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This paper treats a wide range of subjects related to the use of AIN as actuation layer in MEMS, from its deposition conditions to accurate
interferometric device characterization and physical parameters extraction. The case of AIN driven multilayered cantilevers has been considered.
Parameters such as Young’s modulus associated to the (0 O 2) orientation of the crystallites, residual thin film stresses, thermal expansion
coefficient o and piezoelectric coefficient d3; have been calculated using non approximated equations able to take into account multiple film

stacking. The well oriented thin films exhibit approximately the same properties as the bulk material.
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1. Introduction

Aluminium nitride (AIN) is a III-V large direct band gap
semiconductor material with appealing properties in a wide
range of fields. Its piezoelectric properties associated with high
ultrasonic velocity, good thermal stability and low tempera-
ture deposition (below 400 °C) compatible with the integrated
circuits post-processing made it a promising candidate for GHz-
band surface acoustic wave (SAW) [1,2] and bulk acoustic
wave filters (BAW) [3,4]. Besides the ever-growing wireless
communication market, AIN has also been used for sensing
purposes in pressure, gravimetric and even chemical sensors
based on lamb-wave propagation over AlN/silicon membranes
[5,6]. For actuation purposes, PZT sol-gel films have been
preferably used because of their high piezoelectric coefficients
(around nine times greater than those of AIN) and the possi-
bility to be deposited with great thicknesses. However, AIN
still represents a good alternative for MEMS actuation [7],
offering a great number of advantages [8]. Besides its inte-
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grated circuits post-processing compatibility, due to the low
deposition temperatures, AIN has an excellent chemical stabil-
ity, a dielectric constant 100 times smaller than PZT ones, a
high breakdown field (>800kV/cm) and is a non ferroelectric
material that does not require poling. Therefore, AIN films are
competitive in actuation applications where low dielectric loss,
low thermal drift and high signal-to-noise ratios are required.
The aim of the present work is the development of high qual-
ity AIN driven cantilevers that will be used in more complex
MEMS, such as the on-chip near-field optical microscope pro-
posed by Bargiel et al. [9]. Besides the actual device processing,
the study focused on the stress and crystallographic orienta-
tion control of the AIN film. In general, (00 2) oriented AIN
films are easily obtained by physical vapour deposition (PVD)
methods such as sputtering. However, the (00 2) oriented AIN
films have poor electromechanical properties which can be sub-
stantially improved if an (100) orientation is achieved [10].
There are many parameters influencing the AIN film growth
[10-16], such as the distance between the Al target and the sub-
strate, the gas pressure, the sputtering power and moreover. In
this paper we study the influence of the bottom metal electrode
on the internal stress, the crystallographic and the piezoelec-
tric properties of the AIN film deposited on it. The relationship
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between the residual stress and the sputtering time has also been
reported.

2. Experimental procedure
2.1. Sample fabrication

The AIN driven micro-beams were fabricated on 380-pwm
thick, 3 in. (1 0 0) oriented Si wafers. The process flow is shown
in Fig. 1(a). After realizing a 15 pm thick Si membrane by KOH
etch on the bottom side of the wafer (step 1), three thin lay-
ers have been successively deposited on the top side: two CrNi
PVD metal layers (0.15 pum at step 2 and 0.35 wm at step 4)
separated by the AIN film. The Crspq,Nisoq, alloy has been sput-
tered on a substrate, heated (200 °C) at 230 W (0.5 A) using a
0.93 Pa Ar gas pressure. The AIN has been deposited (step 3)
in a pulsed reactive dc sputtering machine on a non heated sub-
strate placed at 70 mm from the Al target, with an input power
of 650 W, a Ar/N; gas ratio of 0.65 sccm/6 sccm and a pressure
of 0.65 Pa.

These conditions led to a deposition rate around 17 nm/min,
which is in agreement with the results of Kusaka et al. [13]. Two
different wafers have been processed, with final AIN film thick-
nesses of 1 um (wafer 1) and 1.4 pm (wafer 2). The substrate
temperature being only dependent on the self-heating plasma,
its value never reached 130 °C at the end of the AIN film depo-

sition. The top CrNi electrode patterned at step 4, has been used
as a hard mask during the AIN and silicon etching (steps 5 and
7). An intermediary process step allowed the deposition and pat-
terning of 0.5 pm thick aluminium pads that have been used for
wire bonding.

