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We report on the progress towards an all epitaxial oxide layer technology on silicon substrates for
epitaxial piezoelectric microelectromechanical systems. (101)-oriented epitaxial tetragonal BaTiO5
(BTO) thin films were deposited at two different oxygen pressures, 5.10~2 mbar and 5.10~* mbar,
on SrRuO;/Yttria-stabilized zirconia (YSZ) buffered silicon substrates by pulsed laser deposition.
The YSZ layer full (001) orientation allowed the further growth of a fully (110)-oriented
conductive SrRuO; electrode as shown by X-ray diffraction. The tetragonal structure of the BTO
films, which is a prerequisite for the piezoelectric effect, was identified by Raman spectroscopy. In
the BTO film deposited at 5.10~% mbar strain was mostly localized inside the BTO grains whereas
at 5.107> mbar, it was localized at the grain boundaries. The BTO/SRO/YSZ layers were finally
deposited on Si microcantilevers at an O, pressure of 5.107> mbar. The strain level was low
enough to evaluate the BTO Young modulus. Transmission electron microscopy (TEM) was used
to investigate the epitaxial quality of the layers and their epitaxial relationship on plain silicon
wafers as well as on released microcantilevers, thanks to Focused-Ion-Beam TEM lamella

preparation. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863542]

. INTRODUCTION

Piezoelectric thin films, such as PbZr,_Ti,O3 (PZT),
SrBi,Ta,Og, and BaTiO3 (BTO), have drawn attention due
to their great potential for practical use in sensors, actuators
and energy harvesting." When deposited in the form of a
thin epitaxial film, piezoelectric films present enhanced fer-
roelectric properties.”* Achieving high piezoelectric coef-
ficients is needed in order to realize high sensitivity sensors
and large displacement. It is indeed well established that
the piezoelectricity is appealing for electromechanical
transduction at the microscale as it allows energy conver-
sion from the mechanical to the electrical domain and
vice-versa. Before exploiting epitaxial piezoelectrical
films in operational piezoelectric Micro-ElectroMechanical
Systems (MEMS) or Nano-ElectroMechanical Systems
(NEMS), a careful optimization has to be done since the
epitaxial growth may also induce additional unwanted me-
chanical stresses.”® These stresses may damage the MEMS
structure and performance.”®

Epitaxial MEMS incorporating PZT or Pb(Mg;;3Nb,/3)O;
-PbTiO; (PMN-PT) have been recently reported in literature.” !
BTO also has promising PE properties, such as a bulk piezoelec-
tric coefficient dz; =190 pC.N_1 (Ref. 12) and a dielectric
coefficient 33 = 1700 (Ref. 13) at room temperature and it is
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particularly attractive because of its lead free and environ-
mentally friendly characteristics. BTO was therefore used as
the piezoelectric material in the present work. Metal films
such as Pt or Pt/Ti are commonly used due to their excellent
conducting properties and because they allow the growth of
subsequent functional oxides. Nevertheless, when BTO films
are directly deposited on metal electrodes, a severe reduction
of their dielectric constant, serious fatigue degradation and
film cracking are observed'*'> mostly due to the existence
of an interfacial “dead layer.”'® To replace the metal elec-
trode, conductive oxides have been investigated,”*zo result-
ing in a better aging of the devices mainly thanks to their
capacity to absorb oxygen vacancies at the interfaces
between the electrode and the ferroelectric layer."® Among
them, we chose SrRuO; (SRO) oxide’'"** because of its
similar structure and reasonably good lattice matching with
BTO,21 thus enabling its further epitaxial growth. Last,
Silicon (Si) or Silicon-On-Insulator (SOI) substrates have to
be used in order to use the silicon micromachining techni-
ques for releasing the structures (bridges, cantilevers, mem-
branes, etc). However, it is difficult to prepare epitaxial
oxide films by direct deposition on Si substrates due to the
large lattice mismatch, the severe diffusion between the de-
posited oxide films and Si, and the amorphous native silicon
oxide. Furthermore, as Si and SRO show a high chemical
reactivity, the SRO films directly deposited on Si are often
polycrystalline.”? To solve these problems, a buffer layer is
required. Among the different materials that have been used
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as buffer layer for the epitaxial growth of BTO, one can
commonly find SrTiO; and Yttria Stabilized Zirconia
(YSZ).2326

