Advanced Materials Research Online: 2014-08-11
ISSN: 1662-8985, Vol. 996, pp 833-840

doi:10.4028/www.scientific.net/AMR.996.833

© 2014 The Author(s). Published by Trans Tech Publications Ltd, Switzerland.

On-chip MEMS-based internal stress actuated structures for the
mechanical testing of freestanding thin film materials

Renaud Vayrette'#?, Michael Coulombier?®, Thomas Pardoen'=3<
and Jean-Pierre Raskin?3d

'Institute of Mechanics, Materials and Civil Engineering, Université catholique de Louvain, 1348
Louvain-la-Neuve, Belgium

?Institute of Information and Communication Technologies, Electronics and Applied Mathematics,
Université catholique de Louvain, 1348 Louvain-la-Neuve, Belgium

3Research Center in Micro and Nanoscopic Materials and Electronic Devices, Université
catholique de Louvain, 1348 Louvain-la-Neuve, Belgium

renaud.vayrette@uclouvain.be, Pmichael.coulombier@uclouvain.be
°thomas.pardoen@uclouvain.be, %jean-pierre.raskin@uclouvain.be

Keywords: thin film, internal stress, on-chip mechanical testing

Abstract. An on-chip suite of MEMS-based mechanical testing structures has been developed to
extract the mechanical properties of freestanding thin films under tensile loading. The working
principle relies on the use of high tensile internal stress within an actuator beam to deform a
specimen beam made of another material owing to the etching of an underlying sacrificial layer. In
order to control the deformation rate imposed during the etching process, the rectangular shape of
actuator beam design has been recently upgraded to a tapered shape. The deformation rate is
estimated from the modelling of the two extreme cases defining the upper and lower limit. The
proof of concept is demonstrated experimentally from the investigation of the mechanical response
of 100 nm-thick freestanding copper thin films deposited by e-beam evaporation.

Introduction

The expansion of practical applications using nano-objects such as thin films, nano-wires, dots and
nano-particles is frequently impeded by mechanical reliability issues. In order to design and
fabricate reliable devices, the characterization and understanding of the mechanical response of
nano-objects are of prime interest.

On-chip MEMS-based mechanical testing methods are particularly powerful to probe the
mechanical properties of freestanding nano-objects. They take benefit of nano- and micro-
fabrication techniques which are (1) the capacity to reproduce of a large number of elementary
planar patterns from the deposition and the etching of a thin film material; (2) the capacity to
fabricate complex three dimensional structures from the optimized stacking of elementary patterns
of different materials; (3) the fact that it can avoid, partly or entirely, the manipulation of the test
objects and the use of macroscopic actuating and sensing devices.

Numerous designs of structures with varying complexity have been developed over the years to
produce dynamic and quasi static mechanical tests. For quasi static mechanical test systems, two
main groups emerge: the simple elementary structures and the complex stages with an advanced
design.

The simple elementary structures are usually dedicated to the extraction of one specific
mechanical property in the elastic regime such as the mismatch strain [1,2], the residual stress [3,4]
and the Young’s modulus [5,6]. The fabrication process is relatively straightforward because it
involves a limited number of processing steps. The principle is to induce a measurable displacement
by changing the mechanical equilibrium in a freestanding structure. The experimental displacement
is measured with a Scanning Electron Microscope (SEM), with a nano-instrumented sensing system

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/AMR.996.833

834 Residual Stresses IX

or by interferometry. The output parameter is computed with analytical model based on beam theory
or a finite elements simulation describing the mechanical behavior of the structure. The actuation
can be provided by an external device such as with the tip of a nano-indentor [5] or with an Atomic
Force Microscope (AFM), or with an electrical signal inducing an electrostatic effect [4,6]. Another
concept of actuation consists in converting the internal stress relaxation of a structure in a
measurable displacement owing to an optimized design and to the etching of an underlying
sacrificial layer [1,2,3]. The freestanding structure relaxes elastically until reaching mechanical
equilibrium. No external actuation is required. In order to improve the robustness of the extraction
method, structures with different in-plane dimensions are used to probe several mechanical
equilibrium states.

