
the furnace at a flow rate of 3L / min. Thin foil specimens of both the as-deposited samples and the annealed samples were

prepared using an FEI Nova 200 focused ion beam (FIB) milling system with a Ga" ion beam and an operating voltage of 30

keV.

The copper net was placed in the TEM chamber and the cross-sectional microstructure of the indentation region was
observed using a FEI Tecnai F20 electron microscope operated at 200 keV. The chemical compounds observed at various

positions of the as-deposited and annealed samples were identified using an energy dispersive X-ray spectrometer.
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3. Results and discussion

3.1. Nano-mechanical behaviour of Cu/Si thin film

The loading-unloading curve for the as-deposited Cu/Si thin film when indented to a depth of 2000 nm is shown in Fig.
1. It can be seen that both the loading and the unloading regions of the curve are smooth and continuous, which suggests that no
debonding or cracking occurs during the indentation process. The unloading portion of the load-displacement curve in Fig. 1
has a smooth, step gradient and a slight elbow can be seen in the final part of the unloading curve. Moreover, the virtually
vertical slope of the unloading curve indicates that the plastic deformation of the Cu/Si thin film during the loading process is
followed by a very weak elastic return in the unloading step. It is noted that the presence of slight elbow feature in the final

portion of the unloading curve suggests that the silicon substrate transforms from a diamond cubic structure to an amorphous

structure in the indentation affected zone.
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Fig. 1 Typical load-displacement curve obtained in nanoindentation test performed to depth of 2000 nm
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Fig. 2 Variation of microhardness with indentation depth
Fig. 2 illustrates the variation of the hardness of the Cu/Si thin-film system with the nanoindentation depth. At very low
indentation depths (i.e. <50nm depth), the film has an extremely high hardness (3 GPa) due to the indentation size effect [8].
However, as the indentation depth increases, the hardness reduces to a minimum value of approximately 0.82 GPa. Then, it
remains approximately constant until an indentation depth around 2000nm. It is noted that this hardness value 0.82 GPa for
indentation depth of 1800~2000nm reasonably agree with the hardness of pure Cu thin film (i.e. 0.5 ~ 1.7 GPa [19]), but lower
than that of an uncoated Si (100) substrate (12.8 GPa) [20, 21].
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It presents the variation of the Young’s modulus of the Cu/Si system against the nanoindentation depth in Fig. 3. It is
observed that the Young’s modulus reduces significantly as the indenter first penetrates the Cu/Si thin film. However, the

modulus value then increases rapidly with an increasing indentation depth, and reaches a final value of approximately 95 GPa

at the maximum indentation depth of 2000 nm.

Moreover, the presence of the Cu layer on the upper surface of the Si substrate reduces the final value of the Young’s
modulus compared to that of an uncoated Si (100) substrate (i.e. 169.0 GPa [21]). However, the Young’s modulus of the Cu/Si
system is still significantly higher than that of a pure Cu thin film (i.e. 99 ~ 123 GPa [22]).
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Fig. 3 Variation of Young’s modulus with indentation depth

3.2. Indented microstructure of as —deposited and annealed Cu/Si thin films

Fig. 2 presents a cross-sectional TEM image of an as-deposited Cu/Si specimen indented to 1800um. The insets in the
upper-right and upper-left corners of Fig. 2 show the TEM diffraction patterns of the regions of the specimen indicated by the
white squares A and B, respectively. The results show that in the as-deposited condition, the indentation affected zone of the

Cu/Si system has an amorphous phrase, while the silicon substrate has a diamond cubic structure.

Fig. 4 Bright field TEM micrograph of as-deposited indented specimen
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It shows the TEM micrograph of the indented microstructure of Cu/Si specimen annealed at a temperature of 160°C for

2 min in Fig. 5. It can be seen from the following annealing process, the microstructure of the indentation affected zone is still
composed entirely of amorphous phase (see also the high-resolution TEM micrograph presented in Fig. 6). Fig. 7 presents a

high-magnification TEM micrograph of the indentation affected zone and shows that the annealing temperature of 160°C

prompts the uniform precipitation of copper silicide (n-Cu;Si) particles in the upper region of the indented zone.

Fig. 6 High-resolution TEM micrograph of indentation affected zone in Fig. 3(a)
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Fig. 7 The copper silicide n-Cu;Si precipitates within indentation affected zone in specimen annealed at 160°C
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Fig. 8 and 9 present TEM micrographs of the indentation affected zone in a specimen annealed at a higher temperature of

210°C. It is observed that the indentation affected zone has a mixed structure comprising amorphous phase, copper silicide

1n-CusSi phase and nanocrystalline phase.

Fig. 10 presents a high-magnification TEM micrograph of the indentation affected zone and shows that the annealing
temperature of 210°C prompts the uniform precipitation of copper silicide (-CusSi) particles in the upper region of the
indented zone. Fig. 11 presents a high-resolution TEM micrograph of the n-Cu;Si precipitates in Fig. 10. It can be seen that the
indented matrix microstructure surrounding the n-CusSi precipitate has an amorphous phase, while the precipitate itself has a

crystalline structure (as confirmed by the diffraction spots in the diffraction pattern shown in the inset in Fig. 9).

The lattice spacing of the n-Cu;Si precipitates is found to be 2.01+0.02A, which is in good agreement with the results
reported by Bouayadi et al. [19], and is close to the value of the {110} plane spacing given in the literature (i.e. 2.02A [24]).
Comparing Figs. 7 and 10, it is can be clearly observed that the copper silicide n-Cu;Si phase increases with an increasing

annealing temperature.

500 nm

Fig. 9 High-resolution TEM micrograph of indentation affected zone in Fig. 8
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Fig. 11 High-resolution TEM micrograph of copper silicide precipitates

4. Conclusions

This study investigates the nano-mechanical properties of as-deposited Cu/Si thin films indented to a maximum depth of
2000 nm. The indented specimens were then annealed at a temperature of either 160°C or 210°C, and the microstructures of the
as-deposited and annealed samples were examined using transmission electron microscopy (TEM). The results have shown
that the loading and unloading regions of the load-displacement curves obtained in the nanoindentation tests have a smooth
and continuous profile. Moreover, it has shown that the present Cu/Si thin films have a maximum hardness and Young’s

modulus of 0.82 GPa and 95 GPa, respectively.

The TEM observations have shown that for both the as-deposited specimens and the specimens annealed at a
temperature of 160°C, the indentation process prompts a change in the microstructure within the indentation affected zone
from a diamond cubic structure to an amorphous phase. However, at a higher annealing temperature of 210°C, the
microstructure of the indentation affected zone contains a mixture of amorphous phase and nanocrystalline phase. The TEM
observations have also shown that the copper silicide (n-Cu;Si) phases could be observed at the higher annealed temperature
specimens. Overall, the present results show that the combined effects of the deformation induced during the indentation
process and the heating effect induced during the annealing process have a significant effect on both the microstructural

transformation within the Cu/Si thin film and the formation of copper silicide precipitates.
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