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Abstract

In this paper, we present a detailed mechanical characterization of freestanding bilayer (Au-TiW)
micro-cantilevers and double clamped beams, for applications as Radio Frequency (RF)-switches
Micro-Electromechanical Systems (MEMS). The testing structures have been characterized by an
optical profilometer and Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-ray
Spectroscopy (EDS), in order to acquire information about their geometries, composition, and the gap
between the substrate underneath. Then, the micro-beams are deflected by using a specifically designed
nanoindentation procedure based dynamic stiffness measurement during bending in order to extract the
elastic modulus and the residual stresses of both layers. Firstly, the classic beam theory has been
implemented for bilayer cantilevers enabling the extraction of elastic moduli. Then, residual stresses
are estimated by deflecting double clamped beams, while implementing new analytical models for a
bilayer system. The obtained elastic moduli are consistent with the average ones obtained for a single

layer micro-cantilever and with nanoindentation results for Tiw and Au homogeneous films. The
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residual stresses are in agreement with the values obtained from the double slot Focused lon Beam
(FIB) and Digital Image Correlation (DIC) procedure, providing an alternative and portable way for the

assessment of residual stresses on composite double clamped micro-beams.

Keywords: Micro Electro-Mechanical Systems; Elastic modulus, Residual stress; Nanoindentation;

Focused lon Beam.



1. Introduction

Micro Electro-Mechanical Systems (MEMS) have found a growing number of applications
involving sensors, actuators to active Radio Frequency (RF) components, optics as well as energy
generation devices [1]. The assessment of reliability and life time of MEMS devices is a major concern
in the microelectronic industry, requiring a full understanding of the mechanical properties of
micrometer-sized materials employed in MEMS fabrication [1]. Among other factors, residual stress
has been identified as one of the main parameters affecting both performance and lifetime of double-

clamped MEMS structures [1].

Small-scale dimension materials exhibit mechanical properties which are different from their
bulk counterpart because of the dominance of surface effects possible microstructural changes [2]. In
crystalline materials, the thickness confinement prevents dislocation motion [3] and limits the grain
growth favoring strengthening phenomena [2]. The nucleation and propagation of shear bands are also
affected by size effects in metallic glasses involving an increase of ductility, yield strength and change
in fracture mode [2, 4]. However, a conclusive understanding of mechanical properties and of the
associated deformation mechanisms of small-scale materials is still missing. The difficulty arises from
the challenge to generate consistent and reproducible data on small-scale specimens, while avoiding
artifacts. Mechanical size effects can affect the mechanisms behind the deformation and fracture of thin
films, which can have significant impact on MEMS functionality. Therefore, specific testing

methodology are needed to characterize the mechanical properties of thin films.

Many techniques have been employed to investigate freestanding MEMS materials’ mechanical
behavior including micro-tensile [5], bending [6], bulge tests [7] as well as nano-mechanical testing
actuated by residual stress films [8]. Although these techniques can provide useful information about
mechanical properties of freestanding films, they often relay upon complicated experimental apparatus

which require several steps [6-8] and can only assess specimens with dimensions above few
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micrometers in length and width and 500 nm in thickness direction [5]. Nanoindentation provides high
resolution in load, displacement and x-y positioning and is therefore suitable for characterizing the
mechanical response of freestanding thin films [9, 10]. Bending of freestanding cantilever was
originally performed by Weihs et al. [11] on Al thin films and has since been applied to other materials
such as Ni [12], Ti [13] and metallic glasses [14, 15]. This technique involves the deflection of a
freestanding cantilever using a nanoindenter. The stiffness can be extracted as the slope of the load-
deflection curve enabling the determination of the material elastic modulus which is a key parameter in
the behavior of MEMS devices [11]. Since then, Guo et al. [14] have minimized the error caused by
uncertainties in the effective indentation position performing multiple indentations, Tsou et al. [12]
have improved the analysis by subtracting the indentation effect during deflection, while Florando and
Nix [16] have used triangular cantilever in order to avoid inhomogeneous strain distribution during
bending. Bilayer cantilevers have been tested by Boyd et al. [17] and Fang [18] to extract the elastic
moduli using nanoindentation and resonant methods. However, in both cases a complicated Finite

Element Modeling (FEM) was required.

