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Chapter 1

Introduction

We are living in a society where active materials are hidden in complex devices
and instruments, but serve as the main core of the purpose. Recent technological
advancement is based on the explored materials and is well expressed as:

“Materials have always had a large in�uence on society. Cis was obvi-
ous in the StoneAge,BronzeAge or IronAge. We have named these
eras by the most advanced material in that period, since these materials
determine and limit the state of technology at that time.”

Brinkman, 2011

�erefore we might call our time the era of smart materials, because their in-
�uence is omnipresent. Smart materials �nd their applications in a wide range of
�elds. In order to utilize newly developed materials e�ciently in devices, we need
to understand and characterize them. �e need for highly sensitive sensors and
powerful actuators led the micro electromechanical systems (MEMS) industry to
explore di�erent materials in the micro- and nano domain (Poelma et al., 2011). To
support the use of these materials in MEMS applications, information is needed on
the properties in the thin �lm domain, certainly since these properties can di�er
from those of bulk materials (Agrawal and Espinosa, 2009; Delobelle et al., 2004).
�ese properties are also very much needed as key input for numerical simula-
tions, so that we can predict device performance and reliability (Liang et al., 2007).
�e properties of thin �lm materials cannot be simply downscaled from the bulk
ceramic counterparts because testing of bulk materials is based on the dimensions
much larger than the micro-structures (Kra� and Volkert, 2001). Also, properties
of thin �lms may vary on the fabrication processes (Walmsley et al., 2005).

1.1 Characterization methods

Several techniques have been established to characterize mechanical properties of
thin �lms, like nano-indentation (Oliver and Pharr, 1992; Poon et al., 2008), bulge

1



2 Chapter 1 – Introduction

Figure 1.1 –�e pressure used to indent the thin �lms during nano-indentation
process may result in local alteration of the thin �lm structure, as is illustrated by this
image taken from (Wikipedia).

test (Hall et al., 2002), tensile test (Tsuchiya et al., 2002; Yagnamurthy et al., 2008),
acoustic wave-based test (Schneider and Tucker, 1996) and stress measurements
based on XRD (Nix, 1989). Every characterization method has its advantages and
disadvantages. For instance, nano-indentation su�ers from uncertainties caused by
the pressure of the indenter, whichmay alter the structure of the �lm (see Figure 1.1),
in�uence of the substrate, tip e�ect, indentation depth and �lm thickness (Oliver
and Pharr, 2004). In addition, the conventional nano-indentation technique does
not provide in-plane properties of the elastically anisotropic thin �lms (Delobelle
et al., 2004), and information about the Poisson’s ratio is essential to calculate the
Young’s modulus from the biaxial modulus of the thin �lms. On their turn bulge
and tensile tests require complex free standing structures and experimental setups,
and for certain thin �lms the required removal of the �lm from the substrate is
rather di�cult (Weihs et al., 1988). Similarly, problems exists for load-de�ection
tests of free standing cantilevers using a nano-indenter ormanipulator.�e slip and
friction between the indenter/manipulator and the �lm is a cause of errors. Finally,
the use of acoustic testing for the determination of the Young’s modulus is limited
by level of sophistication required for instrumentation and data reduction (Liang
et al., 2007).

�e resonance frequency measurement technique for characterizing thin �lms
has an advantage over conventional tension tests (see Figure 1.2 (Tsuchiya et al.,
2005)) because of the ease of fabrication, absence of force loading requirements
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Figure 1.2 – Complex tensile test structures fabricated by Tsuchiya et al. (2005) to
investigate the material properties. Fabrication, handling and measurements of the
thin �lm properties using these types of structures are rather di�cult as compared to
the resonance frequency measurements of cantilevers.

and simple detection without the need of a complex measurement setup. Di�erent
types of micrometer sized structures were employed to characterize the thin �lms
in the micro- and nano-domain using resonance frequencies, such as cantilevers,
membranes and bridges (Isarakorn et al., 2010; Ræder et al., 2007; Schweitz, 1991).
In particular cantilevers are among themost widely used test structures for this pur-
pose (Finot et al., 2008; Nguyen et al., 2010) because of ease of fabrication, simple
modelling and more accurate analysis (Nazeer et al., 2011a). Moreover, bi-layer
cantilevers have a direct application in the �eld of highly selective and sensitive
(bio)chemical sensors. By using micro-cantilevers we obtain information on the
material properties on a local scale, rather than averaged over the complete wafer.
�is is especially useful for thin �lms that can only be deposited uniformly on a
small area, which is for instance the case in pulsed laser deposition (PLD).�ere
is no need to drive the resonance of micro-cantilevers by external excitation force,
because they are already thermally excited at an amplitude in the picometer range.
Of course this requires su�ciently sensitive detection, such as provided by interfer-
ometry.

In this thesis we apply the cantilever analysis method to two very di�erent
materials: a high quality piezoelectric �lm deposited by pulsed laser depostion and
a phase-change material.
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1.2 Piezoelectric thin �lms

For the development of various types of micro-electromechanical systems (MEMS),
such as sensors and actuators, there are strict requirements on the piezoelectric
material properties. Since the properties of Pb(ZrxTi1−x )O3 (PZT) thin �lms are
tuneable by varying the Zr/Ti ratio, thismaterial is very suitable for a broad range of
applications in micro- and nano-systems (Piekarski et al., 2002).�is was realized
and stated by Trolier-Mckinstry and Muralt:

“Given the plethora of mechanisms by which the environment can be de-
tected and/or useful responses made, it is worth considering the impetus
for integrating piezoelectric thin �lms intoMEMS devices (i.e. what ad-
vantages o�set the need to introduce new materials into the cleanroom
environment?).”

Trolier-Mckinstry and Muralt, 2004

However, a better understanding of the piezoelectric and ferroelectric proper-
ties, as well as the mechanical behaviour of PZT thin �lms of various compositions
is necessary to use PZT thin �lms e�ciently in MEMS. For instance, the composi-
tional dependence of these properties of the epitaxial PLD-PZT thin �lms investig-
ated in this thesis shows quite a distinct behaviour compared to the bulk ceramic
counterparts, due to the reasons like epitaxial growth on substrate and clamping of
the �lms.

1.3 Phase-change thin �lms

�e phase transition between the amorphous and crystalline phase in phase-change
�lms is exploited in for non-volatile storage, either by detecting a change in optical
re�ectivity (rewriteable DVDs) or electrical conductivity (solid state memories
or probe storage (Wright et al., 2006)). Also the mechanical properties, such as
Young’s modulus or residual stress, of the �lms are very di�erent for the two phases.
�is opens a route towards exciting new possibilities of the use of phase change
materials in nanomechanical devices, similar to what has been demonstrated with
ferromagnetic �lms by Bhaskaran et al. (2011). In this thesis we investigate Ge-Sb-
Te alloys (GST) thin �lms. For the cantilever resonance technique, these GST thin
�lms have the advantage that their Young’s modulus increases upon crystallization
without a change inmass. In this waywe can beautifully illustrate the opposite e�ect
of additional mass and increase in Young’s modulus on the resonance frequency of
the cantilever.

1.4 �esis outline

�is thesis continues with the understanding of the cantilever itself, necessary to
eliminate errors in the determination of the thin �lms properties. �e argument
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between the use of the plate modulus or the Young’s modulus for particular canti-
lever dimensions is presented in Chapter 2. Kaldor and Noyan stated this challenge
as;

“In general usage, beam and plate components are distinguished by di-
mensions alone. In mechanics, however, beams and plates are di�er-
entiated based on their �exural rigidity and stress state. Since current
textbooks do not provide a quantitative technique for selecting the proper
constitutive equations for these two types of structures, we suggest the
extension of an analysis for isotropic materials originated by Searle [G.
F. C. Searle, Experimental Elasticity (CambridgeUniversity Press, Cam-
bridge, 1908), pp. 40-58] and expanded on by Ashwell [D. G. Ashwell,
J.R.Aeronaut. Soc. 54, 708 (1950)].”

Kaldor and Noyan, 2002

In the same chapter the complete fabrication process of the cantilevers is presen-
ted. We discuss the e�ect of cantilever undercut that is caused by the fabrication
process and introduce an e�ective undercut length to combat this problem.
A new analytical relation to determine the Young’s modulus of PZT thin �lms

using the resonance frequency of cantilevers before and a�er the deposition of the
thin �lms is introduced in Chapter 3. �e e�ect of thickness variation over the
wafer is also part of the Chapter 3.�e in-plane Young’s modulus of the epitaxial
PZT thin �lms grown by pulsed laser deposition (PLD) can be anisotropic, which
we discuss in the second part of the same chapter by using rigorous error analysis.

�e properties of the PZT thin �lms depend on the composition of Zr and Ti in
the Pb(ZrxTi1−x )O3, therefore the compositional dependence of the (110) oriented
PZT thin �lms properties is shown in Chapter 4, along with the properties of the
bulk ceramic counterparts.
In Chapter 5, we compare (110) and (001) oriented PZT thin �lms and on

the basis of the coupling coe�cient, recommend the particular composition and
orientation best suited for applications.
Residual stress in the thin �lms is crucial for the design of MEMS devices. In

Chapter 6, the residual stress in PZT thin �lms of varying composition is determ-
ined by di�erent techniques.�e average coe�cient of thermal expansion (CTE)
in PLD-PZT thin �lms is analyzed with respect to results obtained for the PZT thin
�lms fabricated by other processes and bulk PZT ceramics.
Material properties of phase change thin �lms (Ge-Sb-Te) depend on the phase

of the thin �lm (amorphous or crystalline).�e variation in the Young’s modulus,
residual stress and sheet resistance with annealing temperature of the two di�erent
compositions of the GST thin �lms is shown in Chapter 7.�e variation in these
properties with temperature while the thin �lm is already on the cantilever isolates
the e�ect of any change in mass.

�e �nal chapter is devoted to the summary and conclusions.





Chapter 2

Silicon cantilevers: What do we
know?

2.1 Introduction

Design of micro electromechanical systems (MEMS) requires detailed information
about material parameters such as the Young’s modulus. As industry is increasingly
focusing on micro devices, we need information on the mechanical properties of
materials in the thin �lm domain.�ese properties can di�er from those of bulk
materials (Delobelle et al., 2004). Many micro-sized structures such as cantilevers,
membranes and bridges have been employed as test structures for determining the
mechanical properties of thin �lms. Cantilevers are among the most widely used
test structures for this purpose (Finot et al., 2008; Nguyen et al., 2010).
Calculation of the resonance frequency of cantilevers fabricated from silicon,

which is an elastically anisotropic material, requires the use of an appropriate ef-
fective Young’s modulus (Kaldor and Noyan, 2002). A technique is introduced to
determine the appropriate e�ective Young’s modulus that needs to be used in the
resonance frequency calculation of our cantilevers. We took extra care to eliminate
the errors in the determination of the e�ective Young’s modulus of the thin �lms
deposited on the cantilevers. At this precision, conventional analytical expressions
(Volterra and Zachmanoglou, 1965) to calculate resonance frequencies of silicon
cantilevers need to be veri�ed. We used 3D �nite-element (FE) simulations to estim-
ate the deviations between these simulations that use anisotropic elastic properties
of silicon and the values calculated analytically for our <110> and <100> aligned
cantilevers.
Any uncertainty about the length of cantilevers introduces an error in the res-

onance frequency calculations of silicon cantilevers, as well as in the determined
value of the e�ective Young’s modulus of the thin �lms. In order to be precise,
we determined the e�ective undercut length using least square �tting of the meas-
ured resonance frequencies data for cantilevers with a wide range of lengths.�e
obtained e�ective length of the cantilevers is then used in the calculations of the

7



8 Chapter 2 – Silicon cantilevers: What do we know?

Table 2.1 – Elastic anisotropic properties of single crystal silicon. Values of E and ν
are taken from Brantley (1973).

Crystal plane {100}

Direction E ν E/(1− ν2)
[GPa] [GPa]

<110> 168.9 0.064 169.8
<100> 130.2 0.279 141.0

e�ective Young’s modulus of the thin �lm.

2.2 �eory

�e resonance frequency of a cantilever is calculated by using the analytical relation
de�ned in Equation (2.1) (Volterra and Zachmanoglou, 1965):

fn =
C2n ts
2πL2

√

E∗s
12ρ

, (2.1)

where fn is the resonance frequency, Cn is a constant which depends on the vi-
bration mode n, C0 = 1.875 for the fundamental resonance frequency ( f0), E∗s is
the e�ective Young’s modulus, ρ is the density of silicon (Deslattes et al., 1974), ts
is the thickness and L is the length of the cantilevers.�e best approximation for
the e�ective Young’s modulus is required to calculate the resonance frequency of
cantilevers. However, single crystal silicon is elastically anisotropic.�erefore the
e�ective Young’s modulus of silicon is di�erent for di�erent crystal orientations.
Consequently, the resonance frequencies of the cantilevers depend on their orient-
ation with regard to the crystal lattice.
Equation (2.1) is a two dimensional approximation. �e third dimension is

taken into account in the e�ective Young’s modulus, which depends on the width
of the cantilever. If the width is much larger than the length, the strain along
that direction is zero. In this case, for very thin cantilevers and isotropic materi-
als we can use the plate modulus E/(1− ν2) as an approximation for the e�ective
Young’s modulus E∗ (Rasmussen, 2003), where E and ν are the Young’s modulus
and Poisson’s ratio, see Table 2.1. With reducing width, the stress in that direction is
relaxed and the e�ective Young’s modulus decreases to E for a width much smaller
than the cantilever length. In our situation, the cantilever width is smaller than
the length. Moreover, single crystal silicon is anisotropic (Brantley, 1973), so the
two-dimensional situation was checked by �nite element calculations for silicon
cantilevers aligned parallel to the <110> and <100> crystal directions of the silicon
crystal lattice.
Full 3D �nite-element simulations were carried out using the COMSOL so�-

ware package and compared with the analytical results that were obtained using
Equation (2.1). To de�ne cantilevers parallel to the <110> orientation in COMSOL,
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Table 2.2 – Calculated and simulated fundamental resonance frequency of silicon
cantilevers with length L = 300 µm, thickness ts = 3 µm and width w = 30 µm.

Direction Calculated Calculated FE-
f0 (Hz) f0 (Hz) Simulations
using using (Hz)
E E/(1− ν2)

<110> 45834 45956 45978
<100> 40242 41878 40541

the cantilever geometry was drawn in the xy-plane with the length axis parallel
to the x-axis and then rotated 45○ around the z-axis. For the <100> cantilevers,
no rotation was given to the cantilever. Standard anisotropic elastic properties of
single crystal silicon, as de�ned in the material section of the COMSOL, were used
for the simulations.�e elastic sti�ness coe�cients are identical to values quoted
in literature (Brantley, 1973).
Table 2.2 lists the analytical calculations of resonance frequencies using Equa-

tion (2.1) and the results of the FE simulations of a silicon cantilever with a length of
300 µm, thickness of 3 µm and width of 30 µm.�e analytical values of the reson-
ance frequencies calculated using Young’s modulus E agree with the FE simulations
to within 0.3 % for the <110> direction and 0.7 % for <100> direction. �e FEM
results di�er by 3 % when using the plate modulus E/(1− ν2) for <100> aligned
cantilevers.�e results verify that, for the cantilever geometry which we have used
in this work, the factor of (1−ν2) can not be used in the denominator of E.

2.3 Fabrication

To ensure precise control of the dimensions of the cantilevers, we fabricated our
3 µm thick silicon cantilevers in a dedicated SOI/MEMS fabrication process. Refer
to Appendix A for a detailed list of the complete process �ow.�e cantilevers are
designed such that their length varies from 250µmto 350µmin steps of 10µm,with
a �xed width of 30 µm. Cantilevers were fabricated on the front side of (001) single
crystal silicon on insulator (SOI) wafers with the sequence as detailed in Figure 2.1.
A double side polished SOI wafer with a 3 µm thick device layer and a 500 nm thick
SiO2 buried oxide (BOX) layer was selected (a), the buried oxide serves as an etch
stop during the etching of the cantilevers and releasing these from the handle wafer.
Fabrication of the cantilevers was started by the application and patterning of the
photoresist mask for de�ning the cantilevers (b and c). Subsequently, cantilevers
were anisotropically etched by deep reactive ion etching (DRIE) (Jansen et al., 2009)
using SF6, O2 and C4F8 gases (d). A�er etching of the cantilevers, any remaining
photoresist mask material was removed from the front side of the wafers by oxygen
plasma (e). In the last step of the front side processing of the SOI wafers, polyimide
pyralinwas spin coated to protect the front side ( f ). In particular, this layer protects
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Silicon
SiO

Photoresist
Pyralin2

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.1 – Outline of the fabrication process to obtain cantilevers on the front side
of the wafers. (a) SOI wafer, (b) application of photoresist on the front side, (c)
patterning of photoresist, (d) DRIE of the silicon device layer, (e) photoresist
removal, (f) application of polyimide pyralin as protective layer.

Silicon
SiO

Photoresist
Pyralin2

(a)

(b)

(c)

(d)

(e)

Figure 2.2 – Outline of the fabrication steps on the back side of the wafers for
releasing the cantilevers. (a) application of photoresist on the back side, (b)
patterning of photoresist, (c) wafer through DRIE, (d) pyralin and photoresist
removal from front and back sides, (e) etching of buried oxide layer using VHF.

the cantilevers from damage during the back side processing of the wafers (Loh
et al., 2002).
Subsequently, cantilevers were released from the handle wafer by making wafer-

through holes from the back side of the wafers according to the steps shown in
Figure 2.2. Starting with the application and patterning of the photoresist on the
back side of wafers for de�ning the holes (a and b), etching the back side of wafers
was performed by DRIE (Jansen et al., 2009) using SF6, O2 and CHF3 gases (c).
Subsequently polyimide pyralin from the front side and photoresist material from
the back side of wafers were removed by oxygen plasma (d). Finally, the cantilevers
were released by etching of the buried oxide layer using vapours of hydro�uoric acid
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1 mm 100 μm

<110>

Oriented

<100>

Oriented

Figure 2.3 – Scanning electron micrographs of the fabricated cantilevers.�e
cantilevers vary in length from 250 µm to 350 µm in steps of 10 µm.�e width and
thickness of cantilevers are 30 µm and 3 µm respectively.�e cantilevers are aligned
parallel to the <110> and <100> crystal orientations of the silicon wafer.

(VHF) (Anguita and Briones, 1998) (e).�e vapour HF etching was stopped a�er
an estimated isotropic etch length of 500 nm. To measure resonance frequencies
of the cantilevers in the <110> and <100> crystal directions of silicon, cantilevers
were fabricated aligned parallel to the primary �at of wafers, which corresponds
to the <110> crystal direction of the silicon. For the <100> crystal direction of the
silicon crystal lattice, cantilevers were rotated 45○ with respect to the primary �at
of wafers.�e obtained cantilevers were characterized and inspected by scanning
electron and optical microscopy, see Figure 2.3.

2.4 Measurements

�e resonance frequency of the cantilevers wasmeasured under ambient conditions
by using a MSA-400 Micro System Analyser scanning laser-Doppler vibrometer.
�emeasured resonance frequencies for cantilevers of length around 250µm,width
around 30 µm, and thickness around 3 µm are shown in Figure 2.4. Identical
cantilevers are aligned parallel to the <110> and <100> crystal orientations of silicon.
�e di�erence in the fundamental resonance frequency for two di�erently oriented
identical cantilevers can be seen clearly from Figure 2.4. �is di�erence is solely
caused by the di�erent e�ective Young’s modulus for the two crystal directions.
From Equation (2.1) we observed that the most critical dimensional paramet-

ers are thickness and length. Ideally, the fabricated cantilever should follow the
geometrical dimensions as designed on mask, see Figure 2.5(a). Unfortunately, the
DRIE process used for the release of cantilevers from the handle wafer introduces
an undercut in the cantilevers.�is undercut, shown in Figure 2.5(b), is caused by
over-etching and increases the length of cantilevers.
Since undercut can not be avoided in this fabrication process, it must be in-

cluded in the resonance frequency calculations using Equation (2.1).�e e�ect of
undercut is included by adding an e�ective undercut length △L′ to the length L
of the cantilevers (Babaei Gavan et al., 2009; Cleland et al., 2001). �e e�ective
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Figure 2.4 –�e di�erence in resonance frequency of identical cantilevers, aligned
in the <110> and <100> crystal directions of the silicon crystal lattice.�e amplitude
is normalised to the maximum value.