By contrast, the complex stages are devoted to the characterization of the entire mechanical
response of freestanding thin films under uniaxial tensile loading as well as during unloading. The
mechanical testing is performed in a Transmission Electron Microscope (TEM) or in a SEM for the
in-situ investigation of the deformation mechanisms. The processing involves a large number of
steps because the specimen, the actuation and the sensing structures are co-fabricated during the
same process flow. The loading and unloading is produced by the use of an electrical signal
inducing piezo-resistive [7], electrostatic [8] or electrothermal actuation [9]. The stiffness of the
actuation and sensing structures has to be calibrated by finite elements simulations so as to extract
accurately the stress and the strain in the specimen beam. The fabrication, the use and the
interpretation of experimental data (force and displacement) are more complicated than for simple
elementary structures.

In order to circumvent the use of an external actuator and to minimize the design complexity as
well as the number of processing steps, the concept of internal stress actuated structures has been
extended to uniaxial tensile tests [10]. The method is based on two key ideas: (1) the use of the high
tensile internal stress present in a silicon nitride beam to deform another specimen beam attached to
it owing to the etching of a sacrificial layer, (2) the use of a large number of simple elementary
testing structures with different in-plane dimensions so as to extract the complete specimen stress-
strain curve instead of building a simple complex stage. This concept has been successfully applied
on brittle [11,12] and ductile films [10,11,13,14] with a thickness between 50 and 1000 nm for the
characterization of the tensile mechanical response as well as the creep/relaxation behavior [14].

Recently, the structures design has been upgraded. The classic rectangular actuator design has
been substituted by a tapered shape allowing the control and the estimation of the specimen strain
rate. This paper aims to introduce and validate the working principle of the upgraded structures
design from the investigation of the mechanical response of 100 nm-thick freestanding copper films.
It allows also covering the key ideas of the method which is still rather in its infancy and presenting
some new results on freestanding copper films.

The outline of the paper is as follows. The basic principles of the on-chip internal stress actuated
testing structures and the modelling strategies developed for the estimation of the strain rate are
presented first. Then, the samples processing and design are described. Finally, the experimental
stress-strain curves of a 100 nm-thick Cu films extracted with classic and upgraded structures are
exposed to illustrate the proof of concept and estimate the specimen strain rate.

On-chip internal stress actuated mechanical testing concept

Principle. One testing structure is composed of two beams deposited on a sacrificial layer: one
actuator beam made of silicon nitride involving a large tensile internal stress and one specimen
beam (Fig. 1). The connection between both beams is ensured by an overlapping region. At the
specimen beam ends, dogbone shapes are located to concentrate the loading where the width is
uniform. The mechanical loading of the specimen beam occurs during the etching of the underlying
sacrificial layer named the release step.
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Fig. 1. Top and cross-sectional views of an on-chip uniaxial tensile testing structure before and after
the release step.

Before the release step, the actuator and specimen materials are pre-deformed due to the stress
developing during processing, leading to mismatch strains &,™* and ™, respectively. By definition,
the mismatch strain is equal to minus the elastic strain stored in a material and is negative for a
tensile internal stress. Let us assume that the specimen material involves a tensile initial internal
stress. From Hooke’s law, the initial forces in the actuator and specimen beams, respectively F,o and
Fo, are expressed as

FaO = _SaOEag'Idms ’ (1)
F,=S,Be™, (2)

where Sao is the cross sectional area of the actuator beam, So is the cross sectional area of the
specimen beam, E, is the Young’s modulus of the actuator material, and E is the Young’s modulus
of the specimen material. In order to enforce the deformation of the specimen beam during the
release step, the dimensions of the actuator and specimen beams (length, width and thickness) are
set to satisfy the relation Fao > IFol (Fig. 2).
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Fig. 2. Force-Displacement diagram for the actuator and specimen beams.