In the present study, Yttria Stabilized Zirconia (YSZ)
buffer layers were used to grow epitaxial BTO films on Si
(001) substrates using SRO conducting electrodes.
Experimental details are given in section II. The crystalline
properties of the YSZ buffer layers and of the SRO/YSZ layers
were investigated by X-Ray diffraction (XRD), Atomic Force
Microscopy (AFM), spectroscopic ellipsometry, and X-ray
reflectivity (XRR) in Sec. III. Raman spectroscopy and XRD
were used to determine the structural properties of the BTO
layers deposited on SRO/YSZ on bare Si (001) substrates
in Sec. IV. The influence of oxygen pressure on the growth
direction and on the strain repartition is particularly discussed.
Section V presents the Transmission and Scanning
Transmission Electron Microscopy (TEM-STEM) study of the
layer stacking and includes the out-of-plane and in-plane epi-
taxial relationships. The BTO/SRO/YSZ multilayers were de-
posited on suspended microcantilevers. BTO Young modulus
was evaluated and the material quality was checked by
Scanning Electron Microscopy (SEM), Fabry-Perot interfer-
ometry and TEM (Sec. VI). Conclusions and perspectives are
finally given in Sec. VIIL.

Il. EXPERIMENTAL DETAILS

The BTO, SRO, and YSZ layers were deposited in a sin-
gle run by PLD using a KrF excimer laser (248 nm). After
the introduction of the N-doped Si (001) substrates in the
deposition chamber, the latter was pumped down to 1077
mbar and the substrate temperature was increased to 730 °C.
The YSZ buffer layers were deposited at a temperature of
730°C in O, pressure of 10~* mbar, with a laser pulse rate
of 3Hz and an energy of 220 mJ, similarly to our previous
works using epitaxial YSZ layers on Si.”’~° PLD experi-
mental details concerning the subsequent layers are given in
Table 1. After deposition, the oxygen pressure was raised to
700 mbar and the substrate temperature was decreased at the
rate of 10 °C/min down to room temperature.

Arrays of silicon microcantilevers were fabricated using
SOI substrates and a UV stepper photo repeater. The use of
SOI wafers with 340 nm thick p-type Si (10'° at.cm™*) on a
1 um-thick buried SiO, oxide (BOX) layer over 525 um thick
Si substrate (from Soitec, France) ensured the production of
cantilevers with a controllable thickness (since fabricated in
the top silicon layer) and the release of the cantilevers in
aqueous solution without structure collapsing and sticking
issues (by using the BOX layer as a sacrificial one). A UV
stepper photo repeater (I Line CANON FPA 3000 i4/i5, N.A.
0.63) was used to pattern the shape of the microcantilevers

TABLE I. Deposition conditions of all layers using PLD.
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via a 600nm thick positive photoresist layer (ECI). After
developing the photoresist, the top silicon layer was verti-
cally etched by reactive ion etching (RIE, Alcatel
AMS4200) until the intermediate SiO, layer appeared. The
sacrificial SiO, was then etched by dipping the entire wafer
in a buffered hydrofluoric acid (BHF) solution in order to
release the microcantilevers.

Several techniques were used to analyze the crystalline
properties of the layers. The crystallographic structure of the
thin films was characterized by XRD 0-20 scans (XRD
Philips XPERT HPD Pro Device) using CuK, radiation
(wavelength 1.5419 A). Since XRD does not enable to con-
clude definitively on the cubic or tetragonal crystalline struc-
ture of BTO, Raman spectroscopy was also used. Raman
scattering measurements were carried out at room tempera-
ture in backscattering geometry with a Jobin Yvon LabRam
Raman Confocal microscope. A 588 nm Ar ion laser with a
power of about 6 mW and an objective of x100 were used
for the Raman investigations. The thickness of the layers
was investigated by means of X-ray reflectometry and
phase-modulated spectroscopic ellipsometry. The ellipsome-
try data were collected using of a Jobin-Yvon ellipsometer
(UVISEL) where the incident light was scanned in the range
of 1.5-4.5eV under an incident angle of 66.3°. The fitting of
the experimental data was performed using DeltaPsi2 soft-
ware.”! AFM microscopy was performed in tapping mode
using a Nanoscope III Multimode from Digital Instruments.