Residual stresses are usually extracted measuring the change of substrate curvature consecutive
to film deposition using the Stoney Equation [19]. Other techniques based on Focused lon Beams (FIB)
milling can be been employed to precisely account for the effect of the local microstructure [20].
Freestanding MEMS structures can be used to capture the magnitude of the residual stress. Double
clamped beams with different length can be used as a strain sensor [21]. Once released, compressive
stress can induce buckling above a critical length [21]. An array of beams with different lengths
enables to capture the magnitude compressive stress. Tensile residual stress can be extracted using a
similar structures involving rings fixed to the substrate at two points with a central beam spanning
perpendicularly to the anchor points [22]. After releasing, the tensile internal stress puts the central

beam in compression, involving buckling above a critical length [22]. Angular variation of residual
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stresses (both in compression and in tension) can be made using rotating sensors as well [23]. However,
most of these techniques are limited to a specific material and are inaccurate for large deflections [23].
Zhang et al. [24] first proposed a new method for extract the elastic modulus and residual stresses using
nanoindentation. Specifically, SiN freestanding double clamped beams are deflected in the center by a
nanoindenter. Then, FEM is then applied to extract the elastic modulus and residuals stresses, while
accounting the support compliances and the bending moment. Zhou et al. [25, 26] extended the
procedure for metallic Ni and NiFe double clamped beams, while Herbert et al. [27] improved the
procedure to extract the elastic modulus and residual stress. Specifically, they developed an analytical
solution that manages to accurately fit nanoindentation data under the assumption that the film
deformation is dominated by stretching during indentation experiments [27]. Other assumptions
consider the film flat, while the indent location is exactly in the center of the double clamped beam.
The deflection is normal and elastic and the effect support posts are and the bending moments are
ignored. In this model the residual stress are originated by the constrained beam geometry which

prevent a full relaxation of residual stresses after releasing.

Bilayer double clamped beams have also been investigated due to the possibility to reduce the
amount of residual stresses. Zhang et al. [28] and Nie et al. [29] used nanoindentation and pull-in
methods respectively, to obtain the elastic moduli and residual stresses. However, a complex

experimental set-up combined with FEM is required.

In this work, we use nanoindentation to study the mechanical properties of bilayer cantilevers and
double clamped beams in order to extract elastic moduli and residual stress. Specifically, (i) we
implemented the classic beam theory for a stress-free bilayer cantilever enabling the extraction of the
elastic moduli of both layers using the stiffness measurement obtained by nanoindentation on different
cantilever lengths. Then, (ii) we determine the residual stress by nanoindentation testing of double

clamped beams, which are fabricated on the same Si wafer with the cantilevers, extending the
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analytical model of Herbert et al. [27] for a bilayer system and taking into account the indentation

effect during loading.

We show that: (i) the obtained elastic moduli are in good agreement with TiW and Au films
given by nanoindentation and with the average results given by Herbert’s model [27]; (ii) the extracted
residual stress are agreement with the values obtained from the double slot FIB and Digital Image
Correlation (DIC) procedure, providing an alternative way to assess of residual stress estimates for

composite double clamped beams.