100 m

Silicon
Undercut Open area

Open area
Silicon cantilever

Silicon

L
Open area

Cantilevers

Handle wafer

(b)(a)

Figure 2.5 – An undesired undercut in the cantilevers was created by the back side
etching of the handle wafer. (a) Pictorial representation of the ideal released
cantilevers without undercut. (b) Optical micrograph of the <110> cantilever
showing undercut.�e Rough sides of the undercut can be clearly seen.

length L+△L′ of cantilevers is determined by least square �tting of the measured
resonance frequencies data for fabricated cantilevers with a range of length, see
Figure 2.6. Equation (2.1) is used as a �tting function a�er replacing L with L+△L′
and keeping△L′ as a free parameter in the �tting routine.�e ratio of the meas-
ured resonance frequencies to their respective thickness are shown in Figure 2.6
for a range of cantilevers aligned parallel to the <110> and <100> crystal directions
of silicon. �e �tting curves are shown by solid lines in the Figure 2.6 whereas
squares and circles represent the measured data for <110> and <100> cantilevers
respectively.�e e�ective undercut length△L′ determined from the �tting routine
was found to be 5 µm for the <110> crystal direction and 1 µm for the <100> crystal
direction of silicon.�e coe�cients of determination were both 0.99.
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Figure 2.6 – Least square �tting of the fundamental resonance frequency of
cantilevers. Ratio of the resonance frequency to their respective thickness was plotted
against length.�e e�ective undercut length△L′ was obtained by �tting the
resonance frequency data points using least square method as shown by the solid
lines. Squares are measured values for the <110> cantilevers and circles represent
<100> aligned cantilevers.

2.5 Results and discussion

�e experimentally measured resonance frequencies for the range of cantilevers
length agree with the FE simulations and the analytically calculated values when
using Young’s modulus as the appropriate e�ective Young’s modulus. We found a
3 % variation between the FE simulations results and analytically calculated values
of the resonance frequency in the <100> crystal direction of silicon when using
the plate modulus approximation. Without a factor of (1−ν2) in the denominator,
the variation is only 0.7 %.�erefore the plate modulus approximation is not valid
for the cantilevers used in this work. �is is in agreement with the analysis by
McFarland, who suggests use of the Searle parameter to di�erentiate between beams
and plates (McFarland et al., 2005).

As an example of the determination the Young’s modulus of the thin �lms, we
deposited 100 nm thick PZT by PLD on these cantilevers. �e Young’s modulus
of the PZT thin �lm is calculated by using the measured change in resonance fre-
quency before and a�er the epitaxial deposition.�e Young’s modulus of PZT thin
�lm was found to be 113.5 GPa.�e value of the Young’s modulus of the PZT thin
�lm deposited by PLD is in the same order as values quoted in literature for sol-gel
(Piekarski et al., 2001) and sputter deposited (Fang et al., 2003) PZT. Details of the
Young’s modulus measurement of the PZT thin �lms are discussed in Chapter 3.
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2.6 Conclusion

We demonstrated a method to determine the best approximation for the e�ective
Young’s modulus of cantilevers. �is method is generally applicable for arbitrary
cantilever dimensions. Furthermore, we determined that the analytical relation for
resonance frequency calculations using E∗ = E for silicon cantilevers is very precise
in both the <110> and <100> directions. When using a plate modulus approxim-
ation for the <100> direction, the deviation of the analytical values compared to
the FE simulations is 3 %. As an example we utilised these cantilevers to determine
the Young’s modulus of the epitaxially grown PZT thin �lm deposited by PLD.�e
Young’s modulus of PZT is found to be 113.5 GPa with a standard error of ±1.5 GPa.



Chapter 3

Measurement of Young’s modulus

3.1 Introduction

In the micro electromechanical systems (MEMS) industry, a strong interest exists
in highly sensitive sensors and powerful actuators. To this end, PbZr0.52Ti0.48O3
(PZT) is widely used for both piezoelectric actuation and sensing purposes. Printer
manufacturers are, for instance, trying to incorporate PZT as an active device layer
in inkjet printheads (Murata et al., 2009). It is also a preferred choice for robotics ap-
plications (Bronson et al., 2009), biosensors (Lee et al., 2004), and probe based data
storage devices (Nam et al., 2007) because of its high piezoelectric and ferroelectric
properties. To support the use of this material in MEMS applications, information
is needed on the mechanical properties in the thin �lm domain, certainly since
these properties can di�er from those of bulk materials (Delobelle et al., 2004).
Moreover, a large variation in the values of the PZT thin �lm Young’s modulus was
published in literature, for instance, in reference (Deshpande and Saggere, 2007)
the range was mentioned from 37 to 400 GPa.
PZT �lms can be deposited by processes like sol-gel (Ledermann et al., 2004),

sputter (Fang et al., 2003) and pulsed laser deposition (PLD) (Dekkers et al., 2009).
Recently, excellent ferroelectric properties have been reported for PZT deposited
by PLD (Dekkers et al., 2009). However, accurate determination of the mechanical
properties of PZT is being hampered by the fact that up to now only mm-square
areas can be deposited uniformly using PLD. Mechanical characterization using
full wafer techniques can therefore not be applied. Micrometer sized measurement
devices provide a solution to this limitation. Many micro-sized structures such
as cantilevers, membranes and bridges have been employed as test structures for
determining the mechanical properties of thin �lms (Isarakorn et al., 2010; Ræder
et al., 2007; Schweitz, 1991). In particular, cantilevers are among the most widely
used test structures for this purpose (Finot et al., 2008; Nguyen et al., 2010). We
devised a method to accurately determine the e�ective Young’s modulus of PZT
thin �lm by using the shi� in resonance frequency of micro cantilevers before and
a�er deposition of thin �lm of PZT. Our demonstrated technique yields results with

15
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much higher accuracy compared to the similar methods reported in literature (Rúa
et al., 2009; Wang and Cross, 1998)
Accurate determination of the e�ective Young’s modulus of PZT thin �lms

from this resonance frequency method relies on the use of the appropriate e�ective
Young’s modulus of the cantilever material (Van Kampen and Wol�enbuttel, 1998).
Since the epitaxial growth of the PZT by PLD on single crystal silicon might lead
to in-plane anisotropy in the Young’s modulus (Matin et al., 2010), cantilevers ori-
ented along the <110> and <100> crystal directions of silicon were analyzed.�is
analysis is discussed in section 3.2. In section 3.3, the fabrication of silicon canti-
levers and the deposition of PZT thin �lms by PLD is explained.�e determination
of the e�ective Young’s modulus of PZT depends on precise information about the
geometrical dimensions of the cantilevers. In calculations, any uncertainty in these
geometrical dimensions will propagate to the uncertainty in the �nal value of the
Young’s modulus of the PZT thin �lm.�erefore precise measurement of the thick-
ness of cantilevers is an important parameter that reduces the uncertainty in the
�nal result. �is measurement is discussed in section 3.4. We observed an un-
desired undercut, which results from the deep reactive ion etching (DRIE) process
that is used for the release of the cantilevers from the handle wafer.�is undercut
increases the e�ective length of the cantilevers (Babaei Gavan et al., 2009; Cleland
et al., 2001). �e e�ect of the undercut is incorporated in the calculation of the
resonance frequency of cantilevers (Nazeer et al., 2011b). In section 3.4, we also
present the orientation of PZT and resonance frequency measurements of the PZT
deposited cantilevers. Finally, in section 3.5, the Young’s modulus of the PZT thin
�lm deposited by PLD was determined using the e�ective length and appropriate
e�ective Young’s modulus relation valid for our cantilever dimensions.

3.2 �eory

3.2.1 Analytical relation for the resonance frequency of cantilevers

�e resonance frequency of a cantilever without PZT is calculated by using the
Equation (2.1), explained in section 2.2.

3.2.2 Analytical model for the Young’s modulus of PZT

Addition of PZT thin �lms on cantilevers a�ects their �exural rigidity and increases
their mass. Both e�ects result in a change in the resonance frequency of the canti-
levers.�e e�ective Young’s modulus of the PZT thin �lm is calculated using the
resonance frequency both before and a�er deposition of the PZT thin �lm. We
developed an analytical relation for the determination of Young’s modulus of PZT
as described in Equation (3.1).�e equation is based on a shi� of the neutral axis
and on the assumptions that the cantilever has a uniform cross section, and that
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the cantilever de�ection is small (Gere, 2006; Volterra and Zachmanoglou, 1965):

E∗f =
1
t3f
[6(tsρs + tfρf)B−2E∗s t3s −3tfE∗s t2s −2E∗s ts t2f

+2

¿

Á
Á
Á
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E∗2s t2s t4f +3E
∗2
s t3s t3f +(4E∗2s t4s −3AB)t2f +

(3E∗2s t5s −9ABts)tf +E∗2s t6s −6ABt2s+
9(tsρs + tfρf)2B2

],
(3.1)

where

A= E∗s ts(tsρs + tfρf),

and

B = (

¿

Á
ÁÀ

E∗s t3s
12tsρs

−0.568π∆ f0L2)2 .

�e symbols E∗, t, L and ρ are the e�ective Young’s modulus, thickness, length and
density, respectively. Subscripts ‘s’ and ‘f’ denote the silicon and PZT thin �lm. ∆ f0
is the di�erence in the fundamental resonance frequency of the cantilever before
and a�er the deposition of PZT. By taking this di�erence, any potential uncertain-
ties in the thickness of the cantilever can be eliminated and a more accurate result
is obtained (Schweitz, 1991).

3.2.3 Analysis of uncertainties

Any uncertainty in measurement of the geometrical dimensions, frequency and
physical parameters will a�ect the �nal calculated value of the Young’s modulus
of the PZT thin �lm. �e uncertainty in the Young’s modulus of thin �lm was
calculated using Equation (3.2).

∆E∗f
E∗f

=

∂Ef
∂x

[

x
Ef

][

∆x
x

], (3.2)

where x is any of the parameters L, ts, tf or ρf used in the right hand-side of Equa-
tion (3.1). �e cumulative error in the value of the e�ective Young’s modulus of
the PZT thin �lm is then calculated by the root mean square of the errors (Taylor,
1997) calculated by using Equation (3.2).

3.3 Fabrication

3.3.1 Fabrication of silicon cantilevers

Fabrication details and geometrical dimensions of the silicon cantilevers are similar
to what is explained in section 2.3.
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3.3.2 Deposition of PZT by PLD

Deposition of PZT material on the front side of wafers started with depositing 10
nm thick bu�er layers of yttria-stabilized zirconia (YSZ) and of strontium ruthenate
(SRO) by PLD.�ese layers act as a barrier against lead di�usion during PZT �lm
deposition and prevent the formation of an excessive SiO2 amorphous layer on the
surface of the silicon substrate. Moreover, these layers also act as a crystallization
template for the PZT epitaxial layer growth. A�er the deposition of bu�er layers,
100 nm thick PZT �lm was deposited by PLD.�e PLD parameters with which
epitaxial growth of PZT was achieved are listed in Table 3.1 (Nguyen et al., 2010).
�ese PLD parameters, and the use of bu�er layers, ensured the epitaxial growth
of PZT which is con�rmed by phi-scan plots from x-ray di�raction (Nguyen et al.,
2010).

Table 3.1 – PLD parameters for achieving the required deposition conditions.

Parameters YSZ SRO PZT

O2 Pressure (mbar) 0.021 0.13 0.1
Ar Pressure (mbar) 0.020 – –
Temperature (○C) 800 600 600
Fluence (J/cm2) 2.1 2.5 3.5
Area of ablation spot (mm2) 3.35 1.9 3

3.4 Experimental details

3.4.1 Resonance frequency measurements

�e resonance frequency of the cantilevers was measured using thermally excited
vibration in ambient conditions by using a MSA-400 micro system analyzer scan-
ning laser-Doppler vibrometer. �e free resonance frequency was calculated by
curve �tting with the theoretical expression for a second order mass-spring system
with damping.

3.4.2 �ickness of cantilevers

Uncertainty in the thickness of cantilevers makes the calculation for the e�ective
Young’s modulus of PZT unreliable. �e supplier of the SOI wafers speci�es an
error of ± 0.5 µm for the thickness of the device layer, which is a 17 % uncertainty
in the 3 µm device layer. In order to determine the thickness of the individual
cantilevers with higher precision, we measured each cantilever by high resolution
scanning electron microscopy. We found that there is a 4 % di�erence in the thick-
ness of the �rst and last cantilevers, which are 10 mm apart from each other, see
Figure 3.1(a).�e thicknessmeasurementwas corrected for the applied tilt as shown
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in Figure 3.1(b) to obtain the �nal value of the thickness.�e cumulative error in
the thickness measurement of individual cantilevers was found to be ± 2.2 %.

100 μm

(a)

5 μm

(b)

w

ts

L

Figure 3.1 – Scanning electron micrograph of cantilevers with applied tilt for non
destructive thickness measurement. (a) Wafer tilted in the SEM to locate a
particular cantilever. (b) Zoom-in image of the individual cantilever tilted at 5○ for
thickness measurement.

3.4.3 XRDmeasurements

In order to reveal the crystal structure and the epitaxial growth of the PZT, x-ray
di�raction (XRD) measurements were performed. �e θ-2θ scan of Figure 3.2
clearly indicates the growth of a PZT thin �lm with a (110) preferred orientation.
�e epitaxial growth of our PZT �lms can be con�rmed by phi-scan plots from
the similar samples, reported previously by the authors in (Dekkers et al., 2009;
Nguyen et al., 2010).
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Figure 3.2 –Measured x-ray di�raction pattern of pulsed laser deposited
PbZr0.52Ti0.48O3.�e (110) is the predominant orientation of the deposited PZT.
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3.4.4 PZT measurements

�e secondmeasurement of the cantilever resonance frequencywas performed a�er
the deposition of PZT.�e di�erence in the fundamental resonance frequency of
a cantilever of length around 250 µm, width around 30 µm, and thickness around
3 µm measured both before and a�er the deposition of 100 nm PZT thin �lm is
shown in Figure 3.3. Due to the addition of the PZT thin �lm on the cantilevers,
the resonance frequency was decreased as expected.
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Figure 3.3 –Measured resonance frequency before and a�er deposition of the PZT.
�e amplitude is normalised to the maximum value.�e resonance frequency with
PZT is lower compared to the cantilevers without PZT, which is as expected.

3.5 Discussion

In (Nazeer et al., 2011b) we have shown that �nite element (FE) simulations validate
the use of the Young’s modulus E instead of the plate modulus E/(1− ν2) as the
e�ective Young’s modulus in the analytical relation of the resonance frequency for
our cantilever dimensions.�e ratio of the resonance frequency to the cantilever
thickness was plotted against (L+∆L′)−2 in Figure 3.4.�e analytical, FE (COM-
SOL) and experimental results are shown in the plot for easy comparison. �e
experimentally measured values agree well with the analytically calculated values,
which con�rms that the Young’s modulus without a factor of (1−ν2) in the denom-
inator is the appropriate e�ective Young’s modulus for our cantilever dimensions.
�e agreement between FE and the analytical approximation is particularly good
for the <110> silicon direction. A small deviation is found for the <100> direction.
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Figure 3.4 – Analytically calculated, simulated and measured resonance
frequencies shown as f0/ts for cantilevers of varying length.�e cantilevers are
aligned parallel to the <110> and <100> crystal directions of silicon.

According to Equation (2.1), the fundamental resonance frequency has a linear
relation with inverse of the cantilever length squared. From Figure 3.5, we see
that this linear relation is maintained for the experimental results of our <110>
and <100> oriented cantilevers when using the e�ective length (L+∆L′) of these
cantilevers.�e di�erence in the fundamental resonance frequency of cantilevers
before and a�er the deposition of PZT thin �lm is also clear from Figure 3.5.

�e Young’s modulus of PZT, calculated from Equation (3.1) by using the meas-
ured change in resonance frequency, was found to be 113.5 GPa with a standard
error of ±1.5 GPa, see Figure 3.6.�is value is obtained from cantilevers of varying
lengths aligned parallel to the <110> crystal direction of silicon.�e value for the
cantilevers aligned parallel to the <100> crystal direction of silicon was found to
be 103.5 GPa, with a standard error of ±1.9 GPa, see Figure 3.7. No signi�cant in-
�uence of the cantilever length was observed on the Young’s modulus of PZT thin
�lm, as expected. �e value of the Young’s modulus of PZT thin �lm deposited
by the PLD is in the same order as values quoted in literature, such as 25 GPa for
sol-gel (Piekarski et al., 2001) and 109 GPa for sputter deposited (Fang et al., 2003)
PZT.

A thorough error analysis was performed to calculate the propagation of errors
in the parameters to the calculated values for the e�ective Young’s modulus using
Equation (3.2).�e cumulative error found in the calculated value of the e�ective
Young’s modulus is in the order of 6 to 8 GPa for individual cantilevers. Uncertainty
about the thickness of the PZT thin �lm was found to be the dominant source of
error, as is shown in Table 3.2.
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Figure 3.5 – Fundamental resonance frequency versus inverse of e�ective length
squared of the cantilevers, follows a straight line in both the <110> and <100> crystal
orientation of silicon.
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Figure 3.6 – Young’s modulus of PZT, calculated for individual cantilevers oriented
in the <110> crystal direction of silicon along with respective error bars.�e mean
value was determined to be 113.5 GPa with a standard error of ±1.5 GPa.



3.6 – Conclusion 23

� � � � � � � � � � � � � � �
�

� �

� �

� � �

� � �

� � �

� � � � � � � � � � � � � � � � � � � � � � 	

 � � � �

�

�

	
��

��
���

�
��

��
��

��
��


�
���

��
�


 � � � � � � � � � � � � � � � � � � � ∆� � � � � � �

Figure 3.7 – Young’s modulus of PZT calculated for individual cantilevers oriented
in the <100> crystal direction of silicon along with respective error bars.�e mean
value was determined to be 103.5 GPa with a standard error of ±1.9 GPa.

Table 3.2 – Error analysis for Young’s modulus of PZT. Results of a 250 µm long
cantilever are used as an example.�e error in the �lm thickness tf is the largest
and has the maximum contribution to the cumulative error.

Parameters Error in Error in
parameter (%) Young’s modulus (%)

L 0.5 0.6
ts 2.2 0.2
tf 10 5.2
ρf 1 1.6

3.6 Conclusion

We determined the Young’s modulus of PLD deposited epitaxial PZT thin �lms
using the resonance frequencies of a range of cantilevers, measured both before
and a�er deposition. From the shi� in resonance frequency of the cantilevers and
taking into account their e�ective undercut length, the thickness of the individual
cantilevers, and applying a rigorous error analysis, we successfully determined
that the in-plane Young’s modulus of PZT thin �lms is anisotropic.�e measured
Young’s modulus of the PZT thin �lm is 113.5 GPa with a standard error of ±1.5 GPa
for the <110> crystal direction of silicon and 103.5 GPa with a standard error of
±1.9 GPa for the <100> silicon direction.

�e value and anisotropy of the Young’s modulus is of major importance for the
design of MEMS sensors and actuators based on this advanced PLD PZT material.
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Furthermore, the high accuracy method of determining the Young’s modulus of
thin �lms in di�erent in-plane crystal directions of silicon we describe here is
generally applicable to any thin �lm that can be deposited on silicon cantilevers.