The AIN has been etched using a humid base solution. The
silicon, which was not protected by the CrNi hard mask, was
etched by reactive ion etching transforming the initial Si mem-
branes into an array of free standing cantilevers. They had a
constant width of 50 um and variable lengths from 200 pm up to
900 pwm. Note that the precise thickness of the beams (= 15 pm)
has been determined by SEM. The layout of the 200 wm long
cantilever array is shown in Fig. 1(b). The actuation of the can-
tilevers is done by applying a voltage between the upper and the
bottom metal electrodes. Fig. 2 presents a SEM picture of the
final device, diced and connected to the package.

Before the fabrication of the devices, a series of test struc-
tures has been realized in order to measure the stress in the films
and the influence of the bottom electrode nature on the stress
in the AIN film. These test structures were arrays of 13 um
thick silicon cantilevers, 0.5 mm wide, with lengths varying
from 0.5 mm up to 3.5 mm. Two bottom electrodes have been
tested: 0.16 wm thick CrNi and 0.24 pm thick Pt films. The
CrNi has been deposited using the same conditions than for the
devices, while the Pt has been sputtered on a non biased, non
heated substrate at 120 W (0.22 A) using a 1.1 Pa Ar gas. After

H
/

Bottom Electrode (CrNi)

Upper Electrode (CrNi)

Fig. 1. Cantilever process flow chart (a) and specific layout (b).
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Fig. 2. SEM picture of a packaged chip.

measuring the cantilever bending, a 0.8 wm thick AIN layer has
been deposited using the same conditions than for the devices.

2.2. Interferometric measurements

Both test structures and AIN driven cantilevers have been
characterized using a previously validated measurement set-up
based on a Twyman-Green interferometer [16,17]. This experi-
mental set-up allowed both static and dynamic measurements of
the samples. The use of a thermo-electrical module allowed us
to fix the sample temperature anyway between 15 °C and 60 °C
with an 0.01 °C accuracy. The static measurements consisted in
cantilever deflection measurements when no voltage or a certain
dc voltage (between —15 and +15 V) was applied between the
top and bottom metal electrodes. Five frames of interferomet-
ric intensity data taken at 90° relative phase shifts were used
with a phase shifting algorithm in order to obtain a highly accu-
rate measurement of the cantilever profile (20 nm accuracy on
vertical displacement) [16,17].

Fig. 3 shows such a measured profile of three 800 wm long
adjacent cantilevers with no applied voltage (1.4 pm AIN film
thickness wafer). For the dynamic measurements, an 8 PP sinu-
soidal signal was applied to the cantilevers, their first resonance
frequency being determined by a time average technique [16].
As these measurements have been used for physical parameter
calculation, such as internal stress or piezoelectric coefficient
values, the precise knowledge of the thin film and silicon thick-
nesses was essential. Therefore, for each of the devices present
over the wafer, the metal electrodes and AIN thicknesses have
been measured by mechanical profilometry (few nm accuracy).
Each cantilever silicon thickness has been measured by SEM
with a 0.2 pwm accuracy.

2.3. Nanoindentation measurements

Nanoindentation tests were performed on the AIN films of
the test structures using a nanoindenter IIS (Nano-Instruments)
with a Berkovich tip. The study was conducted following the
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Fig. 3. An example of the five phase shifted interferograms used for the can-
tilever profile measurement (a) and the corresponding final 3D profile (b).

continuous contact stiffness measurement procedure [18] with
a frequency of 45Hz and an indenter vibration amplitude of
Inm during the penetration of the tip into the sample. It
allowed the determination of the indentation modulus M g
and the hardness Hpuyy for AIN deposited on Pt and CrNi
electrodes.

For each tested sample, the measurement sequence consists
on 15 indents with a 50 wm space between them, on three or
four different zones of the film (15 x 3/4 indents), with a maxi-
mum penetration depth of i, =200 nm and covering an area of
200 pwm x 200 pm for each zone. For hpax =200 nm the maxi-
mum load range value is about 15—-18 mN. The penetration speed
was not constant but increased with depth from 1-8 nms~!. The
thickness of the tested films is about 0.8 pm.

2.4. AFM measurements

The standard deviation of nanoindentation measurements is
strongly related to surface roughness [19,20], then the film’s
roughness was evaluated with an atomic force microscope
(PSIA, XE 150) in non contact mode. An area of 7 pum X 7 pm
was scanned at three different positions in the surface in order
to make sure that the images taken in AFM are representa-
tive of the film surface. We found an average roughness Ry
of 2.4 £ 0.4 nm for the AIN deposited on the CrNi electrode and
Rins =2.0£ 0.3 nm for the AIN deposited on the Pt electrode.