TEM-STEM observations of the complete layer stack
were performed in a JEM 2010 TEM-STEM-FEG, operating
at 200kV, equipped with a high-resolution objective lens
(Cs=1mm), JEOL High-Angle-Aperture-Dark-Field detector
(HAADF), Energy Dispersive X-Ray Spectroscopy (EDXS)
PHOENIX system, and tilting-rotating sample holder allowing
the orientation of layer interfaces towards the electron beam.
Transmission Electron Microscopy (TEM) lamellae were pre-
pared either in a JEOL Ion Slicer using Ar" ion beam milling
or in a Focused Ion Beam (FIB) system when precise location
of the thin lamella was necessary (bridge). FIB milling was per-
formed in a single beam FEI 200XP system (30kV Ga' ion
beam and Pt deposition chemistry) adapted to lift-out in situ
preparation technique.*> In that case, in order to protect the
bridge top layer from FIB irradiation damage, a thin layer of
Au-Pd (about 50 nm) was deposited in an evaporator. TEM is a
very local characterization technique and the final lamella
size (~20 um in length) is much smaller than the sample one
(1 x 1cm?). Those appeared to exhibit slight differences in
colour (from greenish-yellow to yellowish-green) under optical
microscopy observations, and several lamellae were then pre-
pared. After TEM characterization, it could be interpreted to be
linked to variations of the BTO layer thickness. This phenom-
enon is not rare with PLD deposition technique. Nevertheless,

Layer Expected thickness (nm) Substrate temperature (°C) O, pressure (mbar) Laser pulse rate (Hz) Laser energy (mJ)
YSZ 70 730 1074 3 220
SRO 20 730 0.2 2 170
BTO 50-150 730 5.10% or5.1072 3 200
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following TEM study results (microstructures, relative ori-
entations...) apply whatever the BTO layer thickness is.

The BTO/SRO/YSZ multilayers were deposited onto
freestanding silicon-based microcantilevers. Accordingly
with the dynamic interferometry technique developed by
Carr and Craighead for measuring the Young modulus,®*
devices were mounted on a small piezoelectric disk, electri-
cally actuated by a network analyzer (Agilent 4395A) and
coupled to an in-house high-frequency amplifier, so that the
entire substrate was vibrating. The devices were placed
inside a vacuum chamber pumped down to 10~® mbar at
room temperature. A 30 mW He-Ne laser (Melles Griot) was
focused on the microstructures using a beam expander and a
long working distance microscope objective (20X, N.A.
0.28), leading to a 3 um minimal beam size on the cantilever.
Interferences were detected by a photodetector (New Focus
1601) connected to the network analyzer to track the cantile-
ver response at the excitation frequency. The vibrations of
the microcantilevers resulted in a periodic change of the in-
terference intensity, which corresponds to the resonant fre-
quency of the microcantilevers.

lll. STRUCTURAL AND ELECTRICAL PROPERTIES OF
SRO ELECTRODES ON YSZ/SI (001) SUBSTRATES

The YSZ buffer layer plays a crucial role in the epitaxial
growth of the whole BTO/SRO/YSZ multilayer on Si. Zr is
expected to react with SiO, the amorphous native oxide exist-
ing at the silicon surface as follows: Zr + 2 SiO, — ZrO, + 2
SiO where SiO is volatile, thus allowing an epitaxial growth
on the crystalline Si surface. The (001)-oriented Si substrate
should impose a cube-on-cube growth of (001) YSZ layers.>’
Indeed, YSZ buffer layer is (001)-oriented as revealed by
XRD scans in the 6—26 configuration in Figure 1.