Chapter 4

PZT �lms with (110) orientation

4.1 Introduction

In the micro- and nano industry, the ever-growing demand for powerful actuators
and sensitive sensors is addressed by the use of piezo-based transducers (Bronson
et al., 2009; Nam et al., 2007). Pb(ZrxTi1−x )O3 (PZT) thin �lms are o�en used as
piezo-materials because they have excellent ferroelectric and piezoelectric proper-
ties.�ese properties can be tuned by controlling the composition of the material
by changing the Zr/Ti ratio (Isarakorn et al., 2011; Zhuang et al., 1989). For instance,
the composition Pb(Zr0.52Ti0.48)O3 is used in di�erent types of applications due to
its higher piezoelectric properties (Xu et al., 2000). Recently Isarakorn et al. (2011)
discussed the use of a Ti-rich composition (x = 0.2) in energy-harvesting devices.
�ey combined the high piezoelectric coe�cient e and low dielectric constant ε
of Pb(Zr0.2Ti0.8)O3 to obtain a high �gure of merit for power and voltage genera-
tion. A similar trade-o� can be achieved for the piezoelectric coe�cient d and the
Young’s modulus of the material, which are analyzed in this chapter.
If one looks at micro-electromechanical systems (MEMS), it is apparent that

with the development of various types and applications, such as sensors and actu-
ators, the requirement for materials with speci�c properties is getting very strict. It
is realized that because of their tunable properties, PZT thin �lms are very suitable
for such micro- and nano systems (Piekarski et al., 2002). However, in order to
e�ciently use PZT thin �lms in these systems a better understanding of the piezo-
electric and ferroelectric properties, as well as the mechanical behaviour of PZT
thin �lms of various compositions, is necessary. For instance, the compositional
dependence of these properties is dissimilar from their ceramic counterparts due
to reasons like clamping of the �lms to the substrates and the di�erent orientation
of the �lms (Hiboux et al., 1999; Taylor and Damjanovic, 2000).
PZT thin �lms can be obtained through di�erent processes like sol-gel (Le-

dermann et al., 2004), sputter- (Fang et al., 2003) and pulsed laser deposition
(PLD) (Dekkers et al., 2009) techniques. Excellent ferroelectric properties of PLD-
PZT with a (110) preferred orientation are reported in (Nguyen et al., 2010). In

25
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this chapter, we investigate the compositional dependence of the e�ective longitud-
inal piezoelectric coe�cient (d33,f), the Young’s modulus E, dielectric constant ε
and coupling coe�cient k of these PLD-PZT thin �lms in order to e�ciently use
these �lms as active device layers in MEMS devices. We used micrometer-sized
measurement devices to characterize these dependencies.

�e d33,f was determined by measuring the out-of-plane displacement of PZT
thin �lm capacitors, as described in section 4.2.1.�e Young’s modulus of the PZT
thin �lms was determined by measuring the change in the resonance frequency
of cantilevers before and a�er deposition of the PZT thin �lms. In sections 4.3.1
and 4.3.2, the fabrication of capacitor structures and silicon cantilevers and the
deposition of PZT thin �lms by PLD are explained.�e Young’s modulus and the
d33,f depend on the orientation of the PZT thin �lms.�erefore X-ray di�raction
(XRD) measurements were performed. �ese measurements and the techniques
used to measure the Young’s modulus and d33,f are described in sections 4.3.3, 4.3.4
and 4.3.5. Finally, the compositional dependence of the d33,f, the Young’s modulus,
the dielectric constant and the coupling coe�cient of the PLD-PZT thin �lms are
discussed in section 4.4.

4.2 �eory

4.2.1 Longitudinal piezoelectric coe�cient d33,f

�e d33,f can be determined by either measuring the charge generated due to an
applied external mechanical stress (direct piezoelectric e�ect) or by measuring the
displacement in the PZT caused by the application of an electric �eld (converse
piezoelectric e�ect). Homogeneous uniaxial stress is required in the direct piezo-
electric e�ect measurements, which is di�cult to apply. Bending in the �lm due
to application of the non-homogeneous stress results in a large amounts of charge
due to the transverse piezoelectric e�ect (Yao and Tay, 2003). For this reason, we
measured the d33,f using the converse piezoelectric e�ect. Applying an ac voltage
on the top and bottom electrodes of the PZT capacitors, as shown in Figure 4.1,
results in a piezoelectric displacement.�e d33,f is then determined by measuring
the out-of-plane displacement of these capacitors by using this relation (Lefki and
Dormans, 1994):

d33,f =
S3
V/tf

.

Here d33,f is the e�ective longitudinal piezoelectric coe�cient (‘e�ective’ means
that the thin �lm is clamped to the substrate which reduces d33 with respect to a
system that is not clamped), S is strain, V is the voltage over the capacitor and tf is
the thickness of the �lm.
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YSZ buffer layer

Bottom
electrode (SRO)

Pb(Zr Ti )Ox 1-x 3

Top
electrode (SRO)

Si device layer

SiO  (BOX)2

Si handle wafer

Figure 4.1 – PZT capacitors are fabricated to measure the d33,f.�ese capacitors
are formed with a 250 nm thick PZT �lm.�e thicknesses of both the SRO top and
bottom electrodes and YSZ are 100 nm each.

4.2.2 Analytical model for the Young’s modulus of PZT thin �lms

�e analytical model to determine the in-plane Young’s modulus of PZT thin �lms
is explained in section 3.2.2.

4.3 Experimental details

4.3.1 Fabrication of PZT capacitors

Tomeasure the d33,f and dielectric constant of PLD-PZT, capacitors were fabricated
on (001) silicon wafers, as shown in Figure 4.2. To obtain epitaxial growth of the
PZT thin �lms, a 100 nm thick bu�er layer of yttria-stabilized zirconia (YSZ) was
�rst deposited on silicon by PLD.�is layer prevents the di�usion of lead into
the silicon during PZT deposition and also acts as a crystallization template for
epitaxial growth of the PZT thin �lms. Next, 100 nm of strontium ruthenate (SRO)
was deposited as a bottom electrode. �e PLD process then continued with the
PZT thin �lm until the desired thickness of 250 nm was achieved.�e parameters
for the process used are given in (Nguyen et al., 2010). Deposition of the stack
was completed with a 100 nm thick top electrode of SRO, as seen in Figure 4.2.
�e 200 × 200 µm2 capacitors were patterned by a standard photolithographic
process, followed by argon-ion beam milling of the top SRO electrodes with an
etching rate of 10 nm/minute and a wet etch to remove the PZT layer in a diluted
HF:HNO3:H2O solution.

4.3.2 Fabrication of cantilevers

Silicon cantilevers of varying lengths from 250 µm to 350 µm in steps of 10 µm
were fabricated using the process steps similar to what is explained in section 2.3.
�e thickness of the cantilevers was de�ned by a 3 ± 0.5 µm thick device layer of
(001) single crystal silicon on insulator (SOI) wafers.�e width of the cantilevers
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Top electrode (SRO)

Bottom electrode (SRO)

200 mm

200 mm

Figure 4.2 – Optical micrograph of the fabricated PZT capacitors using 100 nm
thick SRO as top and bottom electrodes.�e bottom electrode was deposited on the
complete wafer for easy access.�e PZT layer and top electrode were etched to form
the capacitors. Surface dimensions of the PZT are 200 × 200 µm2 with a thickness
of 250 nm.

Figure 4.3 – Scanning electron micrograph of fabricated cantilevers. Cantilevers
were fabricated from a 3 µm thick silicon device layer.�e length of the cantilevers
varies from 250 µm to 350 µm in steps of 10 µm.�e cantilevers have a constant
width of 30 µm. See-through to substrate shows rough walls due to DRIE from the
back side of the wafers.

was �xed at 30 µm. Scanning electron micrographs (SEM) and optical images were
used to characterize these cantilevers; see Figure 4.3. A�er characterization of the
fabricated silicon cantilevers, 10 nm thick bu�er layers of YSZ and SRO and 100 nm
thick PZT thin �lms of di�erent compositions were deposited on separate wafers.
In contrast to the capacitor structures, we deposited thin bu�er layers of YSZ and
SRO and omitted the top electrode, to prevent the in�uence of the additional layer
on the resonance frequency.
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Figure 4.4 – Scanning laser–Doppler vibrometer measurements of a 250 nm thick
PbZr0.52Ti0.48O3 �lm.�e d33,f was calculated by applying an 8 kHz and 6 V (peak
to peak) ac voltage and measuring the maximum displacement of the top electrode.

4.3.3 XRDmeasurements

�e orientation of the deposited PZT thin �lms was analyzed by θ–2θ X-ray dif-
fraction (XRD) scans (XRD, Bruker D8 Discover) with a Cu Kα cathode in the
Bragg–Brentano geometry.�e θ–2θ scans were performed for all compositions of
the PZT thin �lms (x = 0.2–0.8). Both types of fabricated devices, capacitors and
cantilevers were analyzed separately to determine the preferred orientation of the
PZT thin �lms.�e results are reported in Figure 4.6.

4.3.4 Measurements of the longitudinal piezoelectric coe�cient d33,f
�e piezoelectric displacement of the PZT thin �lm capacitors was measured to
determine the d33,f. A MSA-400 micro system analyzer scanning laser-Doppler
vibrometer was used for measuring the displacement of the capacitors. An ac-
voltage of magnitude 6 Vp-p (peak to peak) was applied to the top and bottom
electrodes at a frequency of 8 kHz.�is voltage actuates the PZT and the resulting
displacement of the top electrode was measured. Figure 4.4 shows the 3-D scan
of the top electrode caused by the piezoelectric response of the 200 × 200 µm2
PbZr0.52Ti0.48O3 �lm capacitor. �is �lm has a thickness of 250 nm. Similar
measurements were conducted to measure the d33,f of PZT compositions ranging
from x = 0.2 to 0.8 using identical structures.

4.3.5 Measurements of the Young’s modulus

To determine the in-plane Young’s modulus of PZT thin �lms, the resonance fre-
quencies of cantilevers were measured by using a MSA-400 micro system analyzer
scanning laser–Doppler vibrometer.�ermally excited vibrations of the cantilevers
were measured in ambient conditions. Curve �tting with a theoretical expression
for a second-order mass–spring system with damping was used to calculate the
free resonance frequencies.�e resonance frequency measurements were conduc-
ted both before and a�er the deposition of the PZT thin �lms for cantilevers of
varying length and for di�erent compositions. As an example, the measurements
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for a cantilever of length ∼ 250 µm, width ∼ 30 µm, and thickness ∼ 3 µm before
and a�er deposition of the Pb(Zr0.2Ti0.8)O3 thin �lm are shown in Figure 4.5.�e
Young’s modulus can be calculated from the shi� in resonance frequency using
Equation (3.1). To reduce the uncertainty in the calculated value of the Young’s
modulus, we measured the thickness of the cantilevers by using high-resolution
SEM. As a result we could measure the Young’s modulus with a standard error of
less than ±1.8 GPa.
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Figure 4.5 –�e measured resonance frequencies of a cantilever before and a�er
PZT deposition. Normalised amplitude shows a decrease in the resonance frequency
of the cantilever measured a�er deposition of the Pb(Zr0.2Ti0.8)O3.�is expected
decrease is attributed to the addition of the PZT thin �lm on the cantilever.

4.3.6 Measurements of the dielectric constant ε

�e polarization hysteresis (P-E) loop was measured at ±200 kV/cm amplitude and
1 kHz frequency, using a ferroelectric tester system (aixACCT TF-2000 Analyzer).
�e relative dielectric constant of the PZT thin �lms was obtained by the slope of
the corresponding P-E loop using the same capacitor structures as used for the d33,f
measurements.

4.4 Results and Discussion

4.4.1 Crystal structure

It is known that the piezoelectric and mechanical properties of PZT thin �lms
depend on the crystal orientation (Corkovic et al., 2008; Wang et al., 2005). X-ray
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di�raction (XRD) measurements reveal that all PZT thin �lms investigated in this
study grow with a (110) preferred orientation; see Figure 4.6.�erefore, if there are
any variations in the d33,f values and the Young’s modulus, then these can not be
caused by the crystal orientation but must be due to a di�erence in composition.
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Figure 4.6 –Measured X-ray di�raction patterns of pulsed laser deposited
Pb(ZrxTi1−x )O3 thin �lms, plotted for di�erent compositions.�e PZT �lms display
a preferred (110) orientation.

4.4.2 Piezoelectric coe�cient

�e composition of PZT has a strong e�ect on the d33,f value, see Figure 4.7. For a
�lm thickness of 250 nm, a maximum d33,f value of 93 pm/Vwas observed at a com-
position of Pb(Zr0.52Ti0.48)O3. �e optimum composition is in agreement with
bulk PZT ceramics in unclamped condition (Ja�e et al., 1971), but the value is 58%
lower. For this there are two reasons: clamping and domain switching. Clamping
of the thin �lm with the substrate causes a reduction in the d33,f value as compared
to the corresponding bulk material (d33) (Muralt, 2000).�e relation between the
d33,f and d33 using the compliance coe�cients data of the bulk Pb(Zr0.52Ti0.48)O3
ceramic is given in (Xu et al., 1999) as

d33,f = d33 + 1.19d31 . (4.1)

Since relevant compliance coe�cient data are not available for all PZT ceramic
compositions, we used Equation (4.1) and d33 and d31 of the corresponding compos-
ition (Ja�e et al., 1971) to calculate the dceramic33,c values of PZT ceramics in clamped
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condition (Figure 4.7). It is evident from the comparison of the compositional de-
pendence of the PZT ceramics in clamped condition dceramic33,c and the measured
d33,f that the d33,f value of PLD-PZT thin �lm is 16% lower for x = 0.52, whereas it
shows higher values for other compositions.
Secondly, the orientation of the crystal axis is random in ceramics, therefore

rotation of the ferroelectric domains is much easier as compared to single crystal
PZT. It might therefore be possible that domain switching is much more di�cult
in our epitaxially grown PZT thin �lms. As a result the d33 of the pulsed laser
deposited �lm would be lower than the bulk PZT ceramics. It should be noted,
however, that domain switching is heavily dependent on composition and di�cult
to estimate.

�e maximum of d33,f at x = 0.52 composition is in agreement with the piezo-
electric response reported in literature for PZT thin �lms obtained by a sol-gel
method (Kim et al., 2003). However, the e�ect is more pronounced in our PZT
thin �lms, with a shallow maximum at x = 0.52.
We measured an increase in the d33,f value of 123 pm/V at �lm thickness of

1 µm and a composition of x = 0.52. �is increase is attributed to the insulating
non-ferroelectric interfacial layer at the �lm/substrate interface (Tagantsev et al.,
1995). Since the in�uence of the interfacial layer decreases with increasing �lm
thickness (Mamazza et al., 2006), d33,f increases with thickness.
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Figure 4.7 –�e d33,f values as a function of Zr content (x) for di�erent PZT
compositions. Based on our measurements we �nd a maximum value of d33,f at
x = 0.52.�e trend of the d33,f values for PZT thin �lms is compared with the bulk
PZT ceramics (Ja�e et al., 1971) in clamped condition.�e lines are guides to the eye.
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4.4.3 Young’s modulus

�e Young’s modulus strongly depends on the �lm composition, as is shown in
Figure 4.8.�e dependence of Young’s modulus on the PZT composition shows an
increase in value for the Zr-rich compositions, which is in agreement with the pub-
lished data for bulk PZT ceramics (Ja�e et al., 1971), also shown in Figure 4.8.�e
value of the Young’smodulus for the compositionwith themaximum d33,f (x =0.52)
was found to be 113.5 GPa with a standard error of ±1.5 GPa at x = 0.52.�is value
is 57% higher than for bulk PZT ceramic. It is also much higher than values repor-
ted in literature for sol-gel �lms (25 GPa (Piekarski et al., 2001)), but has the same
order as values reported for sputter deposited PZT (109 GPa (Fang et al., 2003)).
�e dip in the Young’s modulus lies at a lower Zr content than found for bulk PZT
ceramics (x = 0.52, see Figure 4.8). A similar discrepancy between piezoelectric
coe�cients d33,f and e31,f was also observed for sol-gel PZT thin �lms (Dubois et al.,
1998; Ledermann et al., 1999).
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Figure 4.8 – Composition dependence of Young’s modulus of the PZT thin �lms
plotted as a function of Zr content (x) in Pb(ZrxTi1−x )O3 thin �lms.�e trend is
compared with the the data published by Ja�e et al. (Ja�e et al., 1971) for bulk PZT
ceramics.�e lines are guides to the eye.

4.4.4 Dielectric constant

�e compositional dependence of the dielectric constant shows a peak at x = 0.52,
see Figure 4.9. Such dependence was also reported previously (Du et al., 1998). A
distinct peak was observed for the dielectric constant of the bulk PZT ceramics at
x = 0.50 (Ja�e et al., 1971) (Figure 4.9). Compared to bulk PZT ceramics, the PLD-
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PZT �lm shows a much broader peak with lower values of dielectric constant for
Ti-rich compositions and higher values for Zr-rich compositions.�e electromech-
anical coupling factor k, which is an extremely useful �gure of merit, is de�ned
as k33 = d33

√

E33/ε where ε = εoεr (Ja�e et al., 1971). We measured the in-plane
Young’s modulus, not the E33; for this reason we compared the term k33,f/

√

E33 of
the PLD-PZT with the one obtained from the bulk ceramics data kceramic33,c /

√

E33, as
seen in Figure 4.10. We obtained the electromechanical coupling factor k33,f/

√

E33
from the measured d33,f and ε, whereas the kceramic33,c /

√

E33 was calculated using the
dceramic33,c and ε of bulk PZT ceramics (Ja�e et al., 1971).�e in-plane Young’s modu-
lus of the PLD-Pb(Zr0.52Ti0.48)O3 thin �lm is 57 % higher than the bulk ceramic
counterpart; if the same is true for the E33, then we can expect much higher coup-
ling coe�cients as compared to the bulk PZT ceramic material, which makes our
PLD-PZT thin �lms much more e�cient.
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Figure 4.9 – Compositional dependence of the relative dielectric constant ε/εo of
the PLD-PZT thin �lms compared with the bulk PZT ceramics data obtained from
Ja�e et al. (Ja�e et al., 1971).�e peak in thin �lms as well as bulk PZT ceramics
was observed near the composition of x = 0.52.�e lines are guides to the eye.

4.5 Conclusion

We report on the compositional dependence of the e�ective longitudinal piezoelec-
tric coe�cient, the Young’s modulus, dielectric constant and coupling coe�cient of
Pb(ZrxTi1−x )O3 thin �lms, grown on micromachined silicon cantilevers by pulsed
laser deposition.�is epitaxial deposition process yields a (110) preferred orienta-
tion for the range of compositions investigated (x = 0.2–0.8).
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Figure 4.10 – Compositional dependence of the ratio of coupling coe�cient k to the
square root of the Young’s modulus E obtained from the measured d33 and
calculated dielectric constant ε. We observed higher values of the k33/

√

E33 for most
of the PLD-PZT thin �lms as compared to the bulk PZT material in clamped
condition.�e lines are guides to the eye.

�e d33,f shows a maximum value of 93 pm/V at a Zr content of x = 0.52 for a
�lm thickness of 250 nm. At the same composition and a �lm thickness of 1 µm the
piezoelectric coe�cient is 123 pm/V.�e dependence of the piezoelectric coe�cient
of PLD-PZT on composition is much weaker than in bulk PZT ceramics material,
which has a sharp peak at x =0.52. When correcting for the clamping e�ect, the d33,f
in bulk ceramics exceeds the PLD-PZT thin �lm value by 16% at this composition.
At other compositions the PLD-PZT has a substantially higher value.

�e Young’s modulus of �lms at x = 0.52 composition is 113.5 GPa with a stand-
ard error of±1.5 GPa. When further increasing the Zr content, the Young’smodulus
increases, which is in agreement with data published for bulk PZT ceramics (Ja�e
et al., 1971). For lower Zr content, the Young’s modulus does not appear to follow
the curves measured for ceramics, showing a minimum of 105 GPa at x = 0.2.�e
data suggest a second minimum for the Young’s modulus in the region of x = 0.4
to x = 0.52.