During the release step, the actuator beam force relaxes elastically acting as a spring while the
specimen beam force increases until the establishment of mechanical equilibrium. After the release
step, the forces in both beams are equal to F as F,o > F > 0. The referring displacement u is 0 <u <

free

u,°, with 0 corresponding to the initial state (F = Fy), and u,™ being the potential maximum
displacement which could be imposed by a fully relaxed actuator beam (F = 0). The specimen stress
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and strain are extracted from the measurement of the displacement u of cursors with a SEM and the
use of a data reduction scheme based on beam theory which has been detailed in [11]. The
expressions of the stress o and strain € in the specimen are given by

G=Eg 2a—p [—gm Y |5 3)
S L,)S

e=In| 1+ |—gms ~ L _gmis 4)
LO LO

where S, and S are, respectively, the cross sectional area of the actuator and specimen beam after
the release step, and L.o and Lo are, respectively, the actuator and specimen beam length before the
release step. The logarithm form of Eq. (4) is appropriate to the general case of large deformations
and the linear form refers to the small strain approximation. The extraction of specimen stress ¢ and
strain € with, respectively, Eq. 3 and Eq. 4 requires knowing with accuracy the geometrical features
of the specimen and actuator beams (width, length and thickness) as well as the mechanical
quantities &,™°, E, and ™. All these input parameters are extracted after the released step for each
sample. The actuator and specimen widths are measured with a SEM. The actuator and specimen
thicknesses measurements are performed on squares of ~1 mm x 1 mm, respectively, by
ellipsometry and/or mechanical profilometry. The mismatch strains &,™* and ™ are extracted from
the use of simple elementary on-chip test structures using the actuation concept based on the
internal stress relaxation: the self-actuated structures [2], the rotating sensors [1] and/or the free
cantilevers [2]. The actuator Young’s modulus E. is computed by combining the equi-biaxial
internal stress obtained by curvature measurements Gbiaxial and the mismatch strain g,™ [2].

From the experimental cursors displacement belonging to one test structure, one point of the
stress-strain curve is extracted. By varying the in-plane dimensions of the actuator and the specimen
beams, different strain and stress levels are probed allowing the extraction of the entire discrete
specimen strain-stress curve from small strain up to failure.

For some specimen materials such as ductile metals and polymers, creep/relaxation phenomena
can be active directly after the release step depending on the stress level, temperature,
microstructure, thickness and external surface state. In this case, the specimen beam stress decreases
while the specimen beam strain increases following the linear force — displacement characteristic
imposed by the actuator beam (Fig. 2). As a consequence, the stress and strain response does not
correspond to the mechanical state directly after the release step but to the mechanical state at the
time of the displacement measurement. Similarly, the creep/relaxation behavior can be investigated
by monitoring the evolution of the displacement u with time [14].

Thanks to the use of micro- and nano-fabrication techniques, thousands of tests using a single
processed wafer can be performed making statistical data analysis possible.

Tapered actuator design for the control of the specimen strain rate. The classic design of
structures involves actuator beams with rectangular shape (Fig. 1). For a constant sacrificial layer
etching rate v, a perfect rectangular actuator beam of width w. becomes instantaneously
freestanding at the same time t; equal to v/(2w.). In reality, the local chemical composition and
density of the sacrificial layer change leading to variability of local etching rates. During the release
step, some regions of the actuator beam become freestanding while others are always attached to the
substrate. The release of actuator beam and the specimen mechanical loading are then sequential,
uncontrolled and probably very fast. In order to solve these issues, structures with a tapered shape
actuator have been produced in the last generation of our on-chip test method. Fig. 3 is a schematic
drawing of a structure with a tapered actuator of maximum width Wa max, minimum width Wi min and
length Lao.
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Fig. 3. Schematic drawing of a structure with a tapered actuator design for controlling the specimen
strain rate.

The mechanical loading starts at time t; and stops at time tr which are the durations required to
etch a length of, respectively, Wa min/2 and wa max/2. For t > ti, the in-plane dimensions of a free
tapered actuator, wa max(t) and Lao(t), increase linearly with time:

W, oo (t)=2wt, (6)

Ly (t)= Lao[l —Wm—_ZVtJ . )

Therefore this simple design modification allows progressively relaxing the internal stress of
actuator beam during the release step. As the actuator width evolves linearly from wa max t0 Wa min,
the specimen stress and strain can be computed using Eq. 3 and Eq. 4, respectively. The actuator
cross-sectional area S, injected in Eq. 3 is the product of the actuator thickness h, and the average
free actuator beam width wa(t) = (Wa max(t) - Wa min)/2.