2. Experimental Details
2.1 Production and characterization of cantilever and double clamped beams
Bilayer cantilevers and double clamped beams were produced on Si (100) substrate using

standard microfabrication techniques involving substrate cleaning, lithography, sputter deposition and
etching. Figure 1 is a Field Emission Gun Scanning Electron Microscope (FEG-SEM) image of the
investigated cantilevers and double clamped beams. The shortest cantilever in Figure 1a is 20 um-long,
subsequent beams are incrementally 20 um longer up to a maximum of 260 um while their width was
constant and equal to 10 um. Three double clamped beams are present as well with a constant length
and width equal to 280 um and 10 um, respectively (right part of Figure 1a). The longest cantilevers
are deflected toward the underneath substrate, while the shortest ones (from 20 up to 60 um) and the
double clamped beams remain perfectly straight (Figs. 1b and 1c). Figures 1c and 1d are SEM tilted
views of the specimen showing the bilayer structure composed by a top Au layer (500 nm-thick) which

uniformly covers the 200 nm-thick TiW layer.

Homogeneous Au, TiW and Au/TiW films were produced on the same Si (100) substrate as well

by using the same deposition parameters.



Fig. 1. SEM micrographs of cantilevers and double clamped beams. (a) The entire beam set showing
deflection of the longest cantilevers. (b) A magnified image of the shortest cantilever showing no
deflection. (c, d) Tilted views highlighting the bilayer structure.

The 3D topography of the freestanding cantilevers and double clamped beams was obtained using
a Leica microsystems DCM-3D non-contact optical profilometry in confocal mode. Figure 2a is 2D
view acquired using optical profilometer highlighting the deflection of longer cantilevers. No curvature
changes are observed for the shortest cantilever and double clamped beams, as also confirmed by the
3D view reported in Figure 2b. Figure 2c shows the extracted profile between the structures and the
substrate underneath taken in the interval 1-2 in Figure 2a reporting a constant gap value equal to

3.8 um.
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Fig. 2. Optical profilometer images of cantilevers and double clamped beam. (a) The entire beam set
showing deflection of longest cantilevers. (b) 3D images of cantilevers. (c) Extracted thickness used to
measure the gap with the substrate underneath (~ 3800 nm).

FIB-SEM standard cross-sections were produced using a FEI Helios NanoLab 600 on the double
clamped beams and had dimensions of 6 pm in width and 15 pm in length. Energy Dispersive X-ray
Spectroscopy (EDS) was performed along the FIB-milled cross-section in order to distinguish different
layers as well as to observe possible inter-diffusion phenomena (Figure 3a).The EDS mapping in
Figure 3b reveals sharp interfaces between each layer without evidences of interdiffusion effects. This
confirms the nominal sequence and thicknesses of the layers (Au/TiW). The EDS spectra acquired in

three different points within the cross-section is reported in Figure 3c.
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Fig. 3. EDS analyses of double clamped beams. (a) The FIB-milled cross-section. (b) The EDX
mapping showing the Au-TiW bilayer structure. (c) The EDS spectra corresponding to layers 1, 2 and
3in (a).

2.2 Mechanical characterization of cantilever and double clamped beams

a) Nanoindentation of uniform thin films on a substrate

Standard nanoindentation was used to extract the elastic modulus of the single homogeneous thin
films on a Si (100) substrate. This technique also provided the load-depth curve for the Au/TiW
bilayer, which could be used to subtract the tip penetration effect occurring during deflection of double

clamped beams.

Indentation tests were made with a diamond Berkovich tip mounted on an iNano nanoindenter

(Nanomechanics Inc.). Prior to testing, the tip area function and frame stiffness were calibrated using a



fused silica reference sample. The nanoindentation measurements were performed under load-control
mode at room temperature using the Dynamic Stiffness Measurement (DSM) method [10]. The
allowable thermal drift rate was limited to 0.05 nm s*, while the imposed strain rate was set equal to
0.2 s1. Sixteen indents were performed on each sample setting the maximum indentation depth equal to
the film thickness. The elastic modulus of Au was extracted by fitting the raw indentation data using

the King’s model [30] in order to avoid substrate effect.