To measure the thickness of the YSZ layer, spectroscopic
ellipsometry was used because it does not require a special
environment and it is a fast, sensitive and non-destructive
method for film characterization. Data were fitted using a dis-
persion law, which is based on the Forouhi—Bloomer model
elaborated for amorphous semiconductors and insulating
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FIG. 1. X-Ray diffractograms in the 0-20 configuration of BTO thin films
deposited at p=5.10"2 mbar (red) and p=5.10"> mbar (blue) on buffered
Si substrate. The peaks due to the buffer layers are identified as SRO (110)
and YSZ (002) (the peak marked * is the Si (004) peak at 4/2).
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materials® using an improved parameterization.”® The model
structure of the film was optimized by least square refinement
approach () from a fitting of the experimental data. For a
good correspondence between the fitting curve and the experi-
mental data an interfacial SiO, layer between the YSZ layer
and Si substrate is necessary.’’ As a result, the thickness of
each layer is estimated to be 70.3 =7nm for YSZ and
29*03nm for SiO,. XRR measurements were also per-
formed on the same YSZ/Si layers and fitted with Simulreflec
software.>® The value of 69.5 nm for YSZ was found, which is
in good agreement with the ellipsometry analysis. The root
mean square (RMS) roughness of the YSZ layer deposited on
Si was measured to be 0.3nm in 10 um x 10 um AFM images,
which confirms the 0.32 nm value obtained from XRR data.

The structural and morphological properties of the YSZ
layer presented above allow the subsequent growth of SRO
and BTO. We chose SRO as the conductive epitaxial bottom
electrode layer. Having an epitaxial bottom electrode is
essential in order to induce the further epitaxial growth of
the piezoelectric layer indeed. In agreement with previous
work,>3° pseudo cubic (110)-oriented SRO layers were
obtained on top of (001) YSZ/Si (Figure 1). Dekkers ez al.”
assumed that the 45° rotated cube on cube SRO arrangement
is preferred because of the specific stoichiometric ratio of the
elements during the growth. As Sr and Ru are present early
in the growth, the first layers contain both elements in equal
amounts and consequently the (110) growth orientation is
promoted. The ¢ parameter of the pseudo-cubic SRO in mul-
tilayers is estimated from the X-Ray peak position. It is eval-
uvated to be 3.914 A, close to that of the bulk cubic SRO,
3.910A. The SRO layers present a good crystallinity and a
low level of strain. Moreover, no additional XRD peak is
detected. In spite of the well-known strong chemical interac-
tion>” between SRO and Si, there is no evidence of any reac-
tion between the two materials, thus validating the chemical
barrier efficiency of the YSZ layer.

The SRO thicknesses were deduced from spectroscopic
ellipsometry measurements by introducing an additional layer as
done in the previous model used for YSZ layers on Si. The best
fit correspondence is obtained for the thicknesses of 23 % 2,
60 = 6, and 2 = 0.2 nm, for SRO, YSZ, and SiO,, respectively.
The RMS roughness of the SRO layer is about 15 nm.

The electrical behavior of SRO layers was investigated
by measuring the resistivity as a function of temperature in a
four point configuration. SRO shows a metallic-like behavior
and the resistivity at 300K is approximatively 1 x 107> Q-m
and the transition temperature (as seen by the change of
slope of the resistivity versus temperature curve) is close to
160K (see Ref. 30 for a more detailed study of the SRO re-
sistivity versus temperature characteristics). These rather
high values compared to bulk SRO suggest a relaxed and
granular microstructure of the SRO layer,40’41 which will be
confirmed by TEM observations (see below).

IV. BTO THIN FILMS ON SRO/YSZ/SI (001) BARE
SUBSTRATES

Particular care has to be taken in order to grow BTO
with the good crystallographic orientation for the desired
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piezoelectric MEMS applications. At room temperature, the
piezoelectric effect in BTO is due to the displacement of Ti
along the c-axis in the BTO tetragonal structure. However,
some deposition conditions can induce a pseudo-cubic crys-
tallization of the BTO films.**** Because of its perfect sym-
metry, this cubic structure does not show any PE effect. In
order to investigate the structural properties of our films, we
used a combination of XRD and Raman spectroscopy. XRD
does not always allow distinguishing between tetragonal and
cubic oriented structures, contrary to Raman spectroscopy.**
When the difference between ¢ and a parameters is impor-
tant, some XRD peaks are split: for example (110) split in
(110) and (101). If there is a preferential orientation
(for example (110)), only a single peak is generated. The
problem is that this peak can also be associated to a cubic
structure. On the contrary the cubic structure is undetectable
with Raman spectroscopy® whereas the tetragonal structure
induces some peaks. So Raman spectroscopy allows to be
sure of the presence of the BTO tetragonal structure.