�e compositional dependence of the dielectric constant of the PLD-PZT thin
�lms follows the same trend as predicted by bulk PZT ceramics. Instead of a dis-
tinct peak as observed in ceramics, we found a broader maximum at the x = 0.52
composition. A comparison of the electromechanical coupling factor k33 of the
PLD-PZT thin �lms and bulk PZT ceramics in clamped condition reveals that our
PLD-PZT thin �lms have a much higher coupling factor because of higher Young’s
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modulus values.
Epitaxially grown PZT by pulsed laser deposition shows excellent piezoelectric

andmechanical properties, which can be exploited inMEMS sensors and actuators.
�e results reported in this chapter facilitate the choice for the correct composition,
based for instance on an optimization of �gures of merit speci�c for the intended
application, such as the coupling coe�cient.



Chapter 5

Comparison of (110) and (001)
oriented PZT

5.1 Introduction

Pb(ZrxTi1−x )O3 (PZT) thin �lms show excellent ferroelectricity, pyroelectricity
and piezoelectricity, and therefore are widely used in MEMS actuators and sensors
(Tadigadapa and Mateti, 2009; Trolier-Mckinstry and Muralt, 2004). �e range
of applications utlizing PZT thin �lms as an active device layer are, but not lim-
ited to, energy harvesting devices (Beeby et al., 2006), memory elements (Dawber
et al., 2005; Setter et al., 2006), ultrasonic image sensors, surface acoustic wave
�lters (Choi et al., 2008), micro-pumps and print-heads (Cui et al., 2007).
Requirements on the properties of the PZT depend on the speci�c application.

�e advantage of PZT thin �lms is that these properties can be tuned by changing
the Zr/Ti ratio (Zhuang et al., 1989). For instance, Pb(Zr0.52Ti0.48)O3 (x = 0.52)
thin �lms are most widely used for higher piezoelectric response applications (Xu
et al., 2000), whereas Pb(Zr0.2Ti0.8)O3 thin �lms are used in energy harvesting
devices (Isarakorn et al., 2011).
PZT thin �lms can be deposited by di�erent processes like sol-gel (Reaney et al.,

1998), sputter- (Fang et al., 2003) and pulsed laser deposition (PLD) (Nguyen et al.,
2010). Recently, excellent ferroelectric properties were reported for epitaxial PZT
thin �lms grown on the silicon by means of PLD (Dekkers et al., 2009). In order
to integrate PLD-PZT thin �lms as active device layers in the devices, it is imperat-
ive that next to the ferroelectric properties, also the mechanical and piezoelectric
properties are investigated. �ese properties depend on various factors, such as
composition (Zhuang et al., 1989) and orientation (Dekkers et al., 2009; Ledermann
et al., 2003).

�e epitaxial growth of the PZT �lms by PLD results in an anisotropic in-plane
Young’s modulus. In this chapter this anisotropic behaviour of (001) oriented PZT
thin �lms is investigated by depositing the PZT thin �lms on silicon cantilevers
aligned along the <110> and <100> crystal direction of silicon.

37
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Furthermore, the compositional dependence of the Young’s modulus of epi-
taxial PZT thin �lms with (001) preferred orientation grown by PLD is investig-
ated.�e results are compared with (110) oriented PZT thin �lms. In addition the
dielectric constant ε and e�ective longitudinal piezoelectric coe�cient d33,f of a
Pb(Zr0.52Ti0.48)O3 thin �lm was determined and the coupling coe�cient k33,f was
calculated and compared on the basis of orientation.

�e in-plane Young’s modulus of the PZT thin �lms was determined by meas-
uring the change in the resonance frequency before and a�er the deposition of the
PZT thin �lms. To analyse the e�ect of silicon orientation on the resonance fre-
quency of the cantilevers and the Young’smodulus of the PZT thin �lms, cantilevers
were fabricated along two di�erent crystal directions of silicon. �is fabrication
scheme is described in section 5.3.1. Epitaxial growth of the PZT thin �lms by PLD
requires the application of bu�er layers on the silicon substrate. �ese layers are
described in section 5.3.2. In the same section fabrication of the PZT capacitor
for determining the d33,f and dielectric constant is explained. X-ray di�raction
(XRD) measurements were conducted to �nd the orientation of the PZT thin �lms,
see section 5.3.3.�e resonance frequency measurements and d33,f measurements
are explained in section 5.3.4 and 5.3.5 respectively.�e measurements results are
reported in section 5.4 and discussed in section 5.5.

5.2 �eory

5.2.1 Analytical model

�e in-plane Young’s modulus of PZT thin �lms can be determined by using the
theory explained in section 3.2.

5.3 Experimental details

5.3.1 Fabrication of cantilevers

Figure 5.1 shows the fabrication scheme for the cantilevers using a dedicated SOI/-
MEMS fabrication process.�e process is described brie�y as follows. (a)Adouble
side polished silicon on insulator (SOI) wafer was selected. �e substrate has a
380 µm handle wafer and a 3 µm thick device layer. �e device layer de�nes the
thickness of the cantilevers. A layer of 500 nm buried oxide (BOX) serves as an etch
stop during the etching of the device layer and handle wafer. A photoresist mask
was designed with cantilevers that have varying lengths from 250 µm to 350 µm in
steps of 10µm.�e cantilevers have a �xedwidth of 30µm. (b and c)�e front side
of the (001) single crystal silicon device layers was patterned by conventional UV
photolithography using the prepared mask that de�nes the shape of the cantilevers.
�e used photoresist was Olin907-17 with a thickness of 1.7 µm. (d) Subsequently
the cantilevers were anisotropically etched by deep reactive ion etching (DRIE)
using SF6, O2 and C4F8 gases (Jansen et al., 2009).�e cantilevers were released
from the handle wafer by making through holes from the back side of the wafers
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using the following process steps. (e and f ) A layer of 3.5 µm thick photoresist
(908-35) was applied on the back side of the wafer and patterned to de�ne the holes.
(g) DuPont MX-5020 foil was applied on the front side of the wafers to protect
the cantilevers from damage and prevent leakage of the helium during the wafer
through etching. Application of this foil was required to ensure stable temperature
control of the wafer during the back side DRIE process (Brookhuis et al., 2011).
(h) Etching of the handle wafer from the back side was then performed by DRIE
using SF6, O2 and C4F8 gases (Jansen et al., 2009).�is fabrication process is an
improved version of what we reported in section 2.3.�e main improvement is that
we used a di�erent recipe for the back side etch, which enables us to use foil on the
front side instead of polyimide pyralin. A�er etching, the foil on the front side and
photoresist material from the back side of the wafer were removed using O2 plasma
(Tepla300E). Subsequently, the cantilevers were released by etching the BOX layer
using bu�ered-hydro�uoric acid. See Appendix B for a detailed description of the
fabrication process.
In order to analyse the e�ect of the in-plane crystal directions of silicon on the

PZT thin �lms, the fabricated cantilevers were aligned parallel to the primary �at
of wafers, which corresponds to the <110> crystal direction of the silicon. For the
<100> crystal direction of the silicon crystal lattice, the cantilevers were rotated
45○ with respect to the primary �at of the wafers. Scanning electron micrographs
(SEM) as shown in Figure 5.2 were used to inspect and characterise the fabricated
cantilevers.

5.3.2 PZT deposition

To determine the Young’s modulus, PZT thin �lms of di�erent compositions were
deposited by PLD on separate wafers containing fabricated cantilevers (see Fig-
ure 5.3(a)).�e process started with the deposition of a 15 nm thick bu�er layer of
yttria-stabilized zirconia (YSZ), followed by an 8 nm thick cerium oxide (CeO2)
layer. Without breaking the vacuum in the PLD chamber, the process was contin-
ued with the deposition of a 12 nm thick strontium ruthenate (SRO) �lm. �ese
bu�er layers serve as a crystallization template and ensure epitaxial growth of the
PZT thin �lms with a (001) preferred orientation. �e deposition process was
continued with PZT until the desired thickness of 100 nm was achieved (Dekkers
et al., 2009).
A similar PLD process was used to fabricate a Pb(Zr0.52Ti0.48)O3 thin �lm

capacitor on a (001) silicon wafer.�is capacitor is used to measure the d33,f and
dielectric constant. For the capacitor, the thickness of the deposited YSZ and CeO2
bu�er layers were adjusted to 50 nm and 100 nm respectively.�e SRO bottom elec-
trode in the capacitor has a thickness of 100 nm. A�er depositing the 250 nm thick
Pb(Zr0.52Ti0.48)O3 thin �lm, a 100 nm thick top electrode of SRO was deposited
for electrical contacts, which is not present in the cantilever stack.�e capacitors
were de�ned by patterning 200 × 200 µm2 squares using standard photolithogra-
phy and etching of the SRO �lm by argon-ion beammilling. Subsequently the PZT
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Silicon
SiO2

Photoresist
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Figure 5.1 – Fabrication �ow of the silicon cantilevers. (a) A SOI wafer with a 3 µm
thick device layer and a 500 nm thick BOX was selected. (b and c) Application and
patterning of the photoresist (Olin 907-17) on the front side of the wafer. (d) Silicon
device layer was etched by DRIE. (e and f)�ick photoresist (Olin 908-35) was
applied and patterned on the back side of the wafer. (g) Application of the foil
(DuPont MX5020) on the front side for stable temperature control and avoid helium
leakage. (h)�rough holes from the back side were etched by DRIE. (i) Photoresist
and foil was removed from the front and back side using oxygen plasma. (j)
Cantilevers were released by etching the BOX layer using BHF.

thin �lm was etched by a wet process in a diluted HF:HNO3:H2O solution (see
Figure 5.3(b)).

5.3.3 XRDmeasurements

X-ray di�raction measurements were performed on a Bruker D8 Discover X-ray
di�ractometer with a CuKα cathode in the Bragg-Brentano geometry to investigate
the orientation of the PZT thin �lms. X-ray radiation of 0.15 nm wavelength was
used at 40 kV and 40 mA. We measured θ-2θ scans in the range of 20-50○ at
0.01○/sec. �e JCPDS database was used to identify the peaks in the di�raction
patterns of the PZT thin �lms.

5.3.4 Resonance frequency measurements

Resonance frequency measurements of the cantilevers were performed both before
and a�er deposition of the PZT thin �lms (x=0.2-0.8) using amicroscope scanning
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1 mm

<110>

<100>

Figure 5.2 – Scanning electron micrograph of the fabricated cantilevers, aligned
along the <110> and <100> crystal directions of silicon.�e through hole from the
back side of the wafer can be clearly identi�ed in the inset of the image.

Silicon device

SiO2

YSZ

CeO2SROPb(ZrxTi1-x)O3

Silicon

SRO

(a) (b)

Figure 5.3 – Fabrication process of the epitaxial Pb(Zr0.52Ti0.48)O3 thin �lms
using a PLD process. Bu�er layers of YSZ, CeO2 and SRO were deposited on the SOI
wafer before the deposition of the PZT to obtain a (001) preferred orientation of the
PZT thin �lms. (a) Top electrode was not deposited on the cantilever stack. (b) SRO
top electrode and PZT were etched to form 200 × 200 µm2 capacitor. (Dimensions
not according to scale.)
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laser Doppler vibrometer (MSA-400, micro system analyzer from Polytec). �e
thermal excitation of the cantilevers at ambient conditions was used to obtain the
resonance amplitude spectrum. Subsequently, the resonance frequency was ob-
tained by curve �tting with a theoretical expression for a second order mass-spring
system with damping.

5.3.5 Measurements of piezoelectric coe�cient

�e d33,f of the Pb(Zr0.52Ti0.48)O3 thin �lmwas determined from the piezoelectric
displacement of the capacitor structures (Lefki and Dormans, 1994).�e displace-
ment of the capacitors was measured by using a MSA-400 micro system analyzer
scanning laser-Doppler vibrometer. An 8 kHz ac-voltage of magnitude 6 Vp-p
(peak to peak) was applied to the top and bottom SRO electrodes. Subsequently,
the resulting displacement of the top electrode was measured.

5.4 Measurement Results

5.4.1 Crystal structure

�e crystal structure of a PZT thin �lm is one of the factors that in�uences the
piezoelectric andmechanical properties, such as the dielectric constant (Gong et al.,
2004) , piezoelectric coe�cient (Du et al., 1998; Park et al., 2009), Young’s modu-
lus (Wang et al., 2005) and residual stress (Corkovic et al., 2008; Lian and Sottos,
2004). XRD patterns reveal that the growth of the PZT thin �lms follows a (001)
preferred orientation. As an example, the XRD pattern of a Pb(Zr0.52Ti0.48)O3
thin �lm deposited on a SRO/CeO2/YSZ/silicon substrate is shown in Figure 5.4.
�e (001) preferred orientation can be clearly identi�ed (label PZT(001) in the
graph).

5.4.2 Young’s modulus

Equation (3.1) is used to determine the in-plane Young’s modulus from the di�er-
ence in measured resonance frequencies of the cantilevers before and a�er depos-
ition of the PZT thin �lms. As an example, the shi� in the resonance frequency
of two identical cantilevers aligned along the <110> and <100> silicon directions
is shown in Figure 5.5. �e length, width and thickness of the cantilevers were
290 µm, 30 µm and 3 µm respectively.

�is speci�c situation is instructive since the resonance frequency of the <110>
aligned silicon cantilever decreased a�er the deposition of the PZT thin �lm, where-
as it increased for the <100> aligned cantilevers. �is di�erence in behaviour is
caused by the fact that the Young’s moduli of silicon and of PZT are di�erent along
these two crystal orientations. For the <110> alignment the Young’s modulus of
silicon (168.9 GPa) is higher, whereas for the <100> it is lower (130.2 GPa) compared
to the Young’s modulus of the PZT.
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Figure 5.4 –Measured XRD pattern of the Pb(Zr0.52Ti0.48)O3 thin �lm grown on
a silicon substrate with bu�er layers using pulsed laser deposition.�e peaks
con�rm the growth of a PZT thin �lm with a (001) preferred orientation.

Figure 5.6 shows that the in-plane Young’s modulus of epitaxial PZT thin �lms
is anisotropic and strongly dependent on composition.�e Young’s modulus meas-
ured along the <100> crystal direction of silicon was found to be higher than along
the <110> direction, for all compositions measured. A maximum anisotropy in the
Young’s modulus of 46%was found at a composition of x = 0.2. At this composition,
the values are 201.9 (2.2) GPa and 139.7 (0.5) GPa. (�e value in brackets indicate
the standard error from 11 cantilevers of varying length).

5.5 Discussion

5.5.1 Young’s modulus compared to bulk PZT ceramic

�e minimum in the Young’s modulus was found to be 120.1 (1.2) GPa at a compos-
ition of x = 0.52 for (001) oriented PZT deposited on <110> oriented cantilevers.
�e presence of aminimumat this compositions agrees well with results reported in
literature for bulk PZT ceramics (Ja�e et al., 1971), but the value is 67% higher (Fig-
ure 5.7, labelled PZT ceramic). It is also much higher compared to values reported
in literature for sol-gel �lms (25 GPa (Piekarski et al., 2001)), but has the same order
of magnitude as values reported for sputter deposited PZT (109 GPa (Fang et al.,
2003)). A broader minimum in the Young’s modulus for compositions ranging
from x=0.3 to 0.52 was observed for cantilevers aligned along the <100> silicon
direction (Figure 5.7, labelled PLD-PZT (001) along Si <100>).
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Figure 5.5 – Resonance spectra of two silicon cantilevers aligned along the <110>
and <100> silicon directions, with and without Pb(Zr0.52Ti0.48)O3 thin �lms.�e
resonance frequency of the <110> silicon cantilever decreases a�er the deposition of
the PZT, whereas it increases for the <100> aligned cantilever.�e di�erence is
caused by a di�erence in Young’s modulus of both the silicon and PZT along both
directions.
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Figure 5.6 – Compositional dependence of the Young’s modulus of PZT thin �lms
with a (001) preferred orientation.�e Young’s modulus is consistently higher for
PZT thin �lms deposited on a <100> aligned silicon cantilever than those on a <110>
aligned cantilever.�e lines are guides to the eye.
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Figure 5.7 – Compositional dependence of the Young’s modulus of PZT thin �lms
with (001) and (110) preferred orientations.�e anisotropy in the in-plane Young’s
modulus is higher for the (001) oriented PZT compared to the (110) orientation.
�e determined Young’s modulus of PLD-PZT is compared with the bulk PZT
ceramic data obtained from the literature (Ja�e et al., 1971).�e dip in the Young’s
modulus at x = 0.52 is most prominent in the (001) oriented PZT when measured
along the <110> silicon direction.�e lines are guides to the eye.

5.5.2 Young’s modulus compared to (110) PZT

�e compositional dependence of the in-plane Young’s modulus of the PZT thin
�lms with (110) and (001) orientations show quite a distinct behaviour (see Fig-
ure 5.7).�e Young’s modulus of the (001) oriented PZT thin �lms was found to be
higher than the �lms with (110) orientation for all the composition from x = 0.2 to
0.8.�e higher Young’s modulus of the (001) orientation is in agreement with the
results published in literature (Delobelle et al., 2006; Liu et al., 2009; Wang et al.,
2005).�is might be due to the fact that grain boundaries in (001) oriented PZT
are less pronounced than in (110) oriented �lms (Dekkers et al., 2009).

Apart from the di�erent absolute values of the Young’s modulus, the amount of
anisotropy in the two orientations is also quite di�erent.�e maximum di�erence
between the Young’s modulus of the (110) oriented PZT in two di�erent crystal
directions of silicon (<110> and <100>) is 8.5% for a composition of x = 0.52. At the
same composition, the anisotropy is 37% for the (001) oriented PZT.�emaximum
anistropy in the (001) PZT is 45% at x = 0.2. We believed that the higher anisotropy
in the Young’s modulus of the (001) oriented PZT is caused by the absence of twin
domains which we observed in (110) oriented PZT (Dekkers et al., 2009).
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5.5.3 Piezoelectric properties

�e d33,f of the Pb(Zr0.52Ti0.48)O3 thin �lm with a (001) orientation was found to
be 86 pm/V, which is 61 % lower compared to bulk PZT ceramic (Ja�e et al., 1971).
Clamping of the thin �lm with the substrate and domain switching are the two
main reasons for this reduction (Nazeer et al.).�e reduction due to clamping can
be calculated from (Xu et al., 1999)

d33,f = d33 + 1.19d31 .

Please note that d31 is negative. From this equation, the dceramic33,c of the PZT
ceramic in clamped condition can be calculated to be 111 pm/V (Nazeer et al.),
which is now only 22% higher than for PLD-PZT. Secondly, the orientation of the
crystal axis is random in ceramics, therefore rotation of the ferroelectric domains
is much easier as compared to single crystal PZT. It might therefore be possible
that domain switching is much more di�cult in our epitaxially grown PZT thin
�lms. �is could account for the remaining 22% di�erence. It should be noted,
however, that domain switching is heavily dependent on composition and di�cult
to estimate.

�e e�ective longitudinal piezoelectric coe�cient of PZT thin �lms depends
on their orientation (Du et al., 1998; Park et al., 2009). For our �lms, the d33,f of
Pb(Zr0.52Ti0.48)O3 for the (110) orientation was found to be 8% higher than for
(001) oriented �lms.�is does not necessarily mean that the (110) orientation is
better suited for applications. For this, the coupling coe�cient of the material is
also important (Ja�e et al., 1971), which is a combination of piezoelectric coe�cient,
Young’s modulus and dielectric constant:

k33 = d33

√

E33
εoεr

.