2.5. X-ray diffraction measurements

We use Cu Ka radiations on X’Pert MPD PANalytical sys-
tem, to obtain 6—20 data in a Bragg Brentano geometry with a



step size of 0.02° (20) and a step time of 5s. Highly textured
AIN films are observed and £2 scans are taken on the (002)
AIN diffraction line at 6 =18° with a step size of 0.04° (26), a
step time of 2s and A2=20°. For the size calculation, sam-
ple function is extracted from raw data by de-convolution with
a 6 =0.01° resolution. Scherrer relation is used with a silicon
standard.

3. Equations for multilayered cantilevers

Several theoretical models regarding stress analysis of single
layer of thin film deposited on an elastically isotropic substrate
have been developed since the first works of Stoney in 1909
[21-24]. Stress models for multiple elastic layers of thin films or
multilayered structure were introduced in the 1980s. Moreover,
the mechanics of a heterogeneous piezoelectric bimorph under
the influence of an external applied electric field has been anal-
ysed by Smits and Choi [25] and the extension of these results to
different configurations of multilayer piezoelectric actuator with
bending deformation has been considered by different authors
[26-28].

In previous works [29,30], the composite laminate theory
(CLT) applied to a three layers cantilever with one piezoelec-
tric material considering the linear constitutive equations for the
piezoelectric material allowed to establish the relations giving
the deflection of the structure as a function of the applied or
residual stress, the applied voltage and the temperature. These
relations are used in the present paper (Eqs. (1)—(8)).

3.1. Internal stress related cantilever deflection

The use of the same metal (CrNi) for the top and bottom
electrodes, allowed us to consider, for simplification reasons,
that the silicon cantilever has only two films on its surface: the
AIN film and a metal electrode film with a thickness equal to the
sum of the top and bottom electrodes thicknesses. The stress in
the AIN and metal films are resulting in a mechanical deflection
dm of the cantilever that can be written as:

_ 3(1 —v) Esh? — (Ethg + Eche)(he + h)

dm = L%o 1
™7 Eegh?, Eshy + Eshy + Eohe 0 W
with the global stress oy:
h h h
U()=0f f + Oehe + Oshs )

heq

and where Ej, h; and o with i=s, f, e are the Young modulus,
the thickness and the stress of the silicon substrate (s), the AIN
film (f) and the metal electrodes (e). L represents the cantilever’s
length and v the Poisson coefficient taken equal for all the mate-
rials. The equivalent thickness /eq is equal to the sum of Ag, At
and he while E.q represents the equivalent modulus that can be
written as:

_ Ki+Ky+ K3+ Ks+ Ks

Eeq = 3
(thf + Eshs + Eehe)heq

(3a)

with

K| = E?hi + E2h? + E2h? (3b)
Ky = 2EsEchshe(2h? + 2h% + 3hghe) (3¢)
K3 = 2EtEchthe(2h? + 2h2 + 3hthe) (3d)
Ky = 2EtEshihg(2h2 + 2h? + 3hshy) (3e)
Ks = 12EsEthshtheheq (3h)

It is interesting to notice that a first order development of the
Eq. (3), considering he =0 in the Egs. (1), (2) and (3), gives a
generalized writing of the Stoney equation:

Esh?8n, E¢hs 3hs
=_——3s 1T 4 1+ — 4
=30 on? | Y Ea | T @
SN~ ~~~
A B

Eq. (4) is in good agreement with the relation established by
RoI1 [20], only the B term differs.

In this study, using the Stoney equation (first term in Eq.
(4)) would have introduced a significant under-estimation of
the stress in the film, since the values of the terms A and B
are 0.78 and 0.11, respectively. In these case, Ef/Es = 2.6 and
helhg =7.5 x 1072,

3.2. Piezoelectric induced deflection and first resonance

frequency

Under an applied voltage U, the linear piezoelectric proper-
ties of the AIN film will result in an additional deflection &, that
can be related to the AIN piezoelectric coefficient d3; by:

3 Ef(Eshs + Eehe)

— d3 LU 5
Eegh2, Eshg + Eghe + Eche ' ©)

S =

This expression agrees with those developed by Wang et al.
[26] for a symmetric triple layer bender. Putting in the above
equations /. =0 leads to the classic equations for a piezoelectric
film deposited on a thick cantilever [25,29,30].

