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Tunability of Aluminum Nitride Acoustic

Resonators: A Phenomenological Approach
Emmanuel Defay, Nizar Ben Hassine, Patrick Emery, Guy Parat, Julie Abergel, and Arnaud Devos

Abstract—A phenomenological approach is developed to
identify the physical parameters causing the dc-voltage-in-
duced tunability of aluminum nitride (AIN) acoustic resona-
tors, widely used for RF filters. The typical resonance fre-
quency of these resonators varies from 2.038 GHz at —200 V
to 2.062 GHz at +200 V. This indicates, based on these RF
measurements versus dc bias and the model used, that the
AIN stiffness variation versus dc bias is the prominent effect
because both resonance and antiresonance experience a similar
variation, respectively, 24 MHz and 19 MHz at 400 V. Picosec-
ond ultrasonics were also used to prove independently that the
acoustic velocity (and therefore AIN stiffness) is sensitive to dc
bias and that the variation induced is comparable to that ex-
tracted from the resonance measurements. It turned out that
the stiffness relative variation for an electric field of 1 V/pm
extracted from picosecond ultrasonics is 54 ppm-pm/V. This
is in good agreement with the value extracted from the RF
measurements, namely 57.2 ppm-pm/V. The overall tunability
of these AIN resonators reaches 1.1%, which is an interesting
figure, although probably not high enough for genuine applica-
tions.

ALUMINUM nitride (AIN) thin films are widely used for
their piezoelectric properties, especially for acoustic
resonators in the gigahertz range. Their main application
is RF filters for mobile phones [1]. The success of AIN is
related to two main features. First, the electromechani-
cal coupling of AIN thickness mode, k2, is around 7%,
which fits very well with the standard telecom bandwidth
(BW) requirements for wideband code division multiple
access (W-CDMA). W-CDMA typically exhibits 80-MHz
BW and a central frequency, f), of 2.14 GHz (BW/f;
3.74%). Second, AIN exhibits a very low internal viscos-
ity, which induces very high resonance quality factors
(@). The best reported results reach 2500 around 2 GHz
[2]. Tt is also highly desired for the next generation of
filters to exhibit tunable properties. Indeed, adding tun-
ability would allow a dramatic simplification of the RF
architectures in use. For instance, a narrow BW tunable
filter (a so-called channel filter) could replace the large
BW head filter, voltage-controlled oscillator (VCO), and
mixer. Therefore, investigating the bias-induced frequency
variation of acoustic resonators is a very interesting topic
for the next generation of RF filters. Highly tunable reso-
nators in the gigahertz range have already been reported
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in the literature [3]-[5]. They all belong to the perovskite
material family. Indeed, perovskite materials