�e relative dielectric constant εr was obtained from polarization hysteresis
(P-E) loop measurements using an aixACCT TF-2000 ferroelectric measurement
system at ±200 kV/cm amplitude and 1 kHZ frequency (see Figure 5.8). We used
the same capacitor structures as used for the d33,f measurements. �e relative
dielectric constant is 665 for (001) and 610 for (110) oriented Pb(Zr0.52Ti0.48)O3.
�e higher dielectric constant and the lower d33,f of the (001) orientation results in
a lower ratio of coupling coe�cient to the Young’s modulus (k33,f/

√

E33), compared
to the (110) orientation. Since we measured the in-plane Young’s modulus, instead
of E33, therefore we compared the ratio of coupling coe�cient to the Young’s
modulus. �e in-plane Young’s modulus is higher for the (001) orientation, and
if the E33 is also higher with the same ratio, even than the coupling coe�cient is
found to be lower for the (001) composition. Indeed, for applications the (110)
oriented PLD-PZT has a preference over the (001) orientation.
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Figure 5.8 – Polarization as a function of applied electric �eld (P-E loop) of a (001)
oriented Pb(Zr0.52Ti0.48)O3 thin �lm.�e P-E loop was measured at ±200 kV/cm
amplitude and 1 kHz frequency.

5.6 Conclusion

By means of pulsed laser deposition, we have grown Pb(ZrxTi1−x )O3 thin �lms
with compositions ranging from x = 0.2 to x = 0.8 and (001) or (110) preferred
orientations on silicon cantilevers oriented along the <110> and <100> direction.

�e in-plane Young’s modulus of PZT thin �lms with (001) preferred orienta-
tion was found to be strongly dependent on the composition.�e Young’s modulus
is anisotropic (up to 46%) and higher along the <100> than along the <110> silicon
direction for all compositions.

�e Young’s modulus was observed to be minimal for a composition of x=0.52
and along the silicon <110> direction. �is agrees well with the dip reported for
bulk PZT ceramic at the same composition. However, no distinct minimum was
observed along the <100> silicon direction, which shows only a shallow valley from
x=0.3 to 0.52.
Both the Young’s modulus and anisotropy of �lms with (110) orientation is

lower than those with (001) orientation, for all compositions and both directions
of the silicon cantilever.

�e coupling coe�cient (k33,f/
√

E33) for the (110) oriented Pb(Zr0.52Ti0.48)O3
thin �lm was found to be 11.5% higher than the (001) orientation. As the d33,f at
x = 0.52 is highest in all compositions therefore (110) oriented Pb(Zr0.52Ti0.48)O3
thin �lm has the best coupling coe�cient.

�e fact that (110) orientated PZT is less anisotropic and has a higher coupling
coe�cient, suggest that it is better suited for applications.





Chapter 6

Measurement of residual stress

6.1 Introduction

Lead zirconate titanate Pb(ZrxTi1−x )O3 (PZT) is an eminent material that has
been identi�ed for MEMS devices because of its excellent ferroelectric and piezo-
electric properties (Dekkers et al., 2009; Muralt, 2000). Recent advancements can
be observed by the usage of PZT thin �lms in MEMS which ranges from micro
pumps (Laser and Santiago, 2004) to probe based data storage (Nam et al., 2007),
from micro-machined ultrasonic transducers (Choi et al., 2008) to ferroelectric
random access memory (Kim and Lee, 2006) and from accelerometers (Kobayashi
et al., 2010) to energy harvesting devices (Shen et al., 2008). �e properties of
PZT thin �lms can be tuned by changing the Zr/Ti ratio to make it suitable for a
particular application (Zhuang et al., 1989). For instance, Ti-rich PZT (x=0.2) is
used in energy harvesting devices (Isarakorn et al., 2011), whereas the composition
Pb(Zr0.52Ti0.48)O3 is suitable for wide variety of applications requiring high piezo-
electric response (Xu et al., 2000).�is control of properties by varying the Zr/Ti
ratio is accompanied by a variation in the mechanical properties of the PZT thin
�lms, of which the residual stress is investigated in this chapter.
Sol-gel (Ledermann et al., 2004), sputter- (Fang et al., 2003) and pulsed laser

deposition (PLD) (Dekkers et al., 2009) are used in the fabrication of PZT thin
�lms.�ese processes result in the built up of the residual stress, depending on the
process parameters and deposition process itself. Residual stress also depends on
the properties of the substrate used because of the very di�erent mechanical and
thermal properties of the substrate as compared to the PZT thin �lms.�ese two
e�ects when combined result in residual stress, with values reported in literature
from one to several hundred MPa (Yao et al., 2003).

�e functionality and reliability of the PZT thin �lm devices depends, among
other factors, on the residual stress in the PZT thin �lms. For instance strain
inducedmodi�cation of dielectric properties of thin �lmswas discussed byHorwitz
et al. (2000). Similarly, piezoelectric and electromechanical properties varywith the
residual stress (Ber�eld et al., 2007; Lian and Sottos, 2004). Controlling the crystal

49



50 Chapter 6 – Measurement of residual stress

orientation by utilizing stresses is discussed in (Kim et al., 2005; Ogawa et al., 1991),
whereas Desu et al. (1999) discussed the e�ect of residual stress on the electrical
properties like resistivity. In order to fabricate reliable MEMS devices utilizing
PZT thin �lms as an active device layer, it is therefore necessary to investigate the
compositional dependence of residual stress.
Single crystal silicon is an elastically anisotropic material. We also found an an-

isotropy in the Young’modulus of Pb(Zr0.52Ti0.48)O3 thin �lm deposited on silicon
cantilevers aligned in the <110> and <100> crystal directions of silicon (Nazeer et al.,
2011a).�erefore, we investigate the compositional dependence of residual stress
in PZT thin �lms deposited on the <110> and <100> silicon cantilevers, taking into
account the anisotropic Young’s modulus of PZT thin �lms and silicon.

�e residual stress of pulsed laser deposited PZT was determined bymeasuring
the changes in static de�ection of cantilevers on which the �lms were deposited.
�is residual stress was compared to stress calculated from the x-ray di�raction
(XRD) measurements and Young’s modulus, as well stress originating from a mis-
match in thermal expansion coe�cients between PZT and the silicon substrate.
�e theoretical background of these methods are explained in section 6.2. In sec-
tions 6.3.1 and 6.3.2, the fabrication of micron sized measurement devices and de-
position of the PZT thin �lms are explained. Residual stress in the PZT thin �lms
depends on the orientation, therefore XRD measurements to analyse the crystal
orientation of di�erent compositions of PZT thin �lms are treated in section 6.3.3.
Resonance frequency and static de�ection measurements were performed to de-
termine the in-plane Young’s modulus and residual stress in PZT thin �lms, see
section 6.3.4 and 6.3.5. Measurement results are reported in section 6.4. Finally, a
comparison between the di�erentmethods to determine residual stress is discussed
in section 6.5.

6.2 �eory

6.2.1 Stress determined from cantilever bending

PZT thin �lms of various compositions were deposited by PLD on separate wafers
a�er the release of the cantilever from the substrate. Tension or compression in the
PZT thin �lm leads to a curvature of the cantilever on which it is deposited (see
Figure 6.1). Static de�ection of the free end of the cantilever was measured both
before and a�er deposition. �e residual stress in the thin �lm was determined
by using Stoney’s Equation (6.1), which is valid when the thickness of �lm is very
small in comparison to the thickness of substrate (Jeon and�undat, 2004; Stoney,
1909):

σf =
1
6

Es t2s
(1−νs)Rtf

, with R =
L2

2ξ
, (6.1)

the symbols σ , E, t, L, R and ξ are the residual stress, Young’s modulus, thickness,
length, radius of curvature and de�ection, respectively. Subscripts ‘s’ and ‘f’ denote
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Figure 6.1 – Schematical representation of a cantilever fabricated from a silicon on
insulator wafers.�e upward static de�ection is due to the tensile residual stress in
the PZT thin �lm that was deposited on the cantilever.

the silicon and PZT thin �lm.
�e residual stress is a combination of stress caused by the PZT �lm itself and

to some extent due to the bottom electrode YSZ and bu�er layer SRO. However,
the PZT �lm is much thicker than the underlying layers, therefore the contribution
of the underlying layers in the cantilever curvature is ignored.

6.2.2 Stress originating from thermal expansion di�erences

�ere are twomainmechanisms for stress contribution in the PZT thin �lms: stress
developed during growth of the �lm and stress caused by cooling down from the
deposition temperature due to a di�erence in thermal expansion of the �lm and
the substrate. By taking into account only the thermal mismatch e�ect, the residual
stress in the PZT thin �lms can be calculated using the average CTE of the PZT
thin �lms and silicon in the temperature range between room temperature and
deposition temperature (600○C) from Equation (6.2).

σf = (αf −αs)∆T
Ef
1−νf

, (6.2)

the symbols α, ν and ∆T are the average CTE, poisson’s ratio and di�erence in
deposition (600○C) and room temperature (20○C) respectively. We used published
values for αs=3.6x10−6 ○C−1 (Corkovic et al., 2008; Glazov and Pashinkin, 2001;
Okada and Tokumaru, 1984) and νf=0.3 (Bruchhaus et al., 1998; Shepard Jr. et al.,
1998).

6.2.3 Stress determined from lattice strain

From the x-ray di�raction (XRD) data one can estimate the in-plane strain in
the �lm, taking the values of bulk PZT ceramic as a non-strained reference. In
combination with the measured in-plane Young’s modulus, residual stress can be
calculated using
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σf = (aip,c − aip,f)
Ef
1−νf

. (6.3)

In the above equation aip,c and aip,f are the in-plane lattice parameters of the
bulk PZT ceramics and PLD-PZT thin �lms respectively.�e lattice parameters of
the PLD-PZT thin �lms for di�erent compositions (x=0.2-0.8) were calculated us-
ing the XRD patterns whereas for bulk PZT ceramics we used published data (Shir-
ane and Suzuki, 1952) .

6.3 Experimental details

6.3.1 Fabrication of cantilevers

Fabrication of the cantilevers from double side polished single crystal silicon on
insulator (SOI) wafers is discussed in detail in section 2.3

6.3.2 PZT deposition

�e pulsed laser deposition technique allows us to epitaxially grow PZT on silicon
substrates, as explained in (Nguyen et al., 2010). Deposition starts with 10 nm thick
bu�er layers of yttria-stabilized zirconia (YSZ) and strontium ruthenate (SRO),
followed by the deposition of a 100 nm thick PZT without breaking the vacuum.
Di�erent Zr/Ti compositions of Pb(ZrxTi1−x )O3 (x=0.2, 0.3, 0.4, 0.52, 0.6 and 0.8)
were deposited on individual dies containing 66 cantilevers, of which 22 cantilevers
in two identical sets of 11 cantilevers of varying lengths and oriented along the <110>
<100> crystal directions of silicon were measured.

6.3.3 XRDmeasurements

A Bruker D8 Discover X-ray di�ractometer with a Cu Kα cathode in the Bragg-
Brentano geometry was used to investigate the orientation of the PZT thin �lms.
X-ray radiation of 0.15 nmwavelength was used at 40 kV and 40mA.Wemeasured
θ-2θ scans in the range of 20-80○ with the 0.01○/sec for all compositions of the
PZT thin �lms (x=0.2-0.8). �e peaks in the di�raction patterns of the di�erent
compositions of PZT thin �lms were identi�ed using the JCPDS database.

6.3.4 Resonance frequency measurements

�e resonance frequency of cantilevers was measured both before and a�er depos-
ition of the PZT. From the frequency shi� we can determine the Young’s modulus
of the deposited thin �lm (Nazeer et al., 2011a), provided that we know the density
and �lm thickness. Cantilevers of varying length, aligned parallel to the <110> and
<100> crystal directions of silicon, were measured by a MSA-400 micro system
analyzer scanning laser-Doppler vibrometer. Measurements were taken at ambient
conditions, using only thermal excitation of the resonance. From the amplitude
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Figure 6.2 –White light interferometry measurement of the static de�ection of a
250 µm long cantilever a�er deposition of a Pb(Zr0.52Ti0.48)O3 thin �lm.
Coordinates along the length and width of the cantilever are represented by l and y.
�e variable z represents the out of plane de�ection of the cantilever.

spectrum, the resonance frequency was obtained by curve �tting with a theoretical
expression for a second order mass-spring system with damping.

6.3.5 Static de�ection measurements

�e residual stress of the deposited PZT thin �lms can be determined from the static
de�ection of the cantilevers, which we measured by white light interferometry.
In all cases, the pro�le of the cantilevers measured before the deposition of the
PZT thin �lms was straight within measurement error, so only the curvature a�er
deposition needs to be determined. A measurement of a 250 µm long cantilever
a�er deposition of PZT is shown in Figure 6.2. From thismeasurement we obtained
the maximum de�ection of the free end of the cantilever, as shown in Figure 6.3.
�is information was used to calculate the curvature R of the cantilevers, so that
we can determine the residual stress using Equation (6.1).
As an example, residual stress in a Pb(Zr0.4Ti0.6)O3 �lm calculated from static

de�ection of cantilevers of varying length aligned parallel to the <110> crystal direc-
tion of silicon is shown in Figure 6.4. As expected, the residual stress is independent
on cantilever length.�e mean value of the residual stress was found to be 263MPa
with a standard error of ±1 MPa. A thorough error analysis was performed to cal-
culate the propagation of errors to the calculated value of the residual stress of the
PZT and presented as error bars for each single cantilever.

6.4 Measurement Results

6.4.1 Crystal structure

X-ray di�raction (XRD) patterns (Figure 6.5) show that all compositions of PZT
thin �lms (x=0.2-0.8) grow with a (110) preferred orientation.�ere is a clear shi�
in the (110) peak position with increasing Zr content, which can be related to a vari-
ation in lattice parameters.�e out of plane lattice parameters were measured from
θ-2θ XRD scans. Reciprocal space mapping was used to determine the in-plane
lattice parameters. With increasing Zr content, the out-of-plane lattice parameter
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Figure 6.3 – Pro�le of the cantilever a�er the deposition of PZT (x=0.52).�e
maximum upward displacement ξ of the free end of the cantilever (at l=250 µm) is
almost 4 µm, and is used to determine the radius of curvature.
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Figure 6.4 –Measured residual stress in the Pb(Zr0.40Ti0.60)O3 thin �lm as a
function of cantilever length.�e mean value was determined to be 263 MPa with a
standard error of ±1 MPa.
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Figure 6.5 –Measured x-ray di�raction patterns of pulsed laser deposited
Pb(ZrxTi1−x )O3 thin �lms, plotted for di�erent compositions.�e PZT �lms display
a preferred (110) orientation.

increases, whereas the in-plane lattice parameter decreases slightly (see Figure 6.6).
�e lattice parameters of bulk PZT ceramics (Shirane and Suzuki, 1952) are shown
for comparison.�e in-plane lattice parameters of PLD-PZT thin �lms are higher
than those of PZT ceramics for x <0.52 and lower for x >0.52, whereas at x=0.52,
in-plane lattice parameters are approximately equal.

�e volume of a unit cell can be calculated from the lattice parameters and is
shown as a function of composition in Figure 6.7. Compared to bulk PZT ceramics,
the volume of a PLD-PZT unit cell is lower for the Zr rich compositions whereas it
is higher for the Ti rich compositions.

6.4.2 Young’s modulus

�e in-plane Young’s modulus of the PLD-PZT thin �lms is strongly dependent
on composition (Figure 6.8). Moreover, there is a signi�cant di�erence in Young’s
modulus for �lms deposited on cantilevers aligned parallel to the <100> and <110>
silicon directions, which clearly indicates that the in-plane Young’s modulus is
anisotropic. We believe the origin of this e�ect lies in the epitaxial growth of the
PZT on the silicon crystal (Nazeer et al., 2011a).

�e minimum value for the Young’s modulus obtained from the cantilevers
aligned parallel to the <100> silicon direction is found to be 103.5 GPa with a stand-
ard error of ±1.9 GPa for x=0.52. At the same composition for the <110> aligned
cantilevers, the Young’smodulus value is 113.5 GPawith a standard error of±1.5 GPa.
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Figure 6.6 – Lattice parameters as a function of Zr content.�e in-plane lattice
parameter varies slightly with the increase in Zr content whereas the out-of-plane
lattice parameter increases signi�cantly. PLD-PZT lattice parameters are compared
with the bulk PZT ceramic parameters published by Shirane and Suzuki (1952).�e
lines are guides to the eye.
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Figure 6.7 – Compositional variation of the volume of unit cells, calculated from
the data in Figure 6.6. Compared to bulk PZT ceramic data, the volume of
PLD-PZT thin �lm unit cells are lower for Zr rich compositions and higher for Ti
rich compositions.�e lines are guides to the eye.
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Figure 6.8 – Composition dependence of the Young’s modulus of Pb(ZrxTi1−x )O3
thin �lms deposited on cantilevers aligned parallel to the <100> and <110> crystal
direction of silicon.�e trend is compared with the data published by Ja�e et al.
(1971) for bulk PZT ceramics.�e lines are guides to the eye.

For this cantilever orientation, the minimum Young’s modulus is shi�ed towards
Ti rich composition (Nazeer et al.).

�e dip in the Young’s modulus value at x=0.52 (<100> silicon) is in agreement
with the data published for bulk PZT ceramic, but the value is 44% higher (Ja�e
et al., 1971). Reasons for the higher Young’s modulus of the PLD-PZT thin �lms,
such as clamping of the thin �lm, are discussed in detailed in (Nazeer et al.).

6.4.3 Residual stress

�e residual stress of PZT thin �lms deposited on the two crystal directions of
silicon <110> and <100> was determined to be tensile and strongly dependent on
the �lm composition (see Figure 6.9). For Ti rich compositions of x=0.2 and 0.3,
the value of residual stress obtained from the <110> aligned silicon cantilevers is
small compared to the compositions of x=0.4 and above. A similar trend was
also observed from the cantilevers of varying length aligned parallel to the <100>
crystal direction of silicon. For Ti rich compositions from x=0.2 to x=0.4, the
stress increases sharply and then remains constant within error bounds at a higher
value of around 270 MPa for PZT compositions of x=0.4 and above. On the <110>
oriented cantilever however, the residual stress still varies considerably at higher Zr
values with amaximum of 291MPa at x=0.52.�ese variations cannot be attributed
to measurement uncertainties.

�e minimum in the Young’s modulus at x=0.52, corresponds to a maximum
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Figure 6.9 – Compositional distribution of the residual stress in PLD-PZT thin
�lms deposited on cantilevers aligned along the <110> and <100> direction of silicon
crystal lattice. Residual stress in the PZT thin �lm increases with the increasing Zr
content for both silicon directions. Compared to data published for sputtered
PZT (Bruchhaus et al., 1999), the stress in PLD-PZT is lower for Zr rich and Ti rich
compositions whereas it is higher near x=0.52.�e lines are guides to the eye.

in the piezoelectric coe�cient d33,f, which we reported on earlier (Nazeer et al.).
A maximum in the residual stress at x=0.52 was reported as well in literature for
sol-gel derived PZT thin �lms on Si/SiO2/Pt substrates (Corkovic et al., 2008), but
at a lower maximum stress (90 MPa). Residual stress in sol-gel PZT thin �lms
(x=0.52) on platinum electrodes was also reported as 108 MPa and 180 MPa by
other authors (Ledermann et al., 2004; Shepard Jr. et al., 1996). Similar behaviour
was also observed for sputtered PZT thin �lms on platinum electrodes that show
compressive stress for x=0 and 0.1, which changes into tensile stress at x=0.25 and
above (Bruchhaus et al., 1999) (see Figure 6.9). Compared to sputtered PZT, our
measured PLD-PZT thin �lms show lower stress values for all compositions except
at x=0.4-0.52 (Bruchhaus et al., 1999).

