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Abstract

Diamond cantilever actuators show high resonance frequencies but need also high actuation forces, pointing towards piezoelectric actuation by
a PZT/diamond unimorph. In this study lead zirconate titanate (Pb(Zr,Ti)O3, PZT) layers have been deposited onto nanocrystalline diamond films
by sol–gel deposition, to realize high-speed MEMS actuators. The fabrication technology is based on self-aligned patterning and on optical
lithography. A mechanical resonance frequency of 3.9 MHz has been obtained for 30 µm cantilever length dominated by the nanodiamond
Young's modulus of approximately 1000 GPa.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Switches are an essential passive part of any electrical circuit.
Used on-chip they need to be manufactured using microtechnol-
ogy. However, in integrated circuits they are realized by switch
transistors in many cases like for example in transmit/receive
(TR) modules. But the conductivity limit in semiconductors will
cause noticeable losses, even if heterostructure field effect
transistors with high electron mobility channels are used. In
some cases like phase shift antenna structures signal levels may
be extremely low and transistor structures are difficult to in-
tegrate. An alternative concept is of course to use mechanical
switches, which can be integrated into the semiconductor cir-
cuitry by direct monolithic integration or hybrid integration.
Especially in the last case new materials may be implemented.
However, although switching transistors have a high insertion
loss, their signal delays may be in the ps-range, whereas most
mechanical structures can only switch with µs-speed. In this
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investigation nanodiamond films have been investigated as base
material for cantilever switches operating at high switching
speeds up to the ns-range. As figure of merit, the mechanical
resonance frequency was chosen, which should then reach into
the MHz-range.

Nanocrystalline and ultrananocrystalline diamond films
should provide a high resonance frequency of the basic cantilever,
because of their high stiffness and lowmass density [1]. In respect
to the driving principles, which may be considered, these are the
electrostatic, electrothermal, and piezoelectric drives [2]. Each
one has specific advantages and drawbacks. The electrostatic
drive is fast but needs high driving voltages in combination with
stiff materials, which may then interfere with the signal path. The
thermoelectric bi-metal driving principle can provide high
bending moments, but switching may be limited by thermal
time constants. The piezoelectric actuation can generate high
bending moments at low voltages, if a material with high piezo-
coefficients like lead zirconate titanate (Pb(Zr,Ti)O3, PZT) can
be used and if high driving fields can be generated without
losses. It may therefore represent an optimum compromise, if the
resonance of the diamond cantilever is not degraded by the mass
densities and Young's moduli of the PZT piezoceramic and the
associated contact layers. Previously, resonances up to 1MHz had
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Fig. 1. a: Longitudinal mode of a piezoelectric unimorph. An applied electrical
field induces an elongation of the piezoceramic and leads thus to downward
bending of the cantilever structure. b: Transversal mode of a piezoelectric
unimorph. An applied electrical field induces a contraction of the piezoceramic
and thus leads to upward bending of the cantilever structure.

Fig. 2. Calculated resonance frequencies (Eq. (1)) of single layer cantilevers of
2.0 µm PZT and NCD and multilayer stacks of 0.5 µm PZT/2.0 µm NCD. Also
plotted are three points for the simulation of three complete Al/PZT/Pt/NCD
stacks of 50, 100, and 590 µm length with thicknesses as mentioned in the text;
for Young's moduli see Table 1.

Table 1
Materials properties for PZT and various base materials

Material NCD Silicon SiC Al Pt PZT

Young's modulus
(YM) [GPa]

800–1000 160 400 70 168 80

Density of mass
(ρm) [g/cm

3]
3.52 2.33 3.21 2.70 21.09 7.50

√YM/ρm [103 m/s] 16.9 8.4 11.2 5.1 2.8 3.3
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been observed with UNCD/PZTunimorphs using reactive sputter
deposition of PZT [3].

In this investigation a diamond/PZT unimorph has been
investigated, using PZT deposited by a sol–gel technique as de-
scribed previously [4]. This unimorph structure was then ana-
lysed theoretically, manufactured using a self-aligned patterning
technique and dynamically tested.

2. Design

2.1. Modes of operation

Typically, two different modes can be used in the design of a
piezoelectrically actuated unimorph. This is firstly the long-
itudinal mode (d33-mode; Fig. 1a), where the polarisation of the
piezoceramic is laterally developed in the deposited film, which
is in direction of the cantilever length. Both associated
electrodes may be placed on top of the film. An applied elec-
trical field stimulates elongation or contraction (εx,1) depending
on the polarization of the stimulating bias. Normally contraction
is limited by the materials stability and therefore very limited in
use. Elongation results in downward bending of the actuator, if
the piezoelectric film is deposited on top of the beam.

In the transversal mode (d31-mode; Fig. 1b) piezoelectrically
induced stress is in the vertical direction and the film is either
vertically stretched and contracted (εx,2), with stretching being
the more stable regime. In this case the beam is lifted up.