The first resonance frequency value of a three-layer bender
can be written as:

2
P1 heq Eeq
= 6
fi 4n\/§L2”7peq (6)

where heq is the equivalent thickness, Eeq is the equivalent Young
modulus above defined (Eq. (3)). The p; term value is 1.875 and
the equivalent density term peq is equal to:

_ pshs + pthe + pehe
heq

)

Peq

3.3. The influence of the temperature

Under a thermal loading AT, the corresponding deflection
dth of the bender is related to the thermal expansion coefficients



of the different layers o, ar and e, by the following equation:

[Esh?—(Etht+Eche)(he+hp)llots(Eght+Eche)
—(Erathi+Ecache)]

oth =3 3
Eeqheq(thf + Eshgs + Eche)
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4. Results and interpretations

4.1. XRD results

Fig. 4a shows the typical X-rays diffraction spectrum of AIN
films deposited on CrNi and Pt electrodes. The crystallites of the
AIN film are perfectly (0 02) oriented for the CrNi electrode; the
c axis of the hexagonal structure is perpendicular to the substrate
surface. The different peaks of the CrNi have been identified.
However, the presence of additional peaks (noted with star in
Fig. 4a) corresponds to additional compounds in relation with the
employed target (may be oxy-nitride of CrNi). For Pt electrode,
oriented (1 1 1), the direction (0 02) of the crystallites is always
the more pronounced but the flat hill at about 45° indicates the
presence of an amorphous part. In this case, the morphology
of the films is more complex; well (002) oriented crystallites
embedded in amorphous phase.

The FWHM of the £2 scan of the (002) plane, Fig. 4b, is
smaller for Pt electrode (1.37°) than for CrNi (2.68°) which indi-
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Fig. 4. Typical X-ray diagrams for AIN on CrNi and Pt (a) FWHM of the £2
scan of the (002) plane (b).

cates a better (0 0 2) orientation for the Pt electrode. These differ-
ent observations, in relation with the deposition conditions previ-
ously mentioned are consistent with those of Ishihara et al. [10].

It can be concluded that the CrNi electrode is more convenient
for MEMS applications, since the AIN deposited on it had only
one better (0 02) orientation.

4.2. Indentation modulus values

In nano-indentation, the Mz, modulus, measured on a single
crystal, whose normal to the surface has director cosine «; is
given by [31,32]

—1
27
M gy = 167 [ /0 Bk (Cii Yotk dy]

_ 1 11—\ 17!
with My = 7 z
r ind

Vr dP 2 u 1/
and M, = N A(he) = 24.5h2 + ;(anhc ),
P
and hc=h—8<S) ©)

A is the projected contact area, P the applied load, S=(dP/dh)
the unloading stiffness measured at the depth of penetration A,
B=1.034 and £=0.72 for the Berkovich’s tip. (E/(1 — vz))ind is
the reduced modulus of the diamond indenter, y is the angle in
surface plane and By (Cjj,y) a very complicated matrix function
of the elastic stiffness Cj; and y [31,32].

In our case, depending on the crystallite orientation occurring
in the deposition process as mentioned before, the My modu-
lus determined by nano-indentation should not be constant. The
measured hardness is given by:

H P
bihkl) =~

No general analytic solution of Eq. (9) exists. However,
for some configurations, approximated solutions are available
and give very close results to numerical solutions resulting
from Eq. (9). For an hexagonal symmetry (isotropic transverse
(Ce6 = C11 — C12/2)) it is shown [33] that:

(10)

2
M p01>=
V(€11/C1iCi—CE)(1/ Cas+2//CiiCi+Cra)
(11)
M100) = M0y = \/(Cfl — C3,/Ci)V/Cii/ Cx3Mpon)
(12)

Between these two values, there is no analytical solution, only
approximated numerical solutions [34].

Different values of the Cj; elastic constants of sputtered AIN
thin films [35] and epitaxial AIN films grown at high temperature
[36,37] are reported in the literature.



Table 1

Values of the Cjj elastic constants (C12 = C11 — 2Cgg) and the My, indentation modulus of AIN material

Cn Ci3 Cs3 Cy4 Ces M oo1) M 100) Ref.
Sputtered high quality 360 123 410 116 119 342 319 [35]
Low quality 326 122 401 99 108 316 286 [35]
Epitaxial 345 120 395 118 110 335 306 [36]
Bulk 396 108 373 116 129.5 329 344 [37]

It has been reported that the values of the elastic constants of
the sputtered AIN films exhibit an appreciable dependence on
the micro-structural properties of the films, which are strongly
affected by the deposition conditions. Table 1 gives the Cj; values
and the corresponding values of M1y and M jqpy calculated
with Eqs. (11) and (12).