6.5 Discussion

6.5.1 Residual stress estimated from di�erence in thermal expansion

�e maximum in the residual stress at x=0.52 coincides with a maximum of the
CTE of PZT thin �lms (Corkovic et al., 2008).�is suggests that at least a part of
the residual stress is caused by the di�erence in CTE between the PZT �lm and the
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Figure 6.10 – Average coe�cient of thermal expansion for cooling down from
deposition temperature (600○C) to room temperature as a function of composition.
�e average CTE is estimated from the residual stress calculated from the static
de�ection and the Young’s modulus and compared with the data from (Noheda
et al., 1997; Shirane et al., 1952). Note that this average CTE also includes volume
changes due to changes in crystal structure.

silicon substrate. Average CTE data has not been published for PZT thin �lm over
the temperature range of interest. �erefore, we extrapolated published thermal
expansion data of bulk PZT ceramics (Noheda et al., 1997; Shirane et al., 1952) to
600○C (see Figure 6.10, curves labeled Noheda and Shirane).�ese values should
be compared with the average CTE of silicon (dotted line).

Using Equation (6.2) we can now calculate the residual stress building up dur-
ing cooling down from deposition temperature (600 ○C) to room temperature, (see
Figure 6.11, labelled RS-CTE).�e trend is comparable to the residual stress cal-
culated from cantilever de�ection (curves labeled PLD-PZT), but there is a large
negative o�set. We suspect that this o�set is caused by a tensile residual stress of
200 to 300 MPa which is already present at the deposition temperature.

For comparison, we show the average CTE calculated from cantilever bend-
ing for our PLD-PZT �lms as well in Figure 6.10.�e compositional variation of
CTE follows the same trend as published in literature for bulk PZT ceramics, but
the values are 75% higher for x around 0.2 and 25% higher for x around 0.8 (see
Figure 6.10).�e average CTE of our PLD-PZT is higher compared to sol-gel (3.7
- 5.3 x 10−6 ○C−1) (Corkovic et al., 2008), and comparable to the range of values
mentioned for the PLD (6 - 7 x 10−6 ○C−1) in literature (Goh et al., 2005).
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6.5.2 Residual stress estimated from lattice parameters

From the XRD data one can estimate the in-plane strain in di�erent compositions
of the �lm, taking the values of bulk PZT ceramics as a non-strained reference. In
combination with the measured in-plane Young’s modulus of the corresponding
PLD-PZT composition in two crystal directions of silicon (Figure 6.8), one can
estimate the residual stress by using Equation (6.3). �e strain in the PLD-PZT
thin �lm varies from negative to positive value as the Zr content increases, with
a transition around x=0.52.�erefore, the calculated residual stress also changes
from compressive to tensile at x around 0.52, where the in-plane lattice parameters
of the PLD-PZT matches with bulk PZT ceramics. �is approach however leads
to unlikely high values ranging from -3.2 to +4.0 GPa, at least an order of mag-
nitude higher than for the range of values observed from cantilever de�ection, see
Figure 6.11 (labelled RS-LP, note that the values are divided by 10!).
Discrepancy between the residual stress from XRD data and the curvature

measurements was already reported in literature (Kim and Yu, 1998), although in
their case the di�erence between XRD and curvature measurements was only a
factor of two. We can therefore only assume that the peak shi� in the XRD is not
caused by strain alone, but also originates from other e�ects such as grain size
variation and columnar growth of our epitaxial PLD-PZT.
It should be noted that residual stress estimates from thermal expansion dif-

ferences or strain measured by XRD rely on bulk ceramic data and assumptions
we made. For design purposes we suggest to use the actually measured data from
cantilever curvature as reported in Figure 6.9.

6.6 Conclusion

We studied the e�ect of the Zr/Ti ratio on the Young’s modulus and residual stress
of the Pb(ZrxTi1−x )O3 thin �lms with a (110) preferred orientation deposited on
silicon cantilevers aligned along the <110> and <100> silicon crystal direction.

�e Young’s modulus was found to be in the range of 100-120 GPa.�e values
and the variation with composition are di�erent for both cantilever orientations.
We believe this anisotropy is caused by the epitaxial growth of our PZT on silicon.

�e residual stress measured from static de�ection was found to be tensile for
all compositionsmeasured (x=0.2 to 0.8) and shows a sharp increase from about 50
to over 250 MPa for compositions from x=0.2 to 0.4.�ese values are higher than
commonly found for sol-gel deposited �lms (90 to 180 MPa). Compared to sputter
deposited PZT, the residual stress in our PLD-PZT is lower for all compositions
except for x=0.4-0.52.

�e residual stress for �lms deposited on <100> cantilevers remains constant
for compositions of x=0.4 and above, whereas it reaches a maximum value for the
<110> oriented cantilevers at x=0.52, followed by a slight reduction.�is e�ect is
larger than the experimental error, and might again be connected to the epitaxial
growth of the �lms.
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Figure 6.11 – Compositional distribution of the residual stress in the PZT thin �lms
from the cantilevers aligned along the <110> and <100> direction of silicon crystal
lattice.�e residual stress measured from the static de�ection of cantilevers (labelled
PLD-PZT), estimated from the lattice parameters mismatch (RS-LP, divided by 10!)
and mismatch of thermal expansion coe�cients (RS-CTE) are shown together for
comparison.�e lines are guides to the eye.

Amaximum residual stress of 291.1 MPa with a standard error of ±4.9 MPa was
measured for the Pb(Zr0.52Ti0.48)O3 thin �lm deposited on the silicon cantilever
directed along the <110> silicon crystal direction. For identical cantilevers but
aligned parallel to the <100> crystal direction of silicon, we found 270.6 MPa with
a standard error of ±2.9 MPa.
Using thermal expansion coe�cients for bulk PZT ceramics and silicon, we

estimated the residual stress caused by cooling down from deposition to room
temperature.�e variation in stress with composition is predicted qualitatively, but
at a large negative o�set. We suspect this is due to a 200-300 MPa intrinsic tensile
stress which is already present at the deposition temperature.

�e in-plane and out-of-plane lattice parameters measured by XRD on PLD-
PZT show a remarkably di�erent behaviour with composition as compared to bulk
PZT ceramics. From the di�erence we estimated the residual stress, which was
found to be at least an order of magnitude higher than measured by cantilever
bending. We suspect that the peak shi�s in the XRD measurement are not only
caused by strain variation, and conclude that XRD measurements are not suitable
to estimate residual stress in this material.





Chapter 7

Mechanical properties of GeSbTe
phase-change thin �lms

7.1 Introduction

Mechanical properties of thin �lms, notably their Young’s modulus, can be accur-
ately determined by means of microcantilevers (Isarakorn et al., 2010; Poelma et al.,
2011; Ræder et al., 2007). �e method relies on a change in resonance frequency
caused by the deposition of the thin �lm on the cantilever.�e extra mass of the
thin �lm will decrease the resonance frequency, whereas the added rigidity of the
structure by adding the �lm will cause an increase. Up to now we have been using
thin �lms from di�erent deposition runs, for instance to determine the variation of
the Young’s modulus with �lm composition (Nazeer et al., 2011a,b). In this chapter
we illustrate the method on GeSbTe (GST) phase change �lms, which has the ad-
vantage that the Young’s modulus of the �lm can be changed when it is on the
cantilever, without changing its mass. �e sole reason for a change in resonance
frequency will therefore be the change in the Young’s modulus of the phase change
�lm.

�e class of GST phase change materials has received considerable attention
because of its use in non-volatile memory devices. Applications using the optical
properties of this material date back to 1990, and passing through di�erent genera-
tions led to the Blu-ray disk in 2004 (Wuttig and Yamada, 2007).�e growing and
dynamic market of electronic memories is the driving force to explore new mater-
ial technologies with superior properties. In this application, the di�erence in the
electrical resistance between the amorphous and crystalline state is exploited (Burr
et al., 2010).
Phase change materials based on the Ge-Sb-Te (GST) alloy are found to exhibit

excellent electrical and phase change properties and can endure large numbers of
read write cycles (Carria et al., 2011). From the family of GST alloys, the compos-
itions Ge1Sb2Te4 (GST124) and Ge2Sb2Te5 (GST225) are widely studied because
of their superior combination of properties (Krbal et al., 2008; Matsunaga and

63
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Yamada, 2004; Tomforde et al., 2011). �ese materials were mostly investigated
on the basis of their optical, electrical and phase change properties. To support
the use of these materials as an active device layer, information is needed on the
mechanical properties, like Young’s modulus and residual stress.�ese properties
have not been extensively investigated and a large variation of reported values can
be found in literature (Jong et al., 2001; Marmier et al., 2011). Knowledge on the
compositional dependence of these properties and their variation with temperature
facilitates the choice for the correct composition for a particular application.
In addition to the determination of the Young’s modulus, the residual stress

of the GST thin �lms was obtained from the change in static de�ection of the
cantilevers. Crystallization of the GST thin �lms is accompanied by a volume re-
duction (Weidenhof et al., 1999), which results in an abrupt change in the cantilever
de�ection. For comparison, the decrease in sheet resistance of the GST thin �lms
upon crystallization was measured as well.

�e theoretical relations for the properties investigated in this study are ex-
plained in section 7.2. Cantilevers were fabricated with standardMEMS fabrication
process and GST thin �lms were sputtered on these cantilevers (see section 7.3). In
this section, we explain the annealing treatment and measurements of the Young’s
modulus, residual stress and sheet resistance. �e measurement results are com-
piled in section 7.4 and discussed in section 7.5.

7.2 �eory

7.2.1 Analytical model for the Young’s modulus of GST thin �lms in
amorphous and crystalline states

A dynamic approach, based on the Euler-Bernoulli beam equation and the depend-
ence of the resonance frequency on the �exural rigidity of composite cantilever,
was used to develop an analytical model for determination of the Young’s modu-
lus (Nazeer et al., 2011a). Due to the addition of a thin �lm on the cantilever, the
�exural rigidity of the composite cantilever increases and its neutral axis shi�s to a
new position. In addition the �lm will add to the mass of the composite cantilever.
�ese three e�ects result in a change in the resonance frequency. By measuring
this change before and a�er deposition of the thin �lm, one can obtain its Young’s
modulus from Equation (7.1).

E∗f =
1
t3f
[6(γs +γf)B−2E∗s t3s −3tfE∗s t2s −2E∗s ts t2f

+2

¿

Á
Á
Á
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E∗2s t2s t4f +3E
∗2
s t3s t3f +(4E∗2s t4s −3AB)t2f +

(3E∗2s t5s −9ABts)tf +E∗2s t6s −6ABt2s+
9(γs +γf)2B2

],
(7.1)

where
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A= E∗s ts(γs +γf),

and

B = (

¿

Á
ÁÀ

E∗s t3s
12tsρs

−0.568π∆ f0L2)2 .

In the above equation L, t and E∗ are the length, thickness and the e�ective
Young’smodulus respectively and γ = ρt. Subscripts ‘s’ and ‘f’ denote the silicon and
the thin �lm.�e measured di�erence in the fundamental resonance frequency of
the cantilevers before and a�er the deposition of the thin �lm is denoted by ∆ f0. By
taking this di�erence, any potential uncertainties in the thickness of the cantilever
can be eliminated and a more accurate result is obtained (Schweitz, 1991).

�e resonance frequency of the cantilever is a function of the Young’s modulus
of the GST �lm and its mass, which is the product of density and thickness. In
principle, the mass does not change during a transition from the amorphous to
crystalline phase. �e change in resonance frequency therefore is in �rst order
only caused by a change in Young’s modulus. �e neutral line (of no strain) in
the cantilever however shi�s down toward the cantilever axis with decreasing GST
�lm thickness. From Equation (7.1) we can calculate that for a 200 nm GST �lm
deposited on a 3 µm silicon cantilever, the product of Young’s modulus and �lm
thickness only changes by 0.3%when reducing the �lm thickness by 6.5% �erefore,
we can consider the product of GST Young’s modulus and �lm thickness to be
independent on a reduction in �lm thickness due to the crystallization process.

7.2.2 Residual stress

Crystallization of the GST thin �lms at elevated temperature leads to a reduction
in volume. When deposited on cantilevers, this reduction causes the cantilevers to
bend upwards. By measuring the static de�ection of these cantilevers before and
a�er the deposition at every annealing step, we can determine the residual stress
in GST thin �lms at di�erent temperatures. Since the GST �lm thickness is small
compared to the substrate thickness, we can use Stoney’s approximation 7.2 (Jeon
and�undat, 2004; Stoney, 1909).

σf =
1
3

Es t2s ξ
(1−νs)tfL2

, (7.2)

the symbols σ , E, t, L, and ξ are the residual stress, Young’s modulus, thickness,
length and de�ection respectively. Subscripts ‘s’ and ‘f’ denote the silicon and thin
�lm. Again, the product of residual stress and �lm thickness is independent on the
�lm thickness itself.
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7.2.3 Coe�cient of thermal expansion

�e average coe�cient of thermal expansion (CTE) of the GST thin �lms depends
on the composition as well as the phase of the material (Li et al., 2008). We de-
termined the average CTE of the GST thin �lms in amorphous and crystalline
state by using the residual stress calculated from the cantilever de�ection (Equa-
tion (7.3)).�e average CTEwas calculated in the temperature range between room
temperature (20○C) and the annealing temperature.

αf =
σf
∆T

(

1−νf
Ef

)+αs , (7.3)

the symbols α, ν and ∆T are the average CTE, poisson’s ratio and di�erence in the
annealing and room temperature (20○C) respectively. We used published values
of αs at the particular annealing temperature (Glazov and Pashinkin, 2001; Okada
and Tokumaru, 1984), and νf was assumed to be 0.3 (Leervad Pedersen et al., 2001).

7.3 Experimental details

7.3.1 Fabrication of cantilevers

�e cantilevers are fabricated from a double side polished single-crystal silicon on
insulator wafer (SOI). Length of the cantilevers varies from 250 µm to 350 µm in
steps of 10 µm with a constant width of 30 µm. �e thickness is de�ned by the
thickness of the (001) silicon device layer (3 ± 0.5 µm). Details of the fabrication
process are similar to what is explained in section 5.3.1.

7.3.2 GST deposition

�e 200 nm �lms of compositions Ge1Sb2Te4 (GST124) and Ge2Sb2Te5 (GST225)
were deposited directly on the Si cantilevers by DC magnetron sputtering in an
argon plasma at a sputtering power of 300 W and deposition rate of 6 nm/s. A
5 nm ZnS-SiO2 capping layer was deposited to protect the �lms from oxidation at
a sputtering power of 1 kW at a rate of 3.4 nm/s.

7.3.3 Annealing of GST

Compositional and phase dependence of the Young’s modulus, residual stress and
sheet resistance of the GST225 and GST124 thin �lms were investigated at di�er-
ent temperatures. Samples were annealed from room temperature to the desired
temperature with a ramping rate of 3○C/min in a vacuum furnace with nitrogen
environment at a pressure of 1 mbar.�e chips were kept at the desired temperature
for 15 minutes and then cooled down to room temperature with even lower rate.
Measurements for the Young’s modulus, residual stress and sheet resistance

were conducted at room temperature a�er each annealing step. Samples identi�ed
by GST225 and GST124 were passed through an identical annealing procedure up
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to 180○C with reduced temperature steps around 150○C. In order to investigate the
behaviour of the properties around crystallization temperature of GST124, another
sample with a Ge1Sb2Te4 composition (which we will refer to as GST124∗) was
annealed with extra temperature steps around 130○C.�e annealing history of the
samples is summarized in Table 7.1.

Table 7.1 – Annealing history of the GST thin �lms. GST124∗ passed through more
annealing steps before reaching 140○C.

Annealing temperature (○C)

Sample 60 100 110 120 130 140 150 160 170 180

GST225 x x x x x x x
GST124 x x x x x x x
GST124∗ x x x x x x x x x x

7.3.4 Resonance frequency measurements

�e resonance frequency of the cantilevers was measured by using a MSA-400
micro system analyzer scanning laser Doppler vibrometer. Measurements of the
resonance frequency were conducted both before and a�er the deposition and each
annealing step. �ermal excitation of the cantilevers in ambient conditions was
used to measure the amplitude spectrum, which is then �tted to the theoretical ex-
pression of mass-spring system with damping to calculate the resonance frequency
(see Figure 7.3).

7.3.5 Static de�ection measurements

Static de�ection ξ of the cantilevers was measured at room temperature by using
white light interferometry (WLIF) of a Polytec MSA-400 analyzer. From the de�ec-
tion, the residual stress in the GST thin �lms was determined using Equation (7.2).
As expected, all cantilevers were found to be straight before deposition of the GST
thin �lms. A�er annealing at certain temperature, all cantilevers bent upwards,
indicating that the GST �lms are under tensile residual stress. A 2-D white light
interference microscopic image of a 250 µm long cantilever with GST225 a�er an-
nealing at 150○C is shown in Figure 7.1.�e pro�le of the cantilever obtained from
this image shows that the cantilever was bent upward (see Figure 7.2). Similarly,
cantilevers of varying length deposited with GST225 and GST124 were measured
a�er each annealing step to reduce the error. All the static de�ectionmeasurements
were conducted at room temperature.

7.3.6 Sheet resistance measurements

�e sheet resistance of the GST thin �lms was measured by a four-point probe.�e
measurements were taken a�er the deposition of the GST thin �lms and a�er each
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Figure 7.1 – Top view of the reconstructed image from a white light interference
measurement of a ∼ 290 µm long, ∼ 30 µm wide and ∼ 3 µm thick silicon cantilever,
with 200 nm thick GST225. As an example, measurement conducted a�er annealing
at 150○C are shown here. Length and width axes of the cantilever are denoted by l
and y, whereas the out of plane displacement is represented by z.
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Figure 7.2 – Cantilever pro�le obtained from Figure 7.1.�e maximum upward
static de�ection at room temperature a�er 150○C annealing is high compared to the
one measured at 140○C because of the built up of tensile residual stress.
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annealing step at room temperature (see Figure 7.6).

7.4 Measurement Results

7.4.1 Young’s modulus

�e in-plane Young’s modulus of the GST thin �lms is shown in Figure 7.4 as a
function of composition and annealing step. In the amorphous state, below the
crystallization temperature, the Young’s modulus is lower than that of the corres-
ponding crystalline phase (Weaire et al., 1971).
During crystallization the thickness of the GST reduces, leading to an equal

increase in �lm density.�e product of both, which is the mass of the �lm, remains
constant. �e same is true, to a good approximation, for the product of Young’s
modulus and thickness. To be able to give absolute values, we have taken the thick-
ness reduction to be 6.5% for the GST225 composition (Elliott and Hegedus, 2008;
Njoroge et al., 2002) (leading to an increase in density from 5870±50 kg/m3 to
6270±20 kg/m3), and a reduction of 4% for GST124 (Blachowicz et al., 2007) (with
density increasing from 5900 kg/m3 to 6200 kg/m3).

�emeasured Young’smodulus of the GST225 thin �lm as deposited in amorph-
ous state was found to be 18.9 GPa with a standard error of ±0.7 GPa (0.7). �e
Young’s modulus increased sharply above the crystallization temperature of 150○C
to a value of 38.2 (0.3) GPa. �e crystallization temperature agrees well with the
range of values quoted in literature (Kalb et al., 2003b; Krusin-Elbaum et al., 2007;
Njoroge et al., 2002; Tomforde et al., 2011). �e increase in the Young’s modulus
from amorphous to crystalline state is consistent with results published in liter-
ature (Kalb et al., 2003a; Leervad Pedersen et al., 2001). We assumed a typical
value of νf of 0.3, in order to compare with the biaxial modulus values published
in literature.

�e Young’s modulus of the GST124 thin �lm was found to be 15.9 (0.2) GPa
and 31.3 (0.3) GPa in the amorphous and crystalline state respectively.�e crystal-
lization temperature of 130○C is consistent with the range of temperature values
reported elsewhere (Blachowicz et al., 2007; Kalkan et al., 2011).�e fact that the
crystallization temperature of GST124 is lower than GST225 agrees with measure-
ments by Carria (Carria et al., 2011) and Kalb (Kalb et al., 2007). �e measured
Young’s modulus is slightly lower than reported by Blachowicz (Blachowicz et al.,
2007), who found 24.8 GPa for the amorphous and 39.5 GPa for the crystalline
phase.