Figure 2 shows the Raman spectra of the BTO films de-
posited at two different oxygen pressures (5.10~% and 5.10
mbar) on SRO/YSZ/Si. With the reference spectrum of the
SRO/YSZ/Si stack, the vibrations due to BTO films can eas-
ily be identified. On both BTO/SRO/YSZ/Si spectra, one
small peak at 185 cm ! (A1(TO;)) and two well-defined
peaks, at 305 cm ! (E(TO,)) and around 700-730 cm !
(A;(LO3)) are observed and are associated to tetragonal
BTO.***® Based on the work of Frey and Payne,*’ the
peak at 185 cm ™' is assigned to the BTO tetragonal structure.
The BTO film deposited at 5.10 > mbar is characterized by
a peak around 730 cmfl, i.e., just near the phonon frequen-
cies of the BTO single crystal (728 cm_l),48 whereas, at
5.10"2 mbar, the peak clearly shifts to 700 cm ™", It is known
that the phonon frequencies shift towards higher/lower val-
ues depending upon the tensile/compressive nature of the
out-of-plane strain.** This means that the strain is reduced
when the BTO film is deposited at 5.10 "> mbar. At higher
pressure, the BTO film undergoes an out-of-plane compres-
sive strain. Otherwise BTO films are well-known to have a
high oxygen vacancy density. Guo er al.”® investigated BTO
thin films which were poor in oxygen (rich in oxygen
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FIG. 2. Raman spectra of a buffered Si substrate and of BTO thin films de-
posited at p = 5.1072 mbar (red) and at p= 5.10~2 mbar (blue) on buffered
Si substrate. The strain induced peaks are identified by * and **.
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vacancies). They observed two broad and weak peaks at 943
and 1039 cm ™" only for films poor in oxygen. They associ-
ated these peaks to the BTO lattice distortion due to oxygen
deficiency. In Figure 2, these peaks are not detected, which
allows us to conclude that the tetragonal structure of BTO is
not distorted due to oxygen vacancies. This parameter is
very important since it should favour a good electrical
response to mechanical excitation (in functioning MEMS).

Two additional peaks, marked by asterisks, are also
observed. First, in both spectra, the peaks around 820 cm !
(marked by ** in Figure 2) might originate from the strain at
the SRO/BTO interface due to the lattice parameter
mismatch, as Guo et al. noticed concerning the BTO/MgO
interface.”® Second, the peak at 618cm ™' (marked by * in
Figure 2) is only detected for BTO films grown at 5.10°
mbar of O,. Naik ef al. also observed a peak at 620cm ™" on
Raman spectra of their BTO thin films.”' They attributed it
to a strain localized in the grain-boundary regions. This
interpretation is also supported by their previous work on
BTO nanocrystals.>?

From the comparison with the peak positions and their
interpretation in the literature, our Raman spectroscopy
measurements allowed us to draw some conclusions. First,
both BTO films have a pure tetragonal structure without a
strain signature due to oxygen vacancies and they contain a
tensile strain at the BTO/SRO interface. Second, the (out-of-
plane) strain repartition in the BTO film changes with the ox-
ygen pressure. Indeed in the film deposited at 5.10~> mbar,
compressive strain is concentrated in the BTO crystal struc-
ture (the strain is localized inside the grains*®). On the con-
trary, in the BTO film deposited at 5.10~> mbar, the strain is
most probably located at the grain boundaries.

Considering the XRD 0-20 scans of Figure 1, BTO
films seem to grow on the (110)-oriented SRO with preferen-
tial orientations (110) or (101). By increasing the pressure
from 5.10~2 mbar to 5.10 > mbar, the BTO peak shifts from
31.37° to 31.49°. On the one hand, the value of this shift,
0.12°, is not far from 0.18°, the difference between the (101)
and (110) peak positions in BTO single tetragonal crystal.>?
If we attribute the 31.49° peak to the (110) orientation of
BTO phase, it would lead to an interreticular distance d;¢ of
2.841 A. This value is higher than that expected in BTO tet-
ragonal structure (d;o=2.824 A). It is inconsistent with the
expected compressive strain which has been confirmed in
Raman spectroscopy (A(LOs3) peak Figure 2). On the other
hand, if the 31.49° peak of the 5.1072 mbar BTO film is
indexed as a (101) reflection, it corresponds to a decrease in
the cell volume of about 49, due to the compressive strain
localized in the grains as deduced from Raman study. Thus,
it appears most probable that both BTO films are (101)
oriented.