b) Nanoindentation of freestanding cantilevers and double clamped beams

Cantilevers and double clamed beams were tested by nanoindentation in DS mode as well using a
diamond Berkovich tip mounted on an iNano nanoindenter (Nanomechancs Inc.). The maximum load
was equal to 1 mN with a linear loading rate applied. The surface approach distance — defined as the
starting distance between the tip and the substrate— was fixed equal to 6000 nm, being the structures
suspended on underneath substrate of about 4000 nm (Section 2.1). Hence, prior to indentation the
indent was located 2000 nm above the surface in order to avoid lateral contact between the tip and the
testing structure. A microscope to indenter calibration was performed before each test in order to avoid
a non-uniform bending with possible torsional effects. All cantilevers were indented at 5 um from the
free edge, while 20 um-spaced indents were made on double clamped beams along the entire length.
The indenter position was additionally verified a posteriori by observing the indent location at the
optical profilometer and by evaluating the quality of the test itself. The output provided, apart from the
load-displacement curve, the stiffness of the beam and the gap to the substrate. The DS is continuously
recorded as function of the beam deflection. The gap, namely the distance which separate the beams
with the underneath substrate, was provided by detecting an abrupt change of stiffness at a certain

depth indicating the substrate detection. The effects of supporting spring stiffness and indenter
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penetration into the double clamped beams were properly taken into account and corrected according to

previous literature works [12, 27].

c) Independent residual stress estimates by FIB-DIC double slot milling

In order to have comparative estimates of residual stress profiles in the bilayer systems, residual
stresses were measured by using FIB double slot milling method, coupled with DIC for relaxation
strain mapping. As reported in a recent paper [31], two parallel slots were FIB milled in a stepwise
fashion, along the perpendicular direction with respect to beam axis, so to induce incremental
relaxation of the residual stress. The resultant relaxation strain profiles were measured by DIC in the

central area, after acquiring a series of high-resolution SEM images, before and after each milling step.

A low current (9 pA) were used during FIB milling to acquire an accurate longitudinal strain
profile as a function of the milling depth in both layers, and to minimize the ion-induced damage.

The distance between two contiguous experiments was set to 10 pum, being the internal distance
between the slots equal to 3 pm.

As demonstrated in Ref. [31], double slot milling geometry is characterized by an almost uniaxial
relaxation strain, that is representative of the average stress along the beam principal direction in this
specific case. The residual stress (or) in the films were finally calculated from measured relaxation

strains by using FEM, as reported in previous papers [31, 32]. Specifically,

o =-— 5 )

where E is the elastic modulus of the film, & is the measured relaxation strain extracted at a depth of

500 and 700 nm for Au and TiW layer, respectively and k is a FEM calculated constant equal to 1.47
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for the geometry used in this work, where the length of the slots is equal to the distance between them

[31, 32].

3. Procedure to extract the elastic moduli and residual stresses for bilayer structures

According to the beam theory [33], the measurement of stiffness in a freestanding cantilever can
be used to calculate its elastic modulus. Specifically, for rectangular cross-sections, the load at the

anchoring (P) is defined as

_3IE,  wtE

P -2 =
I® 41°

h, 2

where | is the moment of inertia, E is the elastic modulus, h the deflection, | is the length corresponding
to the position in which the deflection is performed, while w and t are the width and the thickness,

respectively. The stiffness (S) will be

_dP_3IE_wt'E
dh I® 41°

©)
Note that Equations (2) and (3) do not consider the bilayer structure of the beam, yet. The elastic
modulus of each layer was determined by implementing the classic beam theory for a bilayer micro-
cantilevers using the transformed section method [17, 33]. The procedure is to transform the cross-
section, consisting of a more than one material, into an equivalent cross-section composed of only one
material. This leads to the definition of a new cross section composed of only one material, as show in
Figure 4. Then, the beam with transformed section was analyzed using the standard beam theory [33].

Figure 4 shows that the second layer has been normalized respect to the elastic modulus of the top

layer, so that the width of the second layer (w>) is

W, :EW:n-W , 4)
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where n is the so-called modular ratio [33]. The new transformed beam is equivalent to the original
beam with its neutral axis in the same position (dashed lines in Figure 4). However, the overall bending

moment (El) will be
El,=El,+EI, , ®)

where 11 and I, are the moment of inertia of the first and second layer, respectively.