7.4.2 Residual stress

�e residual stress in the GST thin �lms strongly depends on the annealing temper-
ature as well as the composition of the GSTmaterial (see Figure 7.5). We observed a
sharp increase in the residual stress, when the GST thin �lms were annealed above
the crystallization temperature. �is increase in the residual stress is attributed
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Figure 7.3 –Measured resonance frequencies of the silicon cantilever without
(black) and with GST thin �lms in amorphous (red) and crystalline state (blue).
�e resonance frequency decreases a�er deposition, whereas it increases upon
annealing.�is increase is attributed to the higher Young’s modulus of the GST thin
�lms in crystalline state. Figure (a) Ge2Sb2Te5 on a ∼ 310 µm long cantilever. Figure
(b) Ge1Sb2Te4 on a ∼ 260 µm long cantilever.
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Figure 7.4 –�e Young’s modulus of the GST225 and GST124 thin �lms plotted as a
function of the annealing temperature. We observed the rise in the Young’s modulus
value above the crystallization temperature for both the GST225 and GST124 thin
�lms.�e Young’s modulus of the GST225 �lm is 30% higher than that of GST124.
�e lines are guides to the eye.
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to an increase in the density as well as an increase in CTE of the GST upon to
crystallization.

�ere is no residual stress in the as-deposited GST225 thin �lm. �e stress
increases slowly to a value of 49.7 (0.3) MPa at 140○C, just before the crystallization
temperature. A sharp increase in residual stress to a value of 331.6 (1.5) MPa was
observed a�er annealing at 150○C.�e crystallization temperature determined from
the stress measurements is consistent with the Young’s modulus results. Annealing
above the crystallization temperature up to 180○C shows some stress relaxation,
see Figure 7.5. �e trend in the temperature dependence of the residual stress in
GST225 agrees with results published by others (Leervad Pedersen et al., 2001; Park
et al., 2008). Krusin-Elbaum et al. (2007) observed a similar stress release, and
showed it to be dependant on the material composition.
Residual stress in the GST124 and GST124∗ thin �lms were also found to be

negligible in the as-deposited state.�e stress for GST124∗ increased to a value of
46.8 MPa (0.2) at 120○C.When measured a�er annealing at the crystallization tem-
perature (130○C), the residual stress increased to a higher value of 238.6 (1.0) MPa.
�e GST124 and GST124∗ sample show surprisingly distinct residual stress values
at annealing temperatures a�er the crystallization (see Figure 7.5). We observed a
strong e�ect of the annealing history on the residual stress of the GST thin �lms.
�e GST124∗ sample, which passed through more annealing steps (see Table 7.1)
shows a 45% higher residual stress than GST124 sample at 140○C. Stress relaxation
in the GST124 thin �lms at elevated annealing temperatures is not present, as we
observed for the GST225 thin �lm.

7.4.3 Sheet resistance

�e annealing temperature dependence of the sheet resistance is shown in Figure 7.6.
�e sheet resistance of both the GST225 and GST124 thin �lms in the as-deposited
amorphous state is high (in the range of 1100 to 1200 kΩ/sq) as compared to the
crystalline state. Annealing with increasing temperature reduces the sheet resist-
ance monotonously, without a sudden drop at the crystallization temperature. A
sudden drop is reported however by Jang et al. (2009), from 90○C to 170○C for the
Ge2Sb2Te5 composition. Njoroge et al. (2002) also observed a sudden drop around
150○C when measuring during annealing.
At the temperature of 150○C, where we observed a sharp increase in the Young’s

modulus and residual stress, the sheet resistance was 74 kΩ/sq for the GST225 thin
�lm, which is in the same order of magnitude as reported in literature. However,
the sheet resistance in amorphous state is one order ofmagnitude less than reported
values in literature . We suspect that these lower values, and the absence of a sudden
drop, are caused by the low resistivity silicon device layer underneath the GST thin
�lms. A short-cut current through this layer might reduce the sheets resistance
and obscure a sudden drop in sheet resistance in the four-point measurement.�e
sheet resistance of the GST124 and GST124∗ samples at 140○C was found to be
184 kΩ/sq and 164 kΩ/sq respectively (see Figure 7.6).
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Figure 7.5 – Residual stress dependence of Ge2Sb2Te5 and Ge1Sb2Te4 �lms on
temperature.�e Ge1Sb2Te4 �lms shows lower values of residual stress as compared
to Ge2Sb2Te5.�ere is a clear di�erence in residual stress values for two identical
Ge1Sb2Te4 samples, which were annealed through di�erent steps (see Table 7.1).
Stress relaxation as seen in the Ge2Sb2Te5 �lm a�er 150○C was not observed for
Ge1Sb2Te4 �lms.�e lines are guides to the eye.
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Figure 7.6 – Change in the sheet resistance of the GST225 and GST124 �lms as a
function of temperature.�e sheet resistance was measured using a four-point probe
at room temperature.�e lines are guides to the eye.



7.5 – Discussion 73

� � � � � 
 � � � � � � � � 	 �
� � �

� � �

� � �

� � �

� � 	

� � �

�
�

�
�


	�
��

���
��

��

�� � � � 
 � � �  � � � � � � � 
 � � � � � � � � �

� � 
 � � � � � � � � � � �
� 	 
 � 
 � 
 � � � � � � � �

	 � � �  � � � � � � � � � �

� � � � � � 
 � � � � � � � �

Figure 7.7 – Young’s modulus and residual stress of the GST225 thin �lm compared
to the change in transmissivity at the crystallization temperature (Yamada et al.,
1991).�e lines are guides to the eye.

7.5 Discussion

At the crystallization temperature a sharp increase in the residual stress and Young’s
modulus of the GST thin �lms is observed.�e variation in the Young’s modulus
and residual stress of theGST225 thin �lmswith annealing temperature is compared
with changes in the transmissivity data obtained from literature (Yamada et al., 1991)
in Figure 7.7.�e observed dip in the transimissivity coincides well with the rise of
the Young’s modulus and residual stress.�is crystallization temperature of 150○C
�lm agrees well with data published for Ge2Sb2Te5 (Friedrich et al., 2000; Kalb
et al., 2003a).
From the residual stress and the Young’s modulus, we can calculate the strain

in the �lm, and therefore the average CTE between room temperature and the
annealing temperature.�e result is plotted in Figure 7.8.�e drop in the residual
stress of the GST225 thin �lm a�er the crystallization temperature (Figure 7.5) is
also re�ected in an even more steep drop in the average CTE values. Likewise,
even though the stress remains constant a�er the crystallization temperature for
the GST125 �lms, the average CTE decreases with higher annealing temperature.

7.6 Conclusion

Wehave deposited 200 nmGST �lms on 3µm silicon cantilevers to determine their
change in Young’s modulus and residual stress when passing from the amorphous
to crystalline state. Calculations show that the e�ect of a change in neutral line
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Figure 7.8 – Average coe�cient of thermal expansion calculated between the
annealing temperature and room temperature.�e average CTE is estimated from
the measured Young’s modulus and residual stress at the corresponding annealing
temperature.

when the thickness of the GST �lm changes by 6.5% is negligble.�erefore, we can
consider the product of GST Young’s modulus and �lm thickness, as well as the
product of residual stress and �lm thickness, to be independent on a reduction in
�lm thickness due to the crystallization process.

�e in-plane Young’s modulus of the GST thin �lms depends on the physical
state, amorphous or crystalline, as well as the composition.�e Young’s modulus of
the GST �lms increases sharply from 18.9 (0.7) GPa to 38.2 (0.3) GPa (GST225) and
15.9 (0.2) GPa to 31.3 (0.3) GPa (GST124) a�er annealing above the crystallization
temperature. Distinct values exists for the crystallization temperature of GST225
and GST124 as 150○C and 130○C respectively. �is phase transition temperature
is measured from the change in the Young’s modulus values and agrees well with
values quoted in literature obtained by optical re�ection (Yamada et al., 1991) and
electrical conductivity (Njoroge et al., 2002).
Residual stress in the GST thin �lms increases sharply from almost no stress

a�er deposition to higher values of 331.6 (1.5) MPa (GST225) and 238.6 (1.0) MPa
(GST124∗) when changing from the amorphous to crystalline phase .�is rise in
the residual stress is due to the formation of crystals accompanied by a reduction in
volume.�e increase of stress follows the same temperature behaviour as measured
for the Young’s modulus. �e di�erence in the residual stress between GST225
and GST124 �lms can adequately be explained by the di�erent thermal expansion
behaviour of the two compositions .
We observe a slight increase in the residual stress just before crystallization
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temperature, which we believe is caused by the start of localized crystallization
of the phase change material. We observed relaxation in the residual stress of
the GST225 thin �lm when annealed above the crystallization temperature. �is
relaxation is not present in the GST124 �lms, and the cause is not yet clear to us.�e
residual stress is highly dependent on the annealing history, we observed higher
stress values if the �lm is annealed longer below the crystallization temperature.

�e sheet resistancemeasured for the two compositions ofGST shows one order
of magnitude di�erence between the amorphous and crystalline state. Unlike the
Young’s modulus and residual stress, there is no sharp transition temperature.�e
resistance rather drops monotonously over a wide temperature range.�is might
be caused by the fact that we measure the sheet resistance of the phase change
material directly on the semiconducting silicon substrate.





Chapter 8

Summary and conclusions

�e main goal of the work compiled in this thesis is to investigate thin �lms for
integration in micro electromechanical systems (MEMS).�e miniaturization of
MEMS actuators and sensors without compromising their performance requires
thin �lms of di�erent active materials with speci�c properties. �e properties of
materials in thin �lm form di�er from those in bulk, because of large surface to
volume ratio, unique microstructure, constraints imposed by the substrate, etc.

�e work deals with easy to fabricate single crystal silicon micro cantilever
structures and capacitors as test devices to explore material properties in the thin
�lms domain. Cantilevers are deposited with the thin �lms under investigation
and capacitors were formed by sandwiching the active material between top and
bottomelectrodes. Identi�cation of the sources of error and their quanti�cation and
reduction increases the reliability and accuracy of our characterization methods.

8.1 Summary

8.1.1 Cantilevers

�e Young’s modulus of thin �lms can be determined by deposition on a micron-
sized silicon cantilever and measuring the resonance frequency before and a�er
deposition.�e accuracy of the method depends strongly on the initial determina-
tion of the mechanical properties and dimensions of the cantilever. We discussed
the orientation of the cantilever with respect to the silicon crystal, and the inevit-
able undercut of the cantilever caused by process inaccuracies. By �nite element
modelling we show that the Young’s modulus should be used instead of the ana-
lytical plate modulus approximation for the e�ective Young’s modulus of silicon
cantilevers used in this work for both the <100> and <110> crystal orientation.
Cantilever undercut can be corrected by variation of the cantilever length.
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8.1.2 Anisotropic Young’s modulus

A large part of this work deals with PbZr0.52Ti0.48O3 (PZT) thin �lms deposited by
pulsed laser deposition (PLD).�ese �lms grow epitaxially on silicon and therefore
have excellent piezoelectric properties which make them outstanding candidates
for application in MEMS devices.
We determined the Young’s modulus of epitaxially grown PZT on microcanti-

levers by measuring the di�erence in cantilever resonance frequency before and
a�er deposition. By carefully optimizing the accuracy of this technique, we were
able to show that the Young’s modulus of PZT thin �lms deposited on silicon is de-
pendent on the in-plane orientation, by using cantilevers oriented along the <110>
and <100> silicon directions. Deposition of thin �lms on cantilevers a�ects their
�exural rigidity and increases their mass, which results in a change in the reson-
ance frequency. An analytical relation was developed to determine the e�ective
Young’s modulus of PZT thin �lms from the shi� in the resonance frequency of
the cantilevers, measured both before and a�er the deposition. We took extra care
to eliminate the errors in the determination of the e�ective Young’s modulus, by
accurately determining the dimensions of the cantilevers and by measuring many
cantilevers of di�erent lengths. Over-etching during the release of cantilevers from
the handle wafer caused an undercut. Since this undercut can not be avoided, an
e�ective length was determined and used in the calculations.�e Young’s modulus
of PZT, deposited by PLD, was determined to be 113.5 GPa with a standard error of
± 1.5 GPa for the <110> crystal direction of silicon. For the <100> silicon direction,
we measured 103.5 GPa with a standard error of ± 1.9 GPa.

8.1.3 Compositional dependence

A strong dependence of composition on the mechanical and piezoelectric proper-
ties of Pb(ZrxTi1−x )O3 thin �lms fabricated by PLD on silicon substrates with a
(110) preferred orientation was observed. Vibrometric measurements on capacit-
ors showed that the e�ective longitudinal piezoelectric coe�cient (d33,f) of 250 nm
thick PZT �lms has a maximum value of 93 pm/V for a composition of x = 0.52.
�e compositional dependence of the Young’s modulus shows an increase in value
for the Zr-rich compositions, which is in agreement with the trend observed in
their bulk ceramic counterparts. From the obtained dielectric constant and d33,f,
we show that the calculated coupling coe�cients of the PLD-PZT thin �lms have
higher values for most of the compositions than their ceramic counterparts.
We also report on the compositional dependence of the in-plane Young’s mod-

ulus of Pb(ZrxTi1−x )O3 thin �lms with (001) preferred orientation. Epitaxial PZT
thin �lms were deposited on silicon cantilevers through PLD with compositions
ranging from x = 0.2 to 0.8. A higher Young’s modulus of the PZT thin �lms was
observed in the <100> silicon direction for all the composition, with the largest
variation in Young’s modulus of 46% found at a composition of x = 0.2. Consist-
ent with bulk PZT ceramics, the minimum in the Young’s modulus was found at
x = 0.52 for the <110> silicon direction.�e value as well as the directional aniso-
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tropy in the Young’s modulus of the (110) oriented �lms was found to be smaller
than in the (001) orientation. From the higher coupling coe�cient of (110) ori-
ented Pb(Zr0.52Ti0.48)O3 thin �lms we conclude that these are more appropriate
for application in transducers.

8.1.4 Residual stress in PZT thin �lms

We investigated the residual stress in Pb(ZrxTi1−x )O3 (PZT) thin �lms with a (110)
preferred orientation and a composition x ranging from 0.2 to 0.8.�e �lms are
grown by pulsed laser deposition on silicon cantilevers aligned along the <110> and
<100> silicon crystal directions. Static bending of the cantilevers are used to de-
termine the residual stress.�e residual stress is tensile and shows a sharp increase
from about 50 to 250 MPa at a composition of x=0.2 to 0.4. �ese mechanical
parameters clearly depend on the cantilever orientation with respect to the silicon
crystal, which we suspect to be linked to the epitaxial growth of the �lms. �e
variation in stress with composition can be explained by the di�erence in thermal
expansion between silicon and PZT, if we assume an intrinsic stress of 200-300
MPa to be already present immediately a�er deposition. Strain calculated from
x-ray di�raction data leads to unreasonably high residual stress values, at least one
order of magnitude higher than measured by cantilever bending.

8.1.5 Investigation of phase-change thin �lms

Next to the PZT material, we investigated phase change thin �lms. �e Young’s
modulus in these �lms increases drastically upon annealing.�is is both interesting
for demonstration of our method, and from an application point of view. �e
Young’s modulus, residual stress and sheet resistance of phase change thin �lms
(Ge1Sb2Te4 and Ge2Sb2Te5) deposited on microcantilevers were determined as a
function of annealing temperature.�e Young’s modulus and the tensile residual
stress show a sharp increase a�er annealing above the crystallization temperature.
�e sheet resistance shows a monotonous decrease with annealing temperature.
�e residual stress above the crystallization temperature is strongly dependent on
the annealing history.�e Ge2Sb2Te5 thin �lm shows stress relaxation above the
crystallization temperature, an e�ect which is not observed for Ge1Sb2Te4.

8.2 Conclusions

8.2.1 Determination of Young’s modulus

�e Young’s modulus of thin �lms can be reliably determined from a resonance
frequency shi� of microcantilevers on which the �lms are deposited. A high accur-
acy can be obtained a) by taking the di�erence in the resonance frequency before
and a�er the deposition of the thin �lms, b) by taking into account the e�ective
undercut length and thickness of the individual cantilevers, c) by measuring many
cantilevers, and d) by applying a rigorous error analysis.
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To match this high accuracy, a precise value is needed for the e�ective Young’s
modulus of the cantilevers, taking into account the anisotropic Young’s modulus of
silicon and clamping of the cantilever at its base.�is value of the e�ective Young’s
modulus must therefore be determined by 3-D FE simulations.

8.2.2 PZT piezoelectric thin �lms

Epitaxially grown PZT, deposited by pulsed laser deposition, shows excellent piezo-
electric and mechanical properties, which can be exploited in MEMS sensors and
actuators. For instance, its higher Young’s modulus results in a higher coupling
coe�cient in comparison to bulk PZT ceramic in clamped conditions.�e results
reported in this thesis facilitate the choice of the correct composition, based for
instance on an optimization of �gures of merit speci�c for the intended application.

�e Young’s modulus of the PZT thin �lms is found to be anisotropic and
strongly dependent on composition. �e anisotropy is lower in PZT thin �lms
with (110) orientation compared to �lms with (001) orientation.
PZT thin �lms with a (110) orientation have a higher coupling factor than �lms

with a (001) orientation. Since (110) �lms also have a lower anisotropy, they appear
to be more suitable for MEMS applications.
Residual stress can be accurately determined from cantilever curvature. �is

technique is to be preferred over X-ray di�raction, which gives unlikely high values.
�e residual stress is found to be tensile for all compositions of PLD-PZT invest-
igated in this thesis. It is comparable to sputter deposited �lms and higher than
sol-gel PZT.

8.2.3 GeTeSb phase change thin �lms

We applied the Young’s modulus technique to GeTeSb based phase change thin
�lms, because the Young’s modulus of the �lm on the cantilever can be changed by
heating, without any change in its mass. Indeed we observed a strong increase in
the Young’s modulus and residual stress at crystallization temperature.
Calculations show that the slight reduction in the �lm thickness due to crystal-

lization can be neglected.
We observed a strong dependence of the residual stress on the annealing history

before the crystallization temperature, which should be taken into consideration
when designing the structures using GST thin �lms.
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Appendix A

Cantilever process �ow

Single crystal silicon cantilevers have been fabricated. In this appendix the process
�ow of the cantilevers with a length direction aligned parallel to the <110> and
<100> crystal directions of silicon is given.