It is well-known that the preferred orientation of thin
films is affected by many parameters. The substrate and
buffer nature and orientation'®>* but also the surface free
energies of two dimensional planes play an important role in
the first stage of the growth. Since the (111) BTO plane
shows the highest occupation density plane, the film should
be (111)-oriented but this is seldom observed. Indeed, sur-
face free energy also depends on the electrostatic charge.
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BTO being a highly ionic crystal, its bonds have a predomi-
nantly ionic character: 82% for the Ba-O bond and 63%
for the Ti-O bond. As shown by Kim er al.>*> the (100)
equivalent planes are the unique electrical neutral planes,
which explains why without oxygen during deposition
p= 1073 mbar) the BTO film is (001) oriented.> As soon as
some oxygen is introduced during deposition, the preferred
orientation switches to (110).°*7 In the presence of oxygen,
ionic species ejected from the target surface can react and
lose some energy, which implies that the film grows in the
direction of the thermodynamically stable plane (110). In our
deposition conditions (oxygen pressure and (110) oriented
SRO below BTO), it is therefore not surprising not to have
(001) but (101) oriented BTO films. As Raman spectroscopy
revealed, the oxygen pressure will mainly influence the
repartition of the film’s strain. The BTO film deposited at
5.107% mbar shows compressive strain located in the BTO
grains, whereas the strain in the BTO film deposited at
5.107° mbar is localized at the grain-boundaries. In fact, the
deposition at lower pressure allows the crystal stress relaxa-
tion during the growth.

V. TEM STUDY OF BTO/SRO/YSZ MUTLILAYERS ON SI
(001)

Figure 3 shows the main results of the TEM study per-
formed on the complete layer stacking. These results apply
to both oxygen partial pressures used for deposition of
BTO layer. The YSZ layer appears well-crystallized, under
the form of grains most often as large as thick (Figure
3(a)). Indeed, strain contrast and some rare Moiré patterns
can be observed on bright field images. Nevertheless, the
Selected Area Electron Diffraction (SAED) pattern exhib-
its a single common orientation of YSZ grains, which are
perfectly aligned with the Si substrate ((Figure 3(b)), in
agreement with cube on cube growth.>” This orientation
relationship is observed on both Si and SOI substrates.
Indeed, the 340nm p-type SOI Si layer (SOI) is slightly
disorientated (~2 to 3°) with respect to Si substrate and in
that case, YSZ [001] is parallel to the SOI silicon layer
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[001] axis and not to Si substrate one. This epitaxy confirms
that the thin SiO, layer (4-5nm), which can be seen (small
arrow on (Figure 3(a)), has grown after the YSZ epitaxy.
Nevertheless, a tiny disorientation of the grains is deduced
from the slight splitting of the diffraction spots (pointed on
Figure 3(b)). The layer thickness can be measured locally on
different points of the TEM lamellae (several microns wide).
The sample presented in Figure 3 is deposited on bulk Si and
has a thicker 100 nm YSZ film. Nevertheless, the thickness of
the interfacial silicon oxide layer stays close to 5 nm and does
not show any dependence on the YSZ thickness. The lamellae
prepared on a SOI substrate show the expected ~70nm thick
YSZ film (same as the one controlled by ellipsometry) and
observations of one prepared on a patterned area are given in
Sec. VL.

Though SRO and BTO layers appear well-crystallized
and aligned with respect to each other and to the lower layers
on SAED pattern (Figure 3(c)), they can hardly be distin-
guished on bright field images. Selected Area Electron diffrac-
tion is neither precise enough to discriminate between pseudo-
and true symmetry nor to find the actual BTO film orientations
in a tetragonal cell. Thus, the diffraction dots indexation is
proposed based on the complementary previous results (see
Secs. III and 1V), that is pseudo-cubic structure of the SRO
layer and (101)-orientation of the tetragonal BTO one. The
following orientation relationship between subsequent layers
can be given (in the reciprocal space) parallelly to growth
direction:  [001]*g;//[001]*ysz//[110]*sro//[101]*g10, and
in-plane: [110]*si//[110]*ysz//[112]*sro//[121]*gTO.