In general, the longitudinal piezoelectric strain coefficients
of PZT (d33) are approximately twice as large as the longitudinal
ones (d31) and can reach values up to 630 pm/V [5]; there-
fore this mode of operation is usually preferred. In this study,
however, the transversal mode is used in order to make use of a
self-aligned fabrication technology.

2.1.1. Resonance behaviour
Piezoelectric actuators are mostly used in switches [6] or

mechanical resonators [2,7]. In both applications the mechan-
ical resonance frequency represents the first limit in the speed
of deflection. To the first order, the resonance frequency fr of a
bi-layer system like a piezoelectric PZT/NCD unimorph is giv-
en by [8]:

fr ¼ 1:8752t
4pL2

ffiffiffiffiffiffiffiffiffiffiffiffi
EPZT

3qPZT

s
A2B4 þ 2A 2Bþ 3B2 þ 2B3ð Þ þ 1

1þ BCð Þ ABþ 1ð Þ 1þ Bð Þ2
" #1=2

ð1Þ
where EPZT and ρPZT denote the Young's moduli and density of
mass of the piezoceramic, t and L are the total thickness and
length of the cantilever beam, A=ENCD/EPZT are the ratio of the
Young's moduli of NCD and PZT, and B=tNCD/tPZT the ratio of
the layer thicknesses of NCD and PZT, respectively. A fixed
thickness ratio of the NCD/PZT results in a reciprocal square
law relationship with cantilever length (see also slope of graphs
in Fig. 2).



Fig. 3. Operation of PZT/NCD unimorph. The applied electrical load induces cantilever bending until an initial airgap (g) towards a base plate is closed (δ=g); for even
higher loads a force (F) onto the base plate is generated.
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It is seen, that high resonance frequencies are expected for
thick and short beams on the one hand, and for stiff materials
with low density of mass on the other hand. However, in these
cases also high deflection forces are needed. Diamond is best
suited as seen from Table 1, and needs now to be combined with
a deflection mechanism of high force, which had already been
mentioned in the introduction and is the piezoelectric PZT/
diamond unimorph.

Fig. 2 illustrates the resonance frequencies, which can be
obtained with these various base materials assuming a beam
thickness of 2.0 µm as function of beam length using finite
element analysis (FEA). TheMHz-range is reached for diamond
cantilevers of approximately 60 µm length, whereas in Si this
length would need to be below 40 µm.

If diamond is employed as base material, the fully opera-
tional actuator would also need to contain an interfacial adhe-
sion layer between the diamond and PZTceramic layer, which is
a 100 nm Pt film also serving as the bottom electrode, a 0.5 µm
thick PZT film and a top electrode, which has been 50 nm Al in
our case. Fig. 2 shows the resonances corresponding to each
material and the shift due to the additional masses added in the
multilayer stack for different cantilever lengths. It is observed,
that the PZT film degrades the resonance frequency by only
15%. Adding the metallization layer will not cause any notice-
able additional degradation.
Fig. 4. Calculated tip contact force of PZT/NCD unimorph depending on beam
length for different applied voltages (using Eqs. (1) and (2)).
2.1.2. Cantilever deflection
When applying an electrical field across the piezoelectric

film, the strain generated between the piezoelectric film and the
carrier substrate leads to a bending moment, which can either
cause a deflection of the beam or can generate a force onto a
base plate after the air gap is closed (see Fig. 3).

Data of the deflection and force respectively may be obtained
from Eqs. (2) and (3) [8]:

d ¼ 3L2

2t
� 2AB 1þ Bð Þ2
A2B4 þ 2A 2Bþ 3B2 þ 2B3ð Þ þ 1

� d31 V
tPZT

ð2Þ

F ¼ 3wt2EPZT

8L
� 2AB
ABþ 1ð Þ 1þ Bð Þ � d31

V
tPZT

ð3Þ

where L, t, w are the cantilever length, entire thickness (tPZT+
tNCD), and width, d31 the transversal piezoelectric coefficient, V
the applied voltage, EPZT the Young's modulus of the piezo-
electric layer, A=ENCD/EPZT the ratio of the Young's moduli of
diamond and PZT, and B=tNCD/tPZT the ratio of the layer
thicknesses, respectively.

As actuator in a switch application, in the quiescent con-
dition (without external electrical field) the switch is typically in
the open condition and the cantilever separated from the base
plate contact by an airgap. A force onto the base is therefore
generated only after the cantilever has touched the base plate
and the deflection is equal to the airgap. The diagram in Fig. 4
shows a calculation of the generated force for a 0.2 µm airgap as
Fig. 5. Cross section SEM view of a sol–gel derived PZT film on NCD
including Pt adhesion layer. The film was post-annealed at 570 °C and is
crystallized in the perovskite phase [4].



Fig. 6. Process flow of unimorph PZT/NCD piezoactuator fabrication.