Fig. 4. The transformed section method. Beams of two different materials are transformed into a single
material section with the same elastic modulus.

In the case of rectangular cross-section I and I> can be written as

wt? wt?
|1:1_;1+A&d12 and Iz :1_22+A2d2 ' (6)

where A is the cross sectional area and d the distance between the centroid axis (&) of the composite
beam and the neutral axis of each individual layer (d =& —y), Figure 4. The location of & within the

transformed section is given by

ég:(ylfﬁwyzAz) |

7
(A+A) "
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in which y is the position of neutral axis of each layer with respect to top the surface (Figure 4). By
inserting Equation (7) in Equations (6) and expanding all the terms, 11 and 1> are
2

E
(yl'W't1'+YZ 'J'W'tz)
3
| —ﬂ_}_w.tl El —yl (8)

L=
12 (W~tl+E2~w~t2)
1
E 2
th E (y1~W~t1+y2~E2~W~'[2)
|2 21_22+ (EZ'W'tz) L Y, | (9)
1

(W'ti +IIEEZ'W't2)
1

in which the dependency of the moment of inertia with the elastic moduli of each layer is highlighted.
In order to limit the inaccuracy of indent positioning, Equation (2) was set equal to O for a set of
different cantilever lengths. This is equivalent to solve a system of Equations in which E; and E> are

unknown

3
SAXA

E-L(E,E)+E, - 1,(E,E,)~ =0
SeXs

E1'|1(E1’E2)+E2'Iz(ErEz)_ :O’ (10)
Sexe

E-L(E,E)+E, 1,(E,E,)~ =0

where the dependency on the momenta of inertia on the elastic moduli is highlighted. The set of
Equations (11) was iterated up to convergence, leading to the extraction of E1 and E». Specifically, the
stiffness were provided by three different cantilever lengths (20, 40 and 60 um), and each measurement
was repeated in order to provide improved statistical estimates.

The extraction of mechanical properties for freestanding double clamped beams was performed

using the model of Herbert et al. [27]. This model relates the load (P) with the penetration depth (h) as

14
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P + :
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where | is the length of the double clamped beams, while E and o represent, respectively, the elastic

modulus and the residual stresses generated by the constrained geometry. The stiffness is obtained as

_dP _ 24wtEh® 24wto h? | 4wto,
dh I° I° I

(12)

Hence, by fitting the trend of the stiffness as a function of the depth it is possible to extract the elastic
modulus and the residual stresses for a monolayer. Contrary to cantilevers which have a free edge, the
constrained geometry of double clamped beams enables the generation of residual stresses as also

reported in Refs. [21, 22] using similar testing structures.

In order to extract the residual stresses of each layer using Herbert’s model, the elastic moduli
obtained from the cantilever bending were used. The main hypothesis is that both layers are rigidly

attached (iso-deformation condition). Hence, the effective elastic modulus (Ee) and the residual

stresses (o ) are

e, -ARTAE (13)
A
and
o = Ao, +A0,, _ (14)
A
By inserting the Equations (13) and (14) into Equations (11) and (12), the load and the stiffness
become

8(A1E1 + AZEZ)h3 _ 8(A10r1 + A20-r2)h3 + 4(Alo-r1 + AZGrZ)h _ P _ 0
B I3 | B
24(AE, + AEDN 24(Ac, + Ao )N 4(Ao,+Ac,) oo
B B | B

(15)
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The convergence of Equation (15) was computed for o1 and o by using an iterative routine
which exploits the entire set of data points acquired during the deflection (true contact range) in order

to provide highly accurate results. The indent penetration during deflection was also subtracted.