Besides, HAADF STEM image and EDXS line profile
across the complete layer stacking show the interpenetration
of SRO and BTO layers in the thickness of the TEM lamella
(Figure 4). This can be easily understood knowing the higher
roughness of the SRO layer (AFM results) and the small size
of SRO grains. It is thus difficult to measure the SRO layer
thickness as it varies from 30 to 70nm, depending on the
grain size. The important point is that it completely covers
the YSZ one and acts as an electrode, as shown by its electri-
cal characteristic. In the same way, the BTO thickness varies
mostly from 110 to 155 nm.
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FIG. 4. (a) HAADF STEM image and (b) EDXS line profiles showing the interpenetration of SRO and BTO (deposited at 0.05 mbar O,) layers.
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FIG. 5. SEM images of the microcantilevers (a) without any layer, (b) with a SRO/YSZ bi-layer, and (c) with a BTO/SRO/YSZ tri-layer (BTO being deposited

at 5.107> of O,).

VI. BTO THIN FILMS ON SRO/YSZ ON RELEASED
SILICON CANTILEVER

The microcantilevers were processed on SOI wafers as
described in Sec. II. Examples of released silicon microcanti-
levers are shown in Figure 5(a). The SOI wafers containing
the microcantilevers were diced in 1 cm? individual chips in
order to fit the sample holder of the PLD set-up. A
SRO/YSZ bi-layer was first deposited on one chip bearing
the microcantilevers (Figure 5(b)) and a BTO/SRO/YSZ

1.0]SROYSZISI BTO/SRO/YSZ/Si]
— microcantilever microcantilever
S5
0.8
8
k2]
2 0.6
S
g 041
©
3 0.2
<

0.0

7.9 8.0 8.1 8.2
Frequency (MHz)

FIG. 6. Resonant frequency peaks measured on SRO/YSZ (blue, left) and
on BTO/SRO/YSZ microcantilevers (red, right) corresponding to sample C
Table III.

tri-layer was deposited on another chip (Figure 5(c)). The O,
pressure of 5.10 > mbar was chosen for BTO because of the
absence of compressive strain within the BTO grains, which
would be fatal for the piezoelectric effect. As shown in
Figures 5(b) and 5(c), the microcantilevers present no crack,
reduced strain and a uniform deposition of the multilayer.

The resonant frequencies corresponding to the funda-
mental resonant mode of vibration have been measured on
both SRO/YSZ and BTO/SRO/YSZ microcantilevers
(Figure 6). It can be seen that the presence of the BTO layer
results in a resonant frequency shift Af. From this shift and
the equivalent stiffness of the microcantilevers™ estimated
by considering Young moduli and densities of silicon, YSZ
and SRO as known from literature (Table II), the BTO
Young modulus £ value can be evaluated.

Measurements on three cantilevers (A, B, C) with different
dimensions give different E values, as shown in Table III. A

TABLE II. Material data used for the estimation of the BTO Young modulus.

Material Young modulus Density

Si 169 GPa (Ref. 59) 2330kg/m’ (Ref. 60)
YSZ 205 GPa (Ref. 61) 5960 kg/m® (Ref. 62)
SRO 161 GPa (Ref. 63) 6490 kg/m® (Ref. 63)
BTO E (to be calculated) 6010 kg/m3 (Ref. 53)
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TABLE III. Data used for the estimation of the BTO Young modulus E: the dimension of silicon microcantilevers without deposition (width w, length / and
thickness 7), the overetching (OE), the vibration frequency with the SRO/YSZ bi-layer only (f;) and with the BTO/SRO/YSZ tri-layer (f;), and the measured fre-

quency shift (Af).

Microcantilever w (pum) [ (um) t (nm) OE (um) fi (MHz) Jr(MHz) Af (Mhz) E (GPa)
A 1.1 10 300 4.31 4.50 0.19 260
B 1.3 10 300 4.27 4.34 0.07 223

C 1.85 7 300 7.93 8.19 0.26 238

mean BTO thickness of 110nm was used for the calculations.
We obtained a Young modulus value of 240 = 18 GPa. This
average value is much higher than the value for bulk BTO
(67 GPa).64’65 But calculated and measured E values in the
range of 90-147 GPa are reported in literature for tetragonal
BTO.°*®® Our measured E value is still higher than literature
data. This can be explained by internal strain,® crystalline pa-
rameters,”’ and grain thickness. By decreasing grains size from
0.7 to 0.3 um in ceramic BaTi0;, E increases from 168 to
186GPa according to Arlt er al.”' Here, the grain size is
smaller, which could explain our higher E value. It should be
noted that the in grain-boundary strain and the preferential ori-
entation also play an important role.