Fig. 8. Measured hysteresis curve for polarisation of sol–gel PZT on NCD.

1432 J. Kusterer et al. / Diamond & Related Materials 17 (2008) 1429–1433
function of applied voltage (cantilever data: 0.5 µm PZT on
2.0 µm NCD, width=6 µm). It can be observed that the force
increases for shorter cantilevers up to a maximum; for very
short beams, where the maximum applicable field (~240 kV/
cm; determined by device failure) results in a voltage, which is
to low to close the airgap, no contact force can be generated.

2.2. Technology

The starting material for the cantilever actuator structure was
a 2.0 µm thick NCD film with a grain size of approx 50 nm
Fig. 7. Fabricated cantilever ac
deposited onto a b100N-oriented Si-substrate. The film was
grown by MWPECVD with high re-nucleation rate to obtain
a stress balanced film (3D NCD; [9]). Usually the following
step is the deposition of a metallic bottom electrode. This layer
serves also as oxygen diffusion barrier during PZT deposition
and the following post-annealing step and as adhesion layer
to accommodate the high bending moments required by the
high diamond stiffness. PZT can be deposited by MOCVD
[10], pulsed laser deposition [11], sputter deposition [3], ECR-
PECVD [12], atomic layer deposition [13], or sol–gel spin-on
[7,14]. Most of these methods need a post-annealing step for
dipole orientation in the perovskite structure in the range of
550–650 °C. In this work a sol–gel process was used for PZT
deposition. The adhesion layer and bottom electrode was PVD
platinum. The sol–gel PZT was deposited using a spin-coater
and post-annealed at 570 °C in ambient atmosphere [4]. This
method and material combination benefits from homogenous
and large area deposition at low thermal budget. A cross sec-
tional view of this material system is illustrated with Fig. 5.

After realization of the Si/NCD/Pt/PZT material stack the
Al top electrode is deposited by evaporation and patterned
by lithography to define the cantilever geometry. This pat-
tern serves then as hard mask for the anisotropic dry etching
of the PZT/Pt/NCD stack in different atmospheres of Ar and
Ar/O2, respectively, and the undercut isotropic plasma etching
in CF4/O2 of the Si-substrate to release the cantilever beam. It
tuator with 50 µm length.



Fig. 9. Measured resonance frequencies of piezoactuators having different
cantilever lengths. The 30 µm and 50 µm beams possess resonance frequencies
in the MHz-range as simulated.
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is therefore self-aligned and the top electrode covers the entire
cantilever surface to obtain a uniform electrical field across the
piezoceramic. In a last step the bottom Pt electrode is contacted
through a wet chemically etched window. The entire fabrica-
tion process is sketched with Fig. 6; Fig. 7 shows SEM mi-
crographs of a processed 50 µm cantilever.

3. Results

Fig. 8 shows the hysteresis curve for polarisation obtained
after deposition of PZT. It can be observed that PZT indeed
shows piezoelectric behaviour and is well suited for actuator
fabrication.

Additionally, to optimise piezoelectric properties and prepare
for operation the PZT film was poled at 120 °C under an
electrical field of 200 kV/cm for 60 min. After this step DC
leakage current density was determined at an electrical field of
50 kV/cm to approximately 2 ·10− 8 A/cm2, which corresponds
to a resistivity in the TeraΩcm regime.

To determine the mechanical resonance, the beams were
stimulated by a sinusoidal signal and the resonance oscilla-
tion identified visually. To avoid inverse polarity across the
piezoceramic, a DC offset of half of the peak voltage was added.
Cantilevers of 30, 50, 100 and 590 µm lengths have been
stimulated.

Measured data are compiled in Fig. 9, where they are com-
pared with their calculated performance using Eq. (1) for two
NCD film thicknesses of 2.0 and 1.0 µm. This represents
the experimental spread of thickness of the wafer used. It is
seen, that the measured data follow indeed the theoretical
prediction. Accordingly, resonances in the MHz-range are mea-
sured for the two shortest lengths of 50 µm and 30 µm with
the highest resonance of 3.9 MHz for the 30 µm cantilever
beam.
4. Conclusions

Nanodiamond piezoelectric cantilever actuators were rea-
lized using a sol–gel spin-on PZT piezoelectric ceramic film to
demonstrate MHz mechanical resonance performance. Indeed
cantilevers with 30 µm length exhibited 3.9 MHz resonance
frequency, identified visually when being stimulated by a sinu-
soidal signal. The result is in full agreement with calculated and
simulated data. Diamond piezoelectric actuators may therefore
be considered a realistic concept to realize high-speed reso-
nators and switches. In comparison to the thermoelectric and
electrostatic actuation this concept needs only a small actuation
voltage without static losses, it does not suffer from snap-in
when used in switches, and pull back when opening the switch
may be accelerated by reversing the driving potential.
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