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Very good crystallinity and highly c-axis-oriented aluminum nitride (AIN) thin films are sputtered on
titanium (Ti) to fabricate thin piezoelectric cantilevers. Raman spectroscopy measurements and X-ray
diffraction (XRD) indicate the high quality of these AIN films. A fabrication process, fully CMOS com-
patible, is developed to realize slender piezoelectric microcantilevers. Actuation enhancement for the
AIN piezoelectric cantilevers is achieved by coating the slender beams with a thin PECVD silicon nitride
(SiN) layer. Very good linearity and high displacement, up to 19.5 nm for 200 wm long cantilevers and
4.25nm for 100 wm long cantilevers for 1V actuation at quasi-static mode, are obtained with a 500 nm
SiN top layer. These displacement values are three times larger than our previously reported values
for cantilevers without SiN layer coating. This makes these cantilevers, without the need of employing

nonstandard metals such as platinum (Pt), very promising for micro/nanoactuators.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cantilevers have been widely employed for sensors and actu-
ators targeting advanced bio-medical technology applications
[1]. Piezoelectric actuators, compared to capacitive and mag-
netomotive actuators, present the considerable advantage of
miniaturization and low power consumption. Thin films of piezo-
electric layers are very interesting for actuation devices, in
particular for NanoElectroMechanical Systems (NEMS) [2,3]. Piezo-
electric cantilevers based on thick (5-30 pwm) silicon beams (Fig. 1a)
have been investigated [4-6]. However, controlling the final thick-
ness of these beams is difficult unless expensive SOI substrates are
employed. Furthermore, the miniaturization of these cantilevers,
as required by nanoscale applications, is rather challenging. Due to
its CMOS compatibility, aluminum nitride (AIN) has been consid-
ered as an attractive piezoelectric material for nanoscale actuation
devices [3]. Nevertheless, AIN piezoelectric devices are normally
fabricated using AIN deposited on nonstandard metals (such as Pt,
Mo) [2,3]. Recently, Ti electrodes have been utilized to preserve
CMOS compatibility, but so far these attempts resulted in a lower
quality of the AIN thin-films than the one obtained with other con-
ventional electrode materials [4].

In this paper we report on a process to obtain good crystallinity
and highly c-axis-oriented AIN layers sputtered on Ti electrodes.
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Furthermore, we have recently realized slender cantilevers based
on Ti/AIN/Ti [7] suitable for micro/nanoscale device fabrication.
Here we present a new configuration (Fig. 1b), consisting of AIN
slender piezoelectric cantilevers coated by a thin PECVD layer of
SiN. This additional high stiffness, but thin, layer results in high
performance piezoelectric devices as predicted by the analytical
model of the quasi-static mechanical behavior of piezoelectric can-
tilever reported in [8]. Due to its availability in CMOS technology
and well-known properties, SiN is actually preferred to other can-
didates, such as diamond. This SiN layer can be also deposited prior
to the sputtering of the AIN and the metal electrode [9]. However,
we noticed that the quality of the AIN/Ti sputtered films is better
by direct deposition on a bare silicon substrate. Moreover, when
releasing the cantilever by dry etching of the silicon substrate, the
selectivity between SiN and Si is rather poor, making AIN preferred
as etch stop material. The improvement of the cantilevers perfor-
mance was investigated by quasi-static vibrometer measurements.
The performance of these cantilevers, fabricated in a CMOS com-
patible process and without the need of nonstandard metals such
as platinum (Pt), indicates that they are very promising candidates
for micro/nanoactuators.

2. Thin film depositions and characterizations

Titanium thin films have recently presented as potential bot-
tom electrodes for AIN growth due to its good etch selectivity
[4] and small lattice mismatch to AIN [10]. Ti electrodes were
previously optimized for both surface roughness and crystallinity


dx.doi.org/10.1016/j.sna.2013.01.047
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:an.tran@tudelft.nl
dx.doi.org/10.1016/j.sna.2013.01.047

AT. Tran et al. / Sensors and Actuators A 202 (2013) 118-123

Silicon
B Piczoclectric layer
[ Electrode layers
| Silicon Nitride
| Silicon Oxide

a)

Fig.1. Schematic drawing of (a) AIN piezoelectric cantilever with a thick supporting
layer of silicon and (b) AIN piezoelectric cantilever with a top SiN layer.

by tuning the sputtering pressure during deposition [7]. For a
good piezoelectric response, a high (002) orientation of the
AIN thin-films is required [11]. This was achieved by pulsed
DC sputtering technique using an SPTS Sigma 204 DC mag-
netron PVD system [12]. In this study, we have implemented
the deposition at lower Ny/Ar gas mixture (66%) with con-
stant substrate temperature (300°C) to obtain a lower residual
stress (~500MPa for 500 nm thick AIN) of the films. The sput-
tering power was adjusted to optimize the quality of AIN thin
films.