TEM observations were performed on a lamella prepared
along a released BTO/SRO/YSZ/Si bridge. Figure 7 shows
the medium resolution image as well as the corresponding
SAED pattern. In addition to the BTO/SRO/YSZ/Si stack, one
can observe the expected thin SiO, layer (12 nm thick) above
Si, as also observed in our XRR and reflectometry measure-
ments performed on BTO/SRO/YSZ on bare Si (Sec. III). In
addition, an extra amorphous layer (38 nm thick) is seen in
Figure 7(a). This layer does not appear homogeneous, exhibit-
ing an amorphous-type contrast speckled with darker areas.
The EDSX analyses presented in Figure 8 indicated that its
composition is mainly SiO,. They also revealed that this extra
layer is very unstable under the electron beam since the
EDXS line profile, performed with a 30s counting time on

50 nm

each point, destroyed it: each successive position of the
electron beam can clearly be seen in Figure 8(a). We are con-
vinced that this amorphous layer was present prior to the
BTO/SRO/YSZ deposition and resulted from the process used
for the microcantilevers fabrication on the SOI substrates. It
appeared only on the bridge edge as confirmed by FIB
cut imaging. The total thickness of the three silicon based
layers of the microcantilever (crystalline Si—thin silicon
oxide—amorphous SiOx) is 350nm which is close to the
expected 340nm Si (SOI) and to the measured thickness
(340 nm) on a non-released area on the side of the same TEM
lamella: this close area does not exhibit any extra amorphous
layer but a single thin (9nm thick) silicon oxide layer. The
TEM observation is also consistent with the SAED pattern of
the suspended stacking layers presented in Figure 7(b), which
does not show well-defined dot arrays anymore. Some dots
forming arcs are observed especially for the YSZ layer, which
exhibit two main growth orientations: the expected [001]*,
well defined, and another [111]* with slight disorientations
with respect to growth axis of crystalline grains. This can be
expected if the oxides growth occurs on an amorphous layer.
For further improvement of the epitaxial growth of oxides on
the released microstructures, a particular care will have to be
paid in order to get silicon terminated surfaces and not a sili-
con oxide terminated ones. Nevertheless, the expected tex-
tured films frameworks (YSZ, SRO, and BTO) could be
identified and indexed.

(b)

FIG. 7. (a) Medium resolution TEM image showing the polycrystalline nature of the YSZ layer, and amorphous-like contrast of an extra layer (layer thick-
nesses are given in nm); (b) corresponding SAED pattern showing dots forming arcs for YSZ, SRO, and BTO lattices.
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FIG. 8. (a) STEM image and (b) EDXS line profiles showing the disproportionation of the intermediate layer under the electron beam (points 4 to 8)

VIl. CONCLUSION

(101) oriented epitaxial tetragonal BaTiOj thin films
were grown on SRO/YSZ/Si (001) by PLD at two oxygen
pressures: 5.107% and 5.10"> mbar, as shown by Raman
spectroscopy, XRD and TEM investigations. The use of the
5.107° mbar O, pressure allowed the strain relocation from
inside the grains towards the grain boundaries. Thus, the
5.10° mbar O, pressure was chosen to deposit the
BTO/SRO/YSZ layers on silicon microcantilevers, fabri-
cated on SOI wafers prior to the film deposition. The
mechanical behaviour of the resulting BTO-based micro-
cantilevers has been characterized by resonant frequency
measurements since neither cracks nor excessive strain
were observed. Young modulus of the BTO films has been
estimated to be 240 = 18 GPa. This high value could be
explained by the low film thicknesses and the small grain
size as seen in the TEM study of the BTO-based released
structures. The (101)-orientation of the BTO films on Si,
which offers the advantage to allow either in-plane or
out-plane piezoelectric actuation, depending on the targeted
application, and the first characterisation of the mechanical
behaviour of BTO-based microcantilevers are promising in
view of MEMS and NEMS applications. The next step will
be the evaluation of the BTO piezoelectric coefficient by
the use of a SRO top electrode.
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