Fig. 5a and b represent the evolution of mean values of
the My modulus and hardness Hp(uiyy versus the reduced
indentation depth h/hs for the two kinds of electrode (CrNi/Si
and Pt/Si) and for AIN on glass [38]. In order to study the
evolution of these parameters with the micro-structural mor-
phology of the studied films, taking account the presence of
the substrate, the analysis of measurements at low indenta-
tion depths, typically for h/hs < 10% [39,40] is required. These
results are analysed for 1 =25,50and 75 nm (3.1 < h/hs <9.4%).
The indentation modulus My is a decreasing function of
h/hf (Fig. Sa) since M(hkl) (AIN) >M(10()) (Si) =189GPa and
M iy (AIN) > M(Si07) = 80 GPa.

For hhs=0, the calculated mean values are
M pigy =340 £ 10 GPa for AIN/CrNi/Si, M iy =305 £ 10 GPa
for AIN/Pt/Si and M () =270 &= 10 GPa for AIN on glass. As
for the hardness, Hp ) is an increasing function of the reduced
indentation depth for h/hs < 10% and then a slightly decreasing
function of A/hs since the hardness of the silicon is lower than
those of the films H,(AIN) > H,(Si)=13.5 GPa.

However, as shown by Xue et al. [41], for the small inden-
tation depths, the increase of the measured hardness is due to
the spherical shape of the indenter tip whose radius is in the
order of 400 nm in the present study. Thus, only the values for
h/hs > 10% have to be considered as the Berkovich hardness of
the films. For the three different substrates, the mean value of the
AIN film hardness is around Hp gy = 26.0 &= 1.5 GPa. However,
the relative standard deviation og/Emean (0r 0H/Hmean), Where
Emean 1s the mean value of the Young’s modulus of an isotropic
material and o the standard deviation determined over more
than 25 indents [19], is related to the dimensionless parameter
Rins/h by the following equation [19,20]:

R m
OE _ Ol< ms) (13)
Emean h

For many metallic films deposited by sputtering tech-
nique, o and m have already been identified, «=0.346 and
m=0.64 [20]. Taking into account the measured values of
Rins (2<Rms<2.4nm), 05/ Emean = 08/(1 — )My (with
v=0.25) should approximately be equal to 7% and 5% for h =25
and 50 nm, respectively. The experimental values are 11 and 7%
for AIN/CrNi, 18 and 12% for AIN/glass and 35 and 24% for
AIN/Pt. They are greater than those estimated with Eq. (13),

the multiplicative factor is about 1.4, 2.4 and 5.2, respectively.
As shown on different PZT thin films [42,43] this factor can
be considered as an indicator of the degree of the crystallite
disorientation. This is in accordance with the XRD spectrums
shown in Fig. 4: for well oriented crystallites, AIN/CrNi with
(00 2) orientation, there is a fairly good agreement between the
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calculation and the experimental values, factor 1.4. However,
for more polycrystalline films, AIN/glass with (002) orienta-
tion [38] and AIN/Pt with simultaneous (00 2) orientation and
amorphous phase the factor is equal to 2.4 and 5.2, respectively.
To analyse the signification of the values of this factor, the his-
tograms of the measured values of My, for h=25 and 50 nm,
and for each tested film are reported in Fig. Sc. For well oriented
crystallites, (002) for AIN/CrNi (factor 1.4), there is only one
peak centred at My =332 GPa, close to the mean value and
corresponding to M o1y calculated from the Cj; values of high
quality sputtered films (M o1y =342 GPa) and epitaxial films
(M 001> =335 GPa), Table 1.