2.1. Crystallinity and orientation

Raman spectroscopy has been utilized for the investigation of
the AIN crystallinity and orientation [13,14]. The Raman spectra
measured by a Renisshaw Raman microscope with Argon 514.5 nm
laser excitation are reported in Fig. 2. The 500nm AIN films on
170 nm thick Ti electrodes were prepared by tuning the sputter-
ing power (0.5, 1 and 1.5 kW). All samples display two major peaks
around 655cm~! and a minor peak at approximately 610 cm™!
corresponding to the E; (high) mode and the A; (TO) mode, respec-
tively. Furthermore, two other modes consisting of the E; (low) and
the A; (LO) with very low intensity were also observed. It is well
known that the crystallinity of AIN films can be detected by the
FWHM of the rocking curve of the E, (high) mode that is related to
interfaces, small grains and point defects [ 14]. Kuball et al. reported
avalue of 3cm™! for extremely high quality AIN bulk crystals [15]
and a value of 50 cm~! was reported by Perlin et al. for fully dete-
riorated crystals [16]. The low FWHM value of the E; high mode
(around 11cm~1) we observe in our films, denotes the high crys-
tallinity obtained [14]. Sputtering power has an obvious influence
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Fig. 3. Raman spectroscopy of AIN thin films sputtered on Ti/SiN/Si and Ti/AIN/Si.
The sharper peaks in the sample on bare Si indicate the improvement in crystallinity
and orientation of the AIN layer.

on the crystallinity of the films (see Fig. 2b). By increasing the sput-
tering power, the crystallinity of AIN films was slightly improved
due to the higher energy provided. In addition, the c-axis orien-
tation of AIN films can be deduced by the ratio of the integrated
areas of the E; (high) mode and that of the Ay (TO) mode (Rgja1)
obtained by Lorentzian function fitting, where the higher ratio indi-
cates a higher c-axis orientation [13]. Fig. 2b also shows that the AIN
films sputtered at 1kW have the highest Rg;ja; value and thus the
best c-axis orientation. We chose this sputtering parameter for fur-
ther investigations because the high c-axis orientation is the most
important parameter for a good piezoelectric response of the AIN
films [11].

To compare the quality of the AIN layers in different configu-
rations, two samples consisting of AIN/Ti/AIN/Si (sample A) and
AIN/Ti/SiN/Si (sample B) were prepared using optimized sputter-
ing parameters. In sample A, a 100 nm AIN interlayer below the
bottom Titanium electrode was utilized to enhance the quality of
the upper AIN layer [4,17], and to act as a protection layer during
the etching of the bulk silicon from the wafer backside for the can-
tilever fabrication. For the sample B, a 500 nm LPCVD SiN was used
instead. Raman parameters of the two sample stacks (see Fig. 3) are
compared to the ones of the AIN/Ti as shown in Table 1. A slightly
higher crystallinity in the AIN layer on sample A is observed, while
a significantly lower quality of the AIN layer in sample B can be
noticed. This can be explained by the poorer quality of Ti deposited
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Fig. 2. Effect of sputtering power on AIN film quality: (a) Raman spectroscopy of AIN thin films deposited with different sputtering power; (b) FWHM of E, (high) mode and

ratio of integrated areas of the E; (high) mode and that of the A; (TO) mode (Rg2/a1)-



120

A.T. Tran et al. / Sensors and Actuators A 202 (2013) 118-123

a) - g
g g
= @
<
B -
KA S
et e
& g
[
i)
e
g
e
z
JU A=

T T T
20 25 30 35 40

T T T | T T 1
45 S50 S5 60 €5 70 75 80
26(")

b) s
- =2

=
2

3

8

>

= 143

[ -

2

=

o()

Fig.4. X-ray diffraction of AIN on Ti/AIN/Si indicating the high (0 0 2) orientation of the top AIN layer (a) and the very narrow FWHM of (0 0 2) rocking curve of 1.43° underlying

the very high crystallinity of the layer (b).

Table 1

Parameters of Raman spectroscopy of AIN films sputtered on different substrates.
Sample FWHM Reja1
AIN on Ti/Si 11.0 30.1
AIN on Ti/AIN/Si (this work) 9.6 18.0
AIN on Ti/SiN/Si 15.0 14.1

on amorphous SiN leading to poorer quality of the above AIN layer.
These results indicate that the structure of AIN and Ti sputtered
directly on Si is preferred to deposition on Si wafer coated with SiN
layers.

Further evidence of the high quality of the AIN thin films was
provided by XRD pattern measurements of sample A (Fig. 4).
This result shows that the top 500 nm AIN has a full c-axis ori-
entation (no peaks related to other grains beside (002) grain
are present). Such orientation is similar to the one of AIN on
Ti deposited on bare (100) silicon [7]. The FWHM of (002)
rocking curve of this AIN sputtered film is 1.43°. This value is
smaller than the values recently reported for AIN deposited on Ti
layers [4,17].