4. Results and discussion
4.1 Extraction of elastic moduli by cantilever testing

Figure 5 reports the mechanical characterization of shortest three cantilevers, namely 20, 40 and
60 um which do not show any deflection (Section 2.1). All bending tests have been made at 5 um from
the free edge. In Figures 5a-c the stiffness is plotted as a function of the indentation depth. Once the
indent touches the cantilever, the stiffness is immediately detected. The extracted value decreases from
31 N/m for down to 1.7 N/m, respectively for 20 and 60 um-long cantilevers. The extraction of the
stiffness for cantilevers longer than 60 um was not possible, because the acquired value is below the
noise associated to measurement (~1 N/m). In order to acquire more statistics, measurements have been
repeated for other cantilever sets locating the indent at the same distance from the anchoring. Average
stiffness results for 20, 40 and 60 um-long cantilevers obtained on two independent set of
measurements are reported in Figure 5d indicating good reproducibility of the data. After the detection
of the stiffness, the cantilevers are bent towards the substrate, whose contact is indicated by the abrupt
stiffness increase. It is worth noting that the stiffness is not affected by the penetration of the indenter
in the cantilever since it is extracted at almost zero depth, namely when the indenter detects the
cantilever surface. Moreover, the measurement of the gap between the cantilevers and the substrate
underneath is not very accurate for short cantilevers, because of the indent gliding effects. Figure 5d
reports the average stiffness as a function of the indentation x-coordinate, namely the position on which
the bending is performed. The data points have been overlapped using the stiffness data calculated with
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Equation (3) with an effective elastic modulus equal to 108 GPa, a value extracted using the Herbert

model [27], while assuming the double clamped beams as a single layer. Figure 5d shows that the

stiffness increases when indenting close to the cantilever anchoring as expected using the standard

beam theory [33], Equation (3). The accurate overlapping between the curve and the data points in

Figure 5d is a further prove of (i) the precise indent positioning and of (ii) the average elastic modulus

values obtained using two different techniques and analytical models.
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Fig. 5. Stiffness analyses for cantilevers with different lengths. (a)-(c) Stiffness as a function of the
indentation depth for 20, 40 and 60 zm-long cantilevers, respectively. (d) Stiffness as a function of the
indent position on the cantilever. Data are overlapped with the results of Equation (3) using an elastic
modulus equal to 108 GPa (continuous line).
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By taking the stiffness values in Figure 5d for two different set of cantilevers with a length equal
to 20, 40 and 60 um, and applying the transformed section method (Section 3), we found that Equation
(10) convergences toward E1 and E> values respectively equal to 74 + 8 and 232 = 8 GPa. Note that this
procedure reduces the experimental error associated to the calculation, because the solution is obtained
from 6 different cantilevers with length varying from 20 up to 60 um. The obtained results are in
agreement with the literature values for Au [34, 35] and TiW [36] films (Table 1). Moreover, these
values are consistent with the average ones obtained using Equation (12) for double clamped beams

providing an average elastic modulus equal to 108.5 GPa (Section 4.2).

Table 1. Summary of the obtained elastic moduli for Au and TiW.

Eau (GPa) Eriw (GPa)

) 79 [34]
Literat 260 [36
iterature 74, 110 [35] [36]
Cantilever bending 74+8 232+8
Nanoindentation 805 219+ 20

Figure 6a shows the elastic moduli as a function of the normalized indentation depth for Au and
TiW films on Si (100) substrate. The elastic modulus of Au increases from 83 + 20 GPa for small
indentations up to 180 = 3 GPa converging toward the Si (100) values (183 GPa). The Au elastic
modulus has been extracted by fitting the indentation depth data using the King’s model (Figure 6b)
founding a value equal to 80 GPa in agreement with literature values [34, 35] and the results obtained
using the transformed section method applied to the bilayer cantilever deflection (Table 1). The TiW
elastic modulus calculated between 20 and 50 nm-depth is equal to 219 £+ 20 GPa, in agreement with

both literature [36] and bilayer cantilever bending results (Table 1). As expected, results show the
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absence of mechanical size effects on the elastic moduli, as also demonstrated in other literature studies

on metallic glasses [4, 37] and Au micro-pillars [34].
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Fig. 6. (a) Elastic modulus as a function of the normalized indentation depth for TiWw and Au thin films
on a Si (100) substrate. (b) Elastic modulus of Au as a function of the indentation depth. The data was
fitted using the King’s model [30] to extract the elastic modulus of the film (continuous red line).
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4.2 Extraction of residual stress by double clamped beam deflection