In order to estimate the strain rate, two modelling approaches corresponding to two extreme
cases have been developed in the small strains formulation. The first approach consists in
expressing the specimen strain rate from the maximum displacement of an actuator beam fully
relaxed (ga(t) = 0) of length Lao(t) and mismatch strain &,™. Eq. 8 constitutes the expression of the
upper limit of the strain rate:

ézid_u:_ggﬁsﬁ A (8)
LO dt LO Wamax -W

a min
In this case, the strain rate is time independent. It increases linearly with €™, v, Lao/Lo and is
inversely proportional to Wa max - Wa min.

The second approach consists in expressing the specimen strain rate from a pure elastic
formalism of mechanical equilibrium at each time t (Eq. 9).

- N W,
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In this case, the strain rate evolves with time as well as the geometrical and material features of
the actuator and specimen beams. The evaluation of the lower limit of the strain rate with Eq. 9
requires to know E. As a consequence, the specimen strain rate is only estimated after the extraction
of the specimen stress-strain curve.
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Samples processing and design

The processing involves the successive deposition and patterning of three thin film materials on the
top of a 3-inch silicon wafer: the silicon oxide sacrificial layer, the silicon nitride actuator and the
copper specimen materials. First, a 1 pum-thick silicon oxide is deposited by Plasma Enhanced
Chemical Vapor Deposition at 300 °C and 675 mTorr with gas flow of SiH4/N>O/N> in the
proportion of 100/700/350 sccm. Then, a 60 nm-thick silicon nitride film is deposited by Low
Pressure Chemical Vapor Deposition at 790 °C and 250 mTorr with gas flow of SiH>Cl2/NH3 in the
proportion of 75/49 sccm. This layer is patterned by photolithography and a SFs plasma etching.
Finally, a lift-off technique is used for the successive depositions by e-beam evaporation of a non-
conformal layer of titanium clusters and a 100 nm-thick copper film. The non-conformal layer of
titanium clusters is deposited first to ensure the adhesion of the overlapping region between the
copper and the silicon nitride beams. The depositions are performed at room temperature with a
pressure ~0.1 mTorr. The deposition rate is 1 A.s.

Two different designs of structures have been produced and investigated for the extraction of the
stress-strain curve of the 100 nm-thick freestanding copper film. The first design corresponds to the
classic structures with a rectangular actuator named R series. The second design corresponds to the
upgraded structures with a tapered actuator named T series. All the structures have been designed on
the same masks set so as to be processed on the same wafer and to probe the mechanical properties
of the same specimen thin film. The R series involve 30 structures with a constant total structure
length, i.e., the actuator beam length plus the specimen beam length, of 2,000 and 1,000 um. Within
one set of structures, the ratio of lengths between the specimen beam and actuator beam Lao/Lo are
varied from 0.3 to 50, the specimen tensile loading increasing with La.o/Lo. The actuator beam and
specimen widths are equal to 10 um and 2 um, respectively. A set of structures is named ‘Rabc’, a
being the actuator beam width, b being the specimen beam width and c being the total length. The T
series involve 20 structures with a constant specimen beam length of 400 um and width of 2 um.
Within one set of structures, the ratio Lao/Lo is varied from 0.25 to 3.1. The maximum actuator
width is 20 um and the minimum actuator width is 10 pm. A set of structures is named “Td e f*, d
being the actuator beam width, e being the specimen beam width and f being the specimen beam
length. Three sets of structures have been investigated: T15 2 400, R10 2 2000 and R10 2 1000.

The structures are released by wet etching in a 73% pure hydrofluoric acid. The etching time is
equal to 1 min 40 s for the R series and 2 min for the T series. The etching time has been set from
the preliminary estimation of the sacrificial layer etching rate which is v = 0.105 um.s™'. In order to
keep the released structures freestanding and avoid their stiction onto the underlying substrate, they
are rinsed first with deionized water and then with iso-propanol during 15 min before being dried
with a Critical Point Dryer. The first measurement with a SEM is done ~1 h after the release step.