Table A.1: Process steps

Step Process Comment

1a Substrate selection – Silicon <100>OSP 06 wafers
Orientation: <100> (dummies)
Diameter: 100mm
�ickness: 525µm ±25µm
Polished: Single side
Resistivity: 5-10Ωcm (p-doped)

1b Substrate selection – SOI <100>DSP 06 wafers
Orientation: <100> (process wafers)
Diameter: 100mm
Device layer thickness: 3µm ± 0.5µm
Device layer resistivity: 0.01-0.02Ωcm (p-doped)
Handle wafer thickness: 380µm ± 5µm
Handle wafer resistivity: 1-5Ωcm (p-doped)
BOX thickness: 0.5µm +/- 5%

2 Wafer thickness measurement SOI wafers
Veeco Dektak 8

3 Wafer curvature measurement SOI wafers
HeidenHahn
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Table A.1 Process steps (continued)
Step Process Comment

4 Standard cleaning
HNO3 (99%) Selectipur: MERCK
HNO3 (69%) VLSI: MERCK
● Beaker 1: fumic HNO3 (99%), 5min
● Beaker 2: fumic HNO3 (99%), 5min
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Beaker 3: 95°C HNO3 (69%), 10min
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Semitool PSC101
- rinse in DI: 600rpm, 30s
- rinse in DI: 600rpm, 12MΩ
- N2 purge: 600rpm, 30s
- drying: 1600rpm, 150s

5 Ellipsometer Measurement SiO2 thickness
Plasmos Ellipsometer on back side

6 Etching BHF (1:7) SiO2 Time: 10min
HF/NH4F(1:7) VLSI: BASF
● time: 10min
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Semitool PSC101
- rinse in DI: 600rpm, 30s
- rinse in DI: 600rpm, 12MΩ
- N2 purge: 600rpm, 30s
- drying: 1600rpm, 150s
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Table A.1 Process steps (continued)
Step Process Comment

7 Lithography – Olin 907-17 Front side mask,
Suss Micro Tech Spinner (Delta 20) vacuum contact
● Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):
● Spin program: 4 (4000rpm, 20s)
Olin 907-17:
● Spin program: 4 (4000rpm, 20s)
● Prebake (95°C): 90s
Electronic Vision Group 620 Mask Aligner:
●Hg-lamp: 12mW cm−2
● Exposure Time: 4s
● A�er Exposure Bake (120°C): 60s
Developer OPD4262:
● Time: 30s in Beaker 1
● Time: 15-30s in Beaker 2
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Single wafer dryer
- 2500rpm, 60s with 30s N2

8 Lithography – Postbake
Hotplate 120°C
● Time: 10min

9 Optical microscopic inspection Inspection of
Nikon Microscope lithography
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Table A.1 Process steps (continued)
Step Process Comment

10 Plasma etching of Si: Bosch-ADIX Etch depth 3µm
Adixen SE Time: 32s
Application: Etching of device layer
Note:�e gas �ow is optimised for the mask

Parameters Etch Deposition

Gas SF6 C4F8
Flow (sccm) 300 150
Time (s) 7 2
Priority 2 1
APC (%) 25 25
ICP (Watt) 1800 1800
CCP (Watt [pulsed LF]) 80 80
on/o� (msec) 10/90 10/90
He (mbar) 10 10
SH (mm) 200 200
Electrode temp. (°C) 10 10

11 Optical microscopic inspection
Olympus/Leica Microscope

12 Surface pro�le measurement
Veeco Dektak 8

13 Stripping of Olin PR by oxygen plasma Tepla 300 10min
Barrel Etcher (2.45GHz)
Ultra clean system only (no metals except Al)
● O2 �ow: 1000sccm
● Power: 1000W
● Pressure: 1mbar
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Table A.1 Process steps (continued)
Step Process Comment

14 Lithography – Polyimide Pyralin (PI-2611) Front side
Suss Micro Tech Spinner (Delta 20)
Application: Protect cantilevers and
prevent He leakage
● Dehydration bake (120°C): 5min
● Spin program: custom (500rpm, 5s and
4000rpm, 30s)
● So�bake (120°C): 60s
Curing polyimide:
●Heraeus resist bake furnace (200°C): 30min
● Atmospheric environment
Curing polyimide in N2:
●Heraeus vacuum furnace (350°C): 30min
● Nitrogen environment (1mbar)

15 Surface pro�le measurement
Veeco Dektak 8

16 Lithography – Olin 907-17 Back side mask,
Suss Micro Tech Spinner (Delta 20) vacuum contact
● Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):
● Spin program: 4 (4000rpm, 20s)
Olin 907-17:
● Spin program: 4 (4000rpm, 20s)
● Prebake (95°C): 90s
Electronic Vision Group 620 Mask Aligner:
●Hg-lamp: 12mW cm−2
● Exposure Time: 4s
● A�er Exposure Bake (120°C): 60s
Developer OPD4262:
● Time: 30s in Beaker 1
● Time: 15-30s in Beaker 2
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Single wafer dryer
- 2500rpm, 60s with 30s N2
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Table A.1 Process steps (continued)
Step Process Comment

17 Lithography – Postbake
Hotplate 120°C
● Time: 60min

18 Optical microscopic inspection Inspection of
Nikon Microscope lithography

19 Plasma etching of Si: A-pulsed-CHF3 Etch depth
Adixen SE 380µm
Application: Etching through handle wafer Time: 23min
Note:�e parameters are optimised for the mask

Parameters Etch Deposition

Gas SF6 CHF3
Flow (sccm) 400 200
Time (s) 4 0.5
Priority 2 1
APC (%) 15 15
ICP (Watt) 2500 2500
CCP (Watt [pulsed LF]) nvt 20
on/o� (msec) nvt 25/175
He (mbar) 10 10
SH (mm) 110 110
Electrode temp. (°C) -110 -110

20 Optical microscopic inspection
Olympus/Leica Microscope

21 Stripping by oxygen plasma Tepla 300 60min
Photoresist and Pyralin removal
Barrel Etcher (2.45GHz)
Ultra clean system only (no metals except Al)
● O2 �ow: 1000sccm
● Power: 800W
● Pressure: 1mbar

22 Vapour HF etching of SiO2 Time: 7min
Idonius Vapor HF Tool
● Temperature: 35°C
● Quick Dump Rinse > 10.5Ωm
- cascade rinsing: continuous �ow

● Spin drying
Single wafer dryer
- 1200rpm, 180s
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Table A.1 Process steps (continued)
Step Process Comment

23 SEM Inspection Inspect
JEOL 5610 underetch





Appendix B

Modi�ed fabrication process
document

�emodi�ed cantilever fabrication process usedC4F8 gas in the recipe for thewafer
through DRIE from the back side of the wafers. C4F8 gas instead of the CHF3 gas
permits the wafer through etching at a higher temperature of −40°C compared
to the −110°C required for A-pulsed-CHF3 DRIE process. Higher temperature of
−40°C enables us to use the DuPontMX-5020 foil as protective coating on the front
side of the cantilevers during back side etching. DuPontMX-5020 is easy to process
and less time consuming as compared to the polyimide pyralin coating and curing.

Table B.1: Process steps

Step Process Comment

1a Substrate selection – Silicon <100>OSP 08 wafers
Orientation: <100> (dummies)
Diameter: 100mm
�ickness: 525µm ±25µm
Polished: Single side
Resistivity: 5-10Ωcm (p-doped)

1b Substrate selection – SOI <100>DSP 08 wafers
Orientation: <100> (process wafers)
Diameter: 100mm
Device layer thickness: 3µm ± 0.5µm
Device layer resistivity: 0.01-0.02Ωcm (p-doped)
Handle wafer thickness: 380µm ± 5µm
Handle wafer resistivity: 1-5Ωcm (p-doped)
BOX thickness: 0.5µm +/- 5%
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Table B.1 Process steps (continued)
Step Process Comment

2 Wafer thickness measurement SOI wafers
Veeco Dektak 8

3 Wafer curvature measurement SOI wafers
HeidenHahn

4 Standard cleaning
HNO3 (99%) Selectipur: MERCK
HNO3 (69%) VLSI: MERCK
● Beaker 1: fumic HNO3 (99%), 5min
● Beaker 2: fumic HNO3 (99%), 5min
● Quick Dump Rinse > 10.5Ωm
2 cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Beaker 3: 95°C HNO3 (69%), 10min
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Semitool PSC101
- rinse in DI: 600rpm, 30s
- rinse in DI: 600rpm, 12MΩ
- N2 purge: 600rpm, 30s
- drying: 1600rpm, 150s
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Table B.1 Process steps (continued)
Step Process Comment

5 Lithography – Olin 907-17 Front side mask,
Spin Coater Primus (SB15) vacuum contact
● Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):
● Spin program: 4000 (4000rpm, 20s)
Olin 907-17:
● Spin program: 4000 (4000rpm, 20s)
● Prebake (95°C): 90s
Electronic Vision Group 620 Mask Aligner:
●Hg-lamp: 12mW cm−2
● Exposure Time: 4s
● A�er Exposure Bake (120°C): 60s
Developer OPD4262:
● Time: 30s in Beaker 1
● Time: 15-30s in Beaker 2
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Single wafer dryer
- 2500rpm, 60s with 30s N2

6 Lithography – Postbake
Hotplate 120°C
● Time: 10min

7 Optical microscopic inspection Inspection of
Nikon Microscope lithography
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Table B.1 Process steps (continued)
Step Process Comment

8 Plasma etching of Si: Bosch-ADIX Etch depth 3µm
Adixen SE Time: 32s
Application: Etching of device layer
Note:�e gas �ow is optimised for the mask

Parameters Etch Deposition

Gas SF6 C4F8
Flow (sccm) 300 150
Time (s) 7 2
Priority 2 1
APC (%) 25 25
ICP (Watt) 1800 1800
CCP (Watt [pulsed LF]) 80 80
on/o� (msec) 10/90 10/90
He (mbar) 10 10
SH (mm) 200 200
Electrode temp. (°C) 10 10

9 Optical microscopic inspection
Olympus/Leica Microscope

10 Surface pro�le measurement
Veeco Dektak 8
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Table B.1 Process steps (continued)
Step Process Comment

11 Lithography – Olin 908-35 Back side mask
Spin Coater Primus (SB15) hard contact
Hotplate 120°C:
● Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):
● Spin program: 4000 (4000rpm, 30s)
Olin 908-35:
● Spin program: 4000 DYN (500rpm, 5s)
4000rpm, 30s
● Prebake (95°C): 120s
Electronic Vision Group 620 Mask Aligner:
●Hg-lamp: 12mW cm−2
● Exposure Time: 9s
Developer OPD4262:
● Time: 30s in Beaker 1
● Time: 15-30s in Beaker 2
● Quick Dump Rinse > 10.5Ωm
Two cycles of �rst 3 steps
- �ll bath, 5s
- spray dump, 15s
- spray �ll, 90s
- end �ll, 200s

● Spin drying
Single wafer dryer
- 2500rpm, 60s with 30s N2

12 Lithography – Postbake
Hotplate 120°C
● Time: 120min

13 Optical microscopic inspection Inspection of
Nikon Microscope lithography

14 Front side protection
DuPont MX5020, 20µm thick
Laminator settings:
● Temperature: 90°C
● Speed: 2
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Table B.1 Process steps (continued)
Step Process Comment

15 Plasma etching of Si: Pulsed-C4F8 Etch depth
Adixen SE 380µm
Application: Etching through handle wafer Time: 24min
Note:�e parameters are optimised for the mask

Parameters Etch Deposition

Gas SF6 C4F8
Flow (sccm) 400 35
Time (s) 4 0.5
Priority 2 1
APC (%) 15 15
ICP (Watt) 2500 2500
CCP (Watt [pulsed LF]) nvt 20
on/o� (msec) nvt 20/180
He (mbar) 10 10
SH (mm) 110 110
Electrode temp. (°C) -40 -40

16 Optical microscopic inspection
Olympus/Leica Microscope

17 Stripping of DuPont MX5020 - Acetone VLSI
Acetone VLSI: Selectipur, 30min
● IPA (2- propanol-VLSI) rinsing
● Spin drying
Single wafer dryer
- 1200rpm, 180s

18 Etching BHF (1:7) SiO2 Time: 12min
HF/NH4F(1:7) VLSI: BASF
● Quick Dump Rinse > 10.5Ωm
- cascade rinsing: continuous �ow

● Spin drying
Single wafer dryer
- 1200rpm, 180s
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Table B.1 Process steps (continued)
Step Process Comment

19 Stripping by oxygen plasma Tepla 300 60min
Photoresist removal
Barrel Etcher (2.45GHz)
Ultra clean system only (no metals except Al)
● O2 �ow: 1000sccm
● Power: 800W
● Pressure: 1mbar

20 SEM Inspection Inspect
JEOL 5610 underetch
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Samenvatting

Het belangrijkste doel van het werk dat beschreven is in dit proefschri� is het
onderzoeken van dunne �lms ten behoeve van hun integratie in microelectrome-
chanische systemen (MEMS). Voor het miniaturiseren van MEMS actuatoren en
sensoren, met behoud van e�ciëntie, zijn dunne �lms nodig met verschillende
actieve materialen die speci�eke eigenschappen hebben. De eigenschappen van
dunne lagen verschillen met die van dezelfde materialen in bulk. Dit is een gevolg
van de grote verhouding tussen oppervlak en volume, de unieke microstructuur,
de interactie met het substraat, enzovoorts.
In monokristallijn silicium zijn met een eenvoudige methode cantilevers en

capaciteiten gemaakt die als teststructuur dienen om hun materiaaleigenschappen
te verkennen in het dunne �lm domein. De te onderzoeken dunne �lms zijn vervol-
gens op de gemaakte cantilevers gedeponeerd. De capaciteiten zijn verkregen door
het actieve materiaal tussen een top en een bodem elektrode aan te brengen. Door
mogelijke foutbronnen te identi�ceren en deze daarna te kwanti�ceren en te reduce-
ren is de betrouwbaarheid en de nauwkeurigheid van onze karakterisatiemethode
vergroot.

Cantilevers

De Young’s modulus van dunne �lms kan bepaald worden door deze te deponeren
op een silicium microcantilever en de resonantiefrequentie van de cantilever voor
en na deze depositie te meten. De nauwkeurigheid van deze methode hangt sterk
af van de initiële bepaling van de mechanische eigenschappen en de dimensies van
de silicium cantilevers. Dit werk beschrij� de oriëntatie van de cantilever ten op-
zichte van het monokristallijn silicium en beschrij� de onderets van de gemaakte
cantilevers. Deze onderets is het gevolg van procesonnauwkeurigheden en is on-
vermijdbaar. Met behulp van eindige elementen modellering laten we zien dat als
waarde voor de e�ectieve Young’s modulus niet de analytische plate modulus be-
nadering gebruikt moet worden, maar de ongecorrigeerde Young’s modulus. Dit
geldt voor zowel de <100> en de <110> kristalrichting van het silicium. De onderets
van de cantilevers kan gecorrigeerd worden door de e�ectieve cantilever lengte te
variëren.
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Anisotropie in de Young’s modulus

Een groot deel van dit werk beschrij� PbZr0.52Ti0.48O3 (PZT) dunne �lms die
gemaakt zijn door middel van pulsed laser deposition (PLD). PLD is een deposi-
tieproces waarbij gebruik wordt gemaakt van een gepulseerde laserbundel. De
resulterende �lms groeien epitaxiaal op het siliciumsubstraat en hebben daarom
uitstekende piëzoelektrische eigenschappen. Deze goede eigenschappen zorgen
ervoor dat de �lms uitstekende kandidaten zijn om gebruikt te worden in MEMS
toepassingen.
We hebben de Young’s modulus van epitaxiaal gegroeid PZT op microcanti-

levers bepaald door het verschil te meten in de resonantiefrequentie van de canti-
levers voor en na depositie van de dunne lagen. Door de nauwkeurigheid van deze
methode zorgvuldig te optimaliseren hebben we laten zien dat de Young’s modu-
lus van deze dunne PZT �lms afhangt van de oriëntatie in het vlak. Dit resultaat
is bereikt door gebruik te maken van de <110> en <100> kristalrichtingen in het
silicium. De depositie van dunne �lms op cantilevers beïnvloedt hun buigstijfheid
en vergroot de massa. Dit resulteert in een verschuiving van de resonantiefrequen-
tie. In dit werk is een analytische vergelijking ontwikkeld om de e�ectieve Young’s
modulus te bepalen aan de hand van het verschil in resonantiefrequentie, gemeten
voor en na depositie van de dunne lagen. Door de dimensies van de cantilevers zeer
nauwkeurig te bepalen en door cantilevers te gebruiken met verschillende lengten
zijn foutbronnen in het bepalen van de Young’s modulus geëlimineerd. Tijdens
het vrij-etsen van de cantilevers van de dragerwafers ontstaat een onderets. Omdat
deze onderets onvermijdelijk is, hebben we een e�ectieve cantilever lengte bepaald
en deze gebruikt in de berekeningen. De gemeten Young’s modulus van PLD ge-
deponeerd PZT is 113.5 GPa (met een standaardfout van ± 1.5 GPa) in de <110>
silicium kristalrichting en 103.5 GPa (met een standaardfout van ± 1.9 GPa) in de
<100> silicium kristalrichting.

Afhankelijkheid van PZT compositie

De mechanische- en piëzoelektrische eigenschappen van PLD Pb(ZrxTi1−x )O3
dunne �lms met een (110) voorkeursrichting zijn sterk afhankelijk van hun compo-
sitie. Vibrometrische bepalingen op gestructureerde capaciteiten hebben laten zien
dat de longitudinale piëzoelektrische coë�cent (d33,f) gemeten met PZT �lms met
een dikte van 250 nm een maximum hee� van 93 pm/V voor de compositie met
x = 0.52. De gemeten Young’s modulus neemt toe bij Zr-rijke composities. Dit resul-
taat is in overeenstemming met de trends die geobserveerd zijn bij bulk keramisch
PZT. Met behulp van de gemeten diëlektrische constante en de d33,f hebben we la-
ten zien dat de vervolgens berekende koppel-coë�cienten van de PLD-PZT dunne
�lms met verschillende composities hoger zijn in vergelijking met hun keramische
tegenhangers.
We hebben de compositieafhankelijkheid van de in-plane Young’s modulus van

Pb(ZrxTi1−x )O3 dunne �lms met een (001) voorkeursrichting bepaald. Hiervoor



112 Samenvatting

zijn epitaxiale dunne PLD-PZT �lms met composities variërend van x = 0.2 tot 0.8
gedeponeerd op silicium cantilevers. Bij alle composities is in de <100> silicium
kristalrichting een hogere Young’s modulus gevonden. Tevens is een maximale ani-
sotropie van 46% aanwezig bij de compositie met x = 0.2. Evenals bij bulk keramiek
PZT, is een minimum Young’s modulus gevonden bij x = 0.52 in de <110> silicium
richting. De waarde en de anisotropie van de Young’s modulus van (110) geörien-
teerde dunne �lms was kleiner in vergelijking met de (001) richting. Dankzij de
hogere koppelingscoë�cient van (110) geörienteerde Pb(Zr0.52Ti0.48)O3 dunne
�lms concluderen we dat deze meer geschikt zijn voor toepassingen in transducers.

Restspanning in PZT dunne �lms

We hebben de restspanning gemeten in Pb(ZrxTi1−x )O3 (PZT) dunne �lms met
een (110) voorkeursoriëntatie en met composities variërend van x = 0.2 tot 0.8. De
�lms zijn gedeponeerd met behulp van PLD op cantilevers die uitgelijnd zijn langs
de <110> en <100> kristalrichtingen in silicium. Om de restspanning te bepalen
is de statische buiging van de cantilevers gebruikt. De restspanning is tensiel en
vertoont een sterke toename van ongeveer 50 tot 250 MPa bij de composities x=0.2
tot 0.4. Deze mechanische parameters zijn duidelijk afhankelijk van de oriëntatie
van de cantilevers ten opzichte van het silicium kristal. We denken dat dit gerela-
teerd is aan de epitaxiale groei van de �lms. Als we aannemen dat een intrinsieke
stress van 200-300MPa aanwezig is in het materiaal na depositie, dan is de variatie
in de gemeten stress als functie van compositie x te verklaren door het verschil in
de thermische expansie van silicum en van PZT. De spanning die we berekenen
aan de hand van de gemeten x-ray di�ractie data leidt tot onredelijk hoge waarden
voor de restspanning. Deze waarden zijn minstens één orde hoger dan die welke
zijn bepaald met behulp van de statische buiging van de cantilevers.

Metingen aan faseverandering materialen

Naast het PZT materiaal hebben we gemeten aan zogenaamde “faseverandering”
materialen. Tijdens het annealen van deze �lms veranderde hun Young’s modulus
drastisch. Dit resultaat is interessant als demonstratie van onze meetmethode en
vanwege mogelijke toepassingen. De Young’s modulus, de restspanning en de laag-
weerstand van op siliciummicrocantilever gedeponeerde “faseveranderings"dunne
�lms (Ge1Sb2Te4 and Ge2Sb2Te5) zijn bepaald als functie van de annealtempera-
tuur. De Young’s modulus en de restspanning vertonen een sterke toename boven
de kristallisatietemperatuur. De laagweerstand vertoont een monotone afname als
functie van annealtemperatuur. De restspanning boven de kristallisatietempera-
tuur hangt sterk af van de eerdere annealstappen. Verder vertoont de Ge2Sb2Te5
dunne �lm stress relaxatie boven de kristallisatietemperatuur. Dit e�ect is niet
geobserveerd voor Ge1Sb2Te4.
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