The extraction of residual stresses has been made by deflection of double clamped beams. As a
matter of fact, cantilevers have one free edge thus resulting in no residual stresses. Figure 7a show the
stiffness profile as a function of the x-coordinate within the double clamped beam. Ten indentations,
separated by 20 um, have been made along the double clamped beam. As expected, the stiffness shows
a symmetric parabolic profile with the maximum values (6.2 = 0.3 N/m) close to the anchoring points,
while the minimum values (2.3 = 0.2 N/m) is recorded when indentation is performed in the middle of
the beam. Figure 7b reports the trend of the stiffness as a function of the indentation depth when
performing a deflection test in the middle of the beam (inset of Figure 7b). After the initial contact, the
deflection starts following a parabolic profile, as observed in previous papers [27], equation (12). The
substrate is detected when an abrupt increase of stiffness is observed. The gap between the beam and
the substrate underneath has been found equal to 3850 nm in agreement with optical profilometer
results (Figure 3c). The same gap value is found on the load versus depth curve as well, Figure 7c. Note
that at larger depths the effect of the indent penetration in the beam further enhance measured stiffness.
The elastic modulus and residual stress have been extracted using the model of Herbert et al. [27]. The
double clamped beam has been considered as constituted by a single layer, then the stiffness data in the
contact range have been fitted using Equation (12), red dashed line. The average elastic modulus is
equal to 108 GPa and the average residual stress are equal to +31 MPa in tension. The residual stress
for each layer is extracted using Equations (15). Specifically, we used the elastic moduli equal to 74
and 232 GPa as extracted from cantilever deflection and we iterate Equation (15) over the entire
contact range (identified by the vertical dashed lines on Figures 7b and 7c). We found that residual
stresses are equal to +6.9 + 3 and +56.6 £ 5 MPa, respectively for the Au and TiW layers (Table 2). In
order to acquire very accurate values of residual stresses, the beam deflection has been corrected by the

indent penetration.
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Fig. 7. Stiffness analyses for double clamped beams. (a) The stiffness as a function of the x-coordinate
along the beam, highlighting a parabolic trend. (b) The stiffness versus depth for a double clamped
beam deflected in the center. A parabolic fit with Equation (11) has been performed, red dashed line.
(c) The load as a function of depth for a double clamped beam deflected in the center.
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Specifically, Figure 8 reports the load-depth curve obtained when indenting the Au/TiW layer on
Si (100) substrate, which are used to correct for indenter penetration during tests on suspended double
clamped beams. It is worth to note that at 1 mN (i.e. the maximum applied deflection load) the

penetration of the indenter in the double clamped beams is around 110 nm (Figure 8).
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Fig. 8. The load-depth curves for Au-TiW layers on a Si (100) substrate which were used to subtract
the indentation effect during double clamped beam deflection.

In the case of homogeneous Au uniform thin films, the residual stress estimates range from the
compressive to the tensile region, depending on the substrate nature and the process parameters [37-
39]. Differences with respect to uniform thin film are due to the freestanding geometry of double
clamped beams in which most of the residual stresses are released after substrate removal. In the case
of Au micro-beams a tensile residual stress has been reported in between +14 and +33 MPa, Ref. [38,
39] which is closer to our results (Table 2). A comparison of residual stress for TiW is more difficult
because the lake literature works on this material. However, high tensile residual stresses are expected
because the ceramic-like nature of intermetallic TiW alloys [40]. It is worth to note that the average
residual stress values of both layers using Equation (14) gives an overall value of equal to +32 MPa, in