Results

The mismatch strain of 60 nm-thick silicon nitride films &,™ extracted through the use of six to ten
self-actuated structures (depending on the sample) is -0.318 +/- 0.001%. The equi-biaxial stress
Obiaxial determined from the curvature measurements of 3 wafers fabricated during the same process
flow is equal to 985 +/- 110 MPa. By combining Gbiaxial and &,™, the computed Young’s modulus of
silicon nitride film is equal to 240 +/- 31 GPa. The mismatch strain of the 100 nm-thick copper thin
film ™ extracted from the displacement of 4 single clamped cantilevers is -0.1% +/- 0.01%.

Fig. 5 (a) shows the stress-strain curves of 100 nm-thick freestanding copper films extracted
from the investigation of the R and T series. The three stress-strain curves are superposed. No strain
rate sensitivity effect is observed between the R and T series. It indicates that the possible changes
of resistance due to the different strain rate have disappeared after a time of 1 h which corresponds
to the time between the etching and the first measurement. The error bars for the stress level and the
strain are not shown for clarity. They are determined by analyzing the error propagation in Eq. 3 and
Eq. 4 using Aw = Au = 0.05 pm, Ah, = Ah = 5 nm and AL = 1 pum. For the R and T series, the error
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on the strain is equal to 0.025 %. The error on the stress levels is roughly constant. It is estimated to
+/- 35 MPa and +/- 60 MPa for, respectively, the R and T series. The experimental stress-strain
curves exhibit a Young’s modulus of ~110 GPa and a yield strength equal to ~200 MPa. The set of
structures R10 2 1000 presents the maximal ultimate fracture strain and stress which are,
respectively, ~1.4 % and ~350 MPa. For the T series structures, the ratio Lao/Lo is not large enough
to induce the fracture of the specimens.
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Fig. 5. (a) Stress-strain curves of 100 nm-thick freestanding copper films of width 2 um. The empty
points correspond to the data extracted with the structures of the R series. The filled points
correspond to the data extracted with the structures of the T series.

(b) Plot of the strain rate associated to the set of structures T15 2 400 as a function of the ratio of
Lao/Lo. The straight line is computed with Eq. 8. The dashed and dotted lines are calculated with Eq.
9 for, respectively, t =t; + 5 s and t = tr.

Fig. 5 (b) shows the specimen strain rates as a function of Lao/Lo. The specimen mechanical
loading starts at t; = 48 s and ends at tf = 96 s. As expected, the strain rate increases with Lao/Lo. For
Lao/Lo < 1, the two modelling approaches lead to very close results. The specimen strain rate
increases linearly with the increase of Lao/Lo and can be considered as time independent. It is about
1.5x107 s7! for Lao/Lo = 0.25 and reaches 6x107 s for Lao/Lo = 1. For Lao/Lo > 1, the two modelling
approaches diverge with time. In the beginning of the mechanical loading, the strain rate is
maximum and is equal to the upper limit. The strain rate computed with Eq. 9 decreases as a
function of time and reaches a minimum value at the end of the mechanical loading t = t; defining
the lower limit. For Lao/Lo = 3.1, it is comprised between 1.3x10* s! and 1.9x10* s!. The
estimation of the strain rates reveals one decade increase between the values associated to the first
and the last structures of the R series investigated in this work. Besides, the difference between the
upper and lower limits of the strain rate rises as Lao/Lo increases. It becomes particularly high for
structures with large Lao/Lo ratio. In our specific configuration, one decade difference (from 2.4x10*
s t0 2.4x107 s!) is observed between the upper and lower limits of the strain rate for Lao/Lo = 20.

Conclusion

The mechanical response of 100 nm-thick freestanding copper films has been probed by means of
on-chip MEMS-based internal stress actuated testing structures. Two actuator designs have been
used: a classic rectangular design leading to a sequential, uncontrolled and very high strain rate, and
a new tapered design allowing the control and estimation of the strain rate during the release step.
The extracted stress-strain curves are superposed and do not reveal any strain rate sensitivity at the
time of the measurement. They exhibit a Young’s modulus of ~110 GPa and a yield stress of ~200
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MPa. The two modelling strategies developed for the estimation of the upper and lower limits of the
strain rate during the release have shown an increase from 1.5x107 s to 1.3 - 1.9x10™* s”! between
the least and the most deformed structures having a tapered actuator examined in this work.
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