However, for AIN on glass (factor 2.4 and a mean value equal
to 270 GPa), there is two well defined peaks, the first one centred
at M py =335 GPa and corresponding to the (0 02) orientation,
as for AIN/CrNi film, and a second one at M ) =260 GPa.
For AIN/Pt, (factor 5.2 and a mean value equal to 305 GPa),
there is also two well defined peaks at 370 and 260 GPa.
The first one is certainly due to the very well (002) ori-
ented crystallites (Fig. 4b). Concerning the peak at 260 GPa
(E=244 GPa for v=0.25) and the corresponding value of the
hardness Hp iy =17 GPa, these values seem too high to be
attributed to the amorphous phase (E = 140 GPa, H, =9.2 GPa
[44] and 80< E<220GPa, 3.5<H, <20GPa [45]). However,
these values are more consistent with those of the crystalline Al
ON phase obtained on Si and glass heat substrates, £=261 GPa,
Hjp =17.8 GPa [44]. Notice that the absence of this phase for the
CrNielectrode is likely linked to the oxidation of this electrode as
shown by the XRD spectrum (Fig. 4a). The Berkovich hardness
associated to the (00 2) orientation, where M oo2) = 340 GPa, is
about Hp(oo2) =26 £ 2 GPa.

Between the two metal electrodes that have been tested, the
CrNi electrode proved to be the best choice since it led to a well
(002) orientated AIN film and a well defined value of M or).
The Young’s modulus calculated from the Cj; values [35] is equal
to 333 GPa in the ¢ direction, very close to M (001), and equal to
284 GPa in the perpendicular direction.

4.3. Internal thin film stress values

The bending of the test structures cantilevers before and after
the AIN deposition on their CrNi and Pt electrodes respectively
gave valuable information about the stress levels in the films.
The measurements shown in Fig. 6, deflection 8, as a function
of the square length of the cantilever, indicated that the stress in
the CrNi film was a tensile one, while the Pt film was under
compression, the change of slope after AIN deposition indi-
cates a compressive stress. Numerical calculations using Eqs.
(1), (2) and (3) with osi=0, Esi =129 GPa, Ean=330GPa,
Ecini =237 GPa and Ep; =168 GPa with v=0.3 led to values
of +1110 MPa tensile stress for CrNi and —700 MPa compres-
sive stress for Pt. After its deposition on the two different metal
electrodes, the stress value in the AIN film deposited on CrNi
was oalN = —220MPa, versus oaN =—564 MPa for the one
deposited on Pt.

CrNi proved again to be a better choice as metal electrode
since it allows the deposition of less stressed AIN film. Moreover,
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Fig. 6. Measured test structures cantilever bending before and after the deposi-
tion of the AIN film as a function of their square length.

if the thickness of the films is well chosen, it is possible to obtain
a structure with a global stress equal to zero (at a given constant
temperature), 6, = 0, as shown in Fig. 6 with the CrNi electrode.

The compressive stress in the AIN film has been related in
the literature to the dc power input [16]. Meng et al. [46] have
also shown that the stress was a function of the AIN film thick-
ness: it had a minimum for thickness between 0.5 and 1 pm and
it is increasing for greater thickness. These observations have
been confirmed in this study. Table 2 gives the calculated AIN
stress in the test structures but also in the final devices that had
AIN thicknesses of 1 wm (wafer 1) and 1.4 pm (wafer 2). The
AIN compressive stress is significantly increasing with its thick-
ness. Therefore, if the aim is to realize an AIN driven structure
with low global stress, the CrNi electrodes thicknesses should be
adjusted not only to the thickness value, but also to its thickness
dependent stress value.

However, in the present study, all the films have been
deposited with the same deposition rate = 17 nm/min, so it is
not possible to distinguish the effect of the film thickness from
those of the deposition time. During the phase of the process
optimization, some experiments have been carried out on AIN
deposited on Al/Si electrode [47]. The input power was 150 W
leading to a low deposition rate of about 3 nm/min. The AIN
film had a thickness of 0.4 m. Table 2 reports, for all the tested
films, the dependence of the oaN stress versus the sputtering
time ¢. The residual stress seems to be an increasing function
of the deposition time, which indicates that there is a strong
link between the film structure and the crystallinity and the film
growth mode, in accordance with the results of Auger et al. [14].

Table 2
Internal thin film stress values as a function of the electrode nature, thickness
ht, deposition rate V and deposition time ¢

Electrode  hf (wm)  V(nm/min) ¢(min) N (Meas.) o AIN (MPa)
CrNi 1.4 17 74 22 —860+70
CrNi 1.0 17 53 20 —314+136
CrNi 0.8 17 42 2 —222

Pt 0.8 17 42 2 —564

Al 04 3 133 4 —1082 £326

N is the number of measurements.
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Fig. 7. Static initial deflection as a function of the temperature for three of the
800 wm long cantilevers.