2.2. Electrical properties

Leakage current and breakdown properties of the 500 nm thick
AIN films were measured using a capacitance test structure with
area of 0.0048 cm? fabricated by deposition of Ti/AIN/Ti/AIN/Si lay-
ers. A typical I-V characteristic of the AIN films, analyzed using a
HP 4146C parameter analyzer, is reported in Fig. 5. It shows very
low leakage current (4.63 nA/cm? at 1V, 259.6 nA/cm? at 10V and
10 wA/cm? at 30V). The breakdown voltage, indicated by the rapid
increasing of leakage current, is approximately 40 V (corresponding
to 80 MV/m). In comparison to the value reported in [2], the break-
down field of our AIN films is slightly lower. This difference might
be due to different conditions of the breakdown measurement
and the larger surface roughness of the Ti layer used as electrode
(~4.56 nm) [7] leading to more defects. The measured low leakage
current and high breakdown voltage basically indicate the poten-
tially low power consumption and high voltage operation of our
sputtered AIN films.

3. Device fabrication

The process to fabricate Ti/AIN/Ti slender cantilevers with
a PECVD SiN top layer is schematically depicted in Fig. 6.
The Ti(200 nm)/AIN(500 nm)/Ti(170 nm)/AIN(100 nm) stack was
sequentially sputtered on a (100) silicon substrate (Fig. 6a). To

contact the bottom Ti electrode, the top two layers were anisotrop-
ically etched using HBr/Cl, inductive coupled plasma (ICP) with
a photoresist layer as mask. The AIN layer residues were subse-
quently removed by wet etching in MF322 developer at 35°C (Ti
top electrode layer used as a mask). As shown in Fig. 6a,a PECVD SiO
layer (to act as masking layer for the DRIE of the Si) was deposited
on the wafer backside and patterned by C,Fg/CHF5; dry etch. In
the next step, a PECVD SiN layer with various thicknesses (0.5, 1.5
and 3.0 wm) is deposited on top of the AIN/Ti stack. The SiN was
removed by CHF; dry etch on the contact pad area (Fig. 6b). Then,
a 200 nm thick Al layer is sputtered, followed by a 500 nm thick
PECVD silicon oxide deposition. The SiO layer is here utilized as a
hard mask to pattern the stack of Ti/AIN/Ti/AIN in a single litho-
graphic step so to prevent misalignment of the SiN to the other
layers. This SiO layer is later stripped by plasma, where the thin
Al layer between SiO and SiN is used to protect SiN in C;Fg/CHF3
gas. The Al and SiN were sequentially patterned in HBr/Cl, mixture
and CyFg gas after etching of the oxide mask in C;Fg/CHF3 mix-
ture using a 3 wm thick photoresist layer mask (Fig. 6¢). The whole
stack of AIN and Ti layers, defined by HBr/Cl, dry etch, is shown
in Fig. 6d. Next, the device is released by DRIE in SFg (Bosch pro-
cess) after openings are created in the oxide mask in C,Fg/CHF3
gas. The top Al layer and bottom AIN layer were finally stripped in
Al etchant solution and MF322 developer, respectively. The lay-
ers stack as illustrated by the SEM sample side view image in
Fig. 7a, is well defined by the single lithography step used. Further-
more, top view scanning electron micrograph (SEM) of an array of
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Fig. 6. Process flow for AIN piezoelectric cantilever fabrication with a top SiN struc-
tural layer. (a) Deposition of the Ti/AIN/Ti/AIN stack by sputtering and contact
opening to the bottom Ti electrode followed by deposition and patterning of the
oxide mask layer at the backside; (b) deposition of PECVD SiN and patterning of the
SiN at contact areas; (c) deposition of a double mask layer of Al and SiO and pattern-
ing of the SiO, Al and SiN layers; (d) patterning the AIN/Ti stack by dry etching using
the SiO mask; (e) DRIE etching of the Si substrate from the backside and removal of
the oxide mask on the front side; (f) removal of the AIN bottom layer and removal
of the Al top layer to open contact areas to both electrodes.

50 wm wide released cantilevers (Fig. 7b) exhibit no cracking and
deformations.