agreement with the +31 MPa provided by the Herbert et al. model [27] applied for monolayer,
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Equation (12). Equations (15) have also be solved using four independent variables, namely the
residual stresses and the elastic moduli corresponding to each layer. This provides an elastic modulus
equal to 82 and 222 GPa and residual stresses equal to +10 and +50 MPa, respectively for Au and TiW.
Although this procedure is less accurate because four independent variables are iterated, the results are
very close to the ones obtained using the elastic moduli obtained from bending test of cantilevers,

confirming the quality of the adopted methodology.

4.3 Validation by FIB-DIC residual stress measurements

FIB-DIC double slot experiments have been carried out in order to confirm the value of residual
stresses determined using nanoindentation. Figure 9a and the zoom in Figure 9b show the two slots
which are milled along the perpendicular direction with respect to beam axis. The trend of the
relaxation strain, extracted using the DIC, is reported as a function of the milling depth in Figure 9c.
Specifically, the relaxation strain oscillates around zero for the Au layer, while decreasing down to -
6.5-10* + 10 for the TiW layer. The residual stress in the Au layer, calculated at a milling depth equal
to 500 nm using Equation (1), is equal to -1.6 £ 5 MPa indicating the residual stress in the Au are
almost negligible. However, the measured value is close to the resolution limit of the technique used to
measure the relaxation strain [31]. On the other hand, TiW exhibits a clear tensile residual stress which
is equal +102 £ 16 MPa. Both results are in a very good agreement with the extracted residual stress
obtained by bending test of double clamped beams (Table 2). However, it is worth noting that the
assumptions made when extracting the residual stress using nanoindentation of bilayer double clamped
beams do not allow compressive residual stresses, the interfaces between the layers are assumed perfect
and the surface roughness is not taken into account. This possibly explains the differences between the

two methodologies and will be the subject of future investigations.
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Fig. 9. Extraction of residual strains using FIB-DIC. (a) The two slots milled perpendicular to the
double clamped beam direction. (b) A magnified image showing the double-slot FIB milling. (c) The
relaxation strains as a function of the milling depth showing negligible residual strain for Au layer and
a more pronounced tensile strain for TiW layer. Data were fitted with a fifth degree polynomial
function (red lines) and then used for calculating the average stresses in the two layers.

Table 2 summarizes the obtained results for residual stresses for Au and TiW. Specifically, it can

be noted that the results obtained with our methodology — involving bending test on freestanding

cantilevers and double clamped beams — enable to accurately extract residual stresses for a bilayer

system, providing an easy procedure which can be adopted to determine a key mechanical property of

MEMS.

Table 2. Summary of the residual stress estimates for Au and TiW.

or, au (MPa) or, Tiw (MPa)
Literature +14.1, +33.3 [38] -
Double clamped
beams bending +6.923 +56.6 £ 5
Double slot FIB- 1647 102+ 16

DIC
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5. Conclusions

In this work, we have presented an innovative experimental protocol for the measurement of

elastic moduli and residual stresses in by-layer suspended micro-beams.

By combining nanoindentation deflection experiments on both cantilevers and double-clamped
beams of an Au/TiW system, we develop a fully analytical model for the simultaneous extraction of the

elastic moduli and residual stresses in the two layers.

The measurements on bilayer double clamped beams and cantilevers have been validated by
comparing the results with (i) elastic moduli obtained by nanoindentation experiments on analogous
homogeneous films on Si substrate and (ii) with the residual stresses obtained by FIB-DIC double slot

measurements on the same double clamped beams.

Further experiments will be required to extend the method to systems where more than two layers

are present and to those cases in which a compressive stress is present in one of the layers.

The developed procedures are directly scalable to the MEMS industry quality control level and
can be extremely important for supporting the design and optimization of novel micro-devices with
improved performance not only RF-switches, but also accelerometers, pressure sensors and other kind

of MEMS.
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