4.4. Thermal expansion coefficient determination

The thermo-electrical module (Peltier device) integrated
in the sample holder of the optical profilometer allowed
us to control the cantilevers temperature between 15 and
60°C and thus to determine the thermal expansion coeffi-
cient (TEC) of the AIN films (Eq. (8)). Fig. 7 shows the
variation of the total deflection &, +dT as a function of
the temperature for three different beams. The application
of Eq. (8) knowing the slope of these curves (Adth/AT)
and the material parameters (hf=1pum, hg=16.05pm,
he =0.506 pum, L=800um, os=2.44x 107K, @.=9.5x
107°K~!) allowed us to calculate af=asnN. We found
43 x 1070 <apn<4.6 x 1070K~!, which is in good agree-
ment with the values reported in the literature for
bulk material; 4.4 x 107 ®<aan<5.3x 1070K~! [48] and
4.03 x 1070 <aan<4.84 x 107 SK~! [49].

4.5. Resonance frequency measurements

A sinusoidal signal (8 V-PP) was applied to the can-
tilevers through the two electrodes. The enhanced-time average
interferometry method was applied to determine the first
resonance frequency f| of the micro-beams. As shown in
Fig. 8a and according to Eq. (6), f; is proportional to 1/L%;
37kHz < f; <500kHz for 200 pm < L <800 pwm. Similar mea-
surements performed on AIN/AI/Si cantilevers have been also
reported previously by Andrei et al. [47].

There is a fairly good agreement between the experimental
values and the theoretical ones calculated from Eq. (6) (Fig. 8a),
except for the shorter beams where the frequency is very high
(fi =500 kHz for L=200 p.m) and the geometrical uncertainties
of the beams cannot be neglected.

A more detailed analysis is performed on different cantilevers
having the same length, L =800 wm and coming from wafer 1,
hg=1 pm, 15 tested beams, and wafer 2, hf=1.4 wm, 22 tested
beams. Fig. 8b shows, as a function of the initial deflection &y,
the experimental and theoretical values of f; for the different
cantilevers taking into account the precise geometry measured
of each cantilever. The theoretical values are always smaller
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Fig. 8. Measured of the first resonance frequency as a function of the inverse
of the square length of the cantilevers (a) or as a function of the initial static
deflection of the 800 wm long cantilevers with thickness of 1 and 1.4 um (b).

than the experimental ones, in an order of 3.1 and 6.5% for
wafers 1 or 2, respectively. This difference can be explained
by the presence of geometrical imperfections in the neighbour-
hood of the clamping area, due to small misalignment of the
two masks during the anisotropic silicon etching (steps 5-7 in
the flow chart). The overflow of the (11 1) Si plane under the
cantilevers affects the true value of the clamping length and the
real values are smaller than those measured on the top side of
the beam. To obtain the experimental frequencies, the L values
should be around 788 wm (—12 wm) and 774 pm (—26 wm) for
wafer 1 and 2, respectively. It is also observed that, for each
wafer, the relative discrepancy between the experimental and
theoretical values of f; varies approximately as 1/L (for exam-
ple see Fig. 9a, 1/L?=2.5 x 10~> wm?, L=200 wm), which is
in accordance with the previous explanations.

4.6. AlN piezoelectric coefficient determination

When a dc voltage is applied between the upper and the
lower metal electrodes, (£ 15V for Ar=1.4 pm and £10V for
hf=1 pm) a supplementary displacement dp (Eq. (5)) must be
added to the stress induced mechanical bending ém (Eq. (1)).
As shown in Fig. 9a, the measured piezoelectric displacement
dp is linearly dependent on the applied voltage. The slope for
the wafer 2 sample is greater since the AIN film is much thicker
than for the wafer 1 devices (the silicon and metal electrodes
have the same thickness for both wafers).
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However, this different slope is not only related to
the different thickness. Using Eq. (5) and as shown in
Fig. 9b for different cantilevers, the piezoelectric coeffi-
cient d3; value for wafer 2 (1.4 um AIN) was found to be
—2.0£0.15pm/V, for only —1.34+0.1pm/V for the wafer
1 samples (1 wm AIN). The first —2.0pm/V value is in
good agreement with d3; coefficients measured on pulsed
reactive dc sputtered AIN films, d3; =—2.0+0.1 pm/V and
d31 =—1.6 0.1 pm/V for films grown at 200 and 90 °C, respec-
tively [50], d3; = —1.8 0.1 pm/V for films grown by molecular
beam epitaxy [51]. In this study all films were deposited on sub-
strate, which restricts the strain in the plane of the films and thus
reduces the strain along the ¢ axis. So, the clamped coefficient
d{; measured on these films is smaller than the value for the
unconstrained bulk material d%. Moreover, for Wurtzite crys-
tals, d31 = —(1/2)d33 and it is thus possible [50,51] to calculate
d®, from the d; coefficient of the films by the relation:

St + S )
SE + SE + o S

ddy = —2dS, ( (14)
a is a factor depending of the clamping amount (0 <a <1)
and the Sj; parameters are the elastic compliances at constant
electric field. They are calculated from the Cj; values given in
Table 1 [35,36]. The numerical application of Eq. (14) for a per-
fect clamping v =1, gives:d'3°3 =5.7pm/V fordj; = —2pm/V
(1.4 pm AIN) but only d§’3 =3.7pm/V for dj; = 1.3pm/V.

(1 pm AIN). The first value of d§’3 is very close to those reported
for bulk material; d§’3 = 5.6pm/V [50] and d§’3 =5.0pm/V
[52]. 3D finite element calculation (ANSYS) performed with
the Cjj values given in Table 1 (sputtered high quality),
d13=(—1/2)d33, d15 =4 pm/V [35], the true thickness of the dif-
ferent films, hesuyp=0.35 pm, hepr=0.15 pm, haN=1.4 pm,
hsi=15.19 pm and L=800pum, =50 um, allows to deter-
mine dj3 =—2.2pm/V, which is close to the analytical value
di3=—2.0pm/V calculated from Egs. (5) and (14) with ¢ =1.
However, for wafer 1, the d§’3 value is some-how small com-
pared to those of bulk material, which indicates that the AIN
deposition process needs further optimization. Another possi-
ble explanation could be the influence of the dependence of o
with the film thickness. The factor « is greater for smaller thick-
ness, so for the same value of d§’3, df3 decreases with « since
S13 is negative. This could indicate a relationship between the
deposited AIN thickness and its piezoelectric properties.

4.7. Joule effect on some cantilevers

Impedance measurements (R) on all wafers 1 and 2 devices
have been performed. They showed that some of the different
cantilevers arrays present on each device were in short cut. When
a voltage was applied to these cantilevers they had an important
displacement 6 >> 8, proportional to the square of the voltage
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Fig. 10. Measured induced displacement variation with the applied voltage for
800 wm long cantilever samples in short cut (a), evolution of the coefficient A;"xp
with the inverse of the device resistance (b).



(Fig. 10a), that has a Joule effect origin. Note that 15V applied
bias has proved to be too high for some of the cantilevers with
hf=1 pm leading to severe damage of the electrodes and the
AIN beneath it. After this damage it was observed important
parabolic bending related to the heating of the AIN and Si films
thanks to the electrodes.

From Fig. 10a, we can deduce the relation:

Oth = Aepr2 (15)
which combined with Eq. (5) leads to:
Eeqh3(Eths + Eshs + Eche)

AT = - AexpU?
3[Eshs - (thf + Eehe)(he + ht)]
x [as(Etht+Eche)—(Efarht + Ecotche)]L?
= A* U? (16)

exp

If we consider the very simple thermal conduction model of
a wall heated on one side by an electric resistance r, then: AT =
B(U?/r), and since the resistances of each beam are associated
in parallel configuration:

« _ P
P pR

The representation A;‘Xp = f(1/nR) for all the tested arrays
in short cut is given on Fig. 10b. The slope of these curves gives
390< <590 K/W.

a7

5. Conclusions

The presented process allowed the fabrication of AIN driven
cantilevers that present good piezoelectrical behaviour. CrNi
proved to be a better choice as bottom electrode, since the AIN
deposited on it had better (002) orientation, a well defined
Young’s modulus and lower stress. The influence of AIN thick-
ness on its stress level has also been investigated, the obtained
results giving reliable information in designing AIN driven
structures with a low global stress. The thermal expansion coef-
ficient of these films has been determined. The devices obtained
from the wafer with a thicker AIN film (1.4 pm) showed better
piezoresistive properties, with a d3; coefficient of —2.0 pm/V.
All the physical parameters have been calculated using non
approximated analytical equations. From a material point of
view, the important result is that the well oriented (002) AIN
ceramic thin films exhibit approximately the same electro-
thermo-mechanical properties, Cj;, «, d:?] as the bulk material.
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