4. Device actuation

To measure the actuation of the cantilevers a laser Doppler
vibrometer (Polytec OFV 5000) as schematically indicated in Fig. 8,

S500nm.SIN
TI/AIN/TI Stack

a)

Control Signal

Sensing Qutput Vibrometer
Controler
Signal Generator
| ] Amplificr Oscilloscape

OUT

Fig. 8. Experimental set-up for the cantilever tip displacement measurement using
a laser Doppler vibrometer.

was used. In this system, the light of a laser is pointed at the tip of
the cantilever. A sinusoidal voltage is applied to the electrodes of
the cantilever by a generator and an amplifier. The displacements
in the z direction at the tip of the cantilevers cause a change in
frequency and phase of the reflected light. The optical signals are
modulated into electrical signal by an optical sensor. The velocity
presented by the electrical signal is integrated and translated into
a displacement value by a vibrometer controller. This set-up can
detect the cantilever movement down to nanometer scale with a
resolution of 1 nm. Mechanical vibrations are the largest source of
noise, with amplitude of roughly 20 nm at a frequency of 50-70 Hz.
The resonant frequency of the cantilevers is equal or higher than
19 kHz (the lowest measured resonant frequency is 19.332 kHz for
200 pm long Ti/AIN/Ti beams [7]). Therefore, to average out the
noise, the cantilevers were actuated at a frequency of ~1 kHz, well
below the resonance frequency for quasi-static mode.

The dependence of quasi-static displacement of the cantilevers
with different thickness of SiN layer for varying input amplitude
is displayed in Fig. 9a. High linearity and a large influence of the
SiN layer thickness are observed. It can be clearly noticed that with
the slender cantilever with the thinner SiN layer, a greater tip dis-
placement is obtained. For the 200 wm long cantilevers, a value
of 19nm/V (tip displacement per input amplitude unit) is mea-
sured. This is a threefold increase with respect to the slender AIN
cantilever without the top SiN layer presented in [7].

A displacement was observed in the AIN cantilever without the
top SiN. Although a piezoelectric cantilever with a symmetrical
layer stack around the neutral layer plane does not deflect when
applying an actuation voltage, already small asymmetries can lead

b)

Fig. 7. SEM images of (a) 500 nm SiN layer on Ti/AIN/Ti stack and (b) top view of 50 wm wide cantilevers with a length of 50 wm (left), 100 pm (center) and 200 pm (right).
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Fig. 10. The displacement of cantilevers of different lengths coated with 500 nm thick SiN layer (a) and generated actuation as a function of cantilever length (b).

to small deflections [8]. In our case, the top and bottom electrodes
have different thicknesses. This can partially explain the measured
deflection. Other possible causes of this displacement are gradients
in the material properties of the layers.

By using the model in [8], the piezoelectric coefficient d3; can
be estimated from the displacement of the cantilever. In spite of
the very narrow rocking curve detected by XRD, the obtained d34
value of —0.45pm/V for our AIN layers is an order of magnitude
lower than the single crystal value. This lower value is probably
caused by the high surface roughness of the Ti layer [18] and by
the mono-oxide layer on the surface of Ti which occurs even in
a high vacuum environment, leading to a more random distribu-
tion of polarity of the AIN films. In Fig. 9b the measured data and
analytical data for varying SiN layer thickness are compared. For
the analytical data, the model presented in Ref. [19] and the mate-
rial properties collected from Ref. [4] are used. The discrepancy
of the analytical data and the measured data observed is related
to the difference in physical properties of our layers (densities,
Young module, etc.) and the collected data. Furthermore, under-
cut of cantilevers caused by a slight misalignment during the bulk
silicon etching from the wafer backside also contributes to these
deviations.

The higher actuation obtained in AIN/SiN cantilevers is due
to the large asymmetry of the piezoelectric structure that
demonstrates the performance enhancement of these cantilevers.
Furthermore, the displacement actuation of AIN/SiN cantilevers of
differentlengths was investigated (Fig. 10). The highly linear behav-
ior in Fig. 10a is preserved also for the shorter (100 wm and 50 pm

long) cantilevers. The bending of the cantilevers depends quadrat-
ically on the cantilever length (Fig. 10b). This indicates that the AIN
piezoelectric layer is uniform throughout the length of the can-
tilever in agreement with [2]. The undercut of the cantilevers is
accountable for the small error observed in the bending quadratic
relationship.

5. Conclusions

In this paper, good crystallinity and high c-axis orientation AIN
thin films sputtered on Ti have been used to fabricate piezoelec-
tric cantilevers with very good linearity and high displacement at
quasi-static mode. The addition of a top SiN layer results in a sig-
nificant increase in displacement (up to three times for the 200 pm
long cantilevers). Moreover, the SiN layer provides a useful coating
which can be interesting for applications with liquids or aggres-
sive substances. The realized structures are very thin (~1.4 um
with 500 nm SiN) as desirable for nanoscale device fabrication. The
high static actuation displacement (19 nm/V for 200 p.m long can-
tilevers and 4.25 nm/V for 100 pwm long cantilevers) demonstrates
the great performance enhancement achieved by the combination
of high quality AIN layers with the high stiffness SiN, while CMOS
compatibility is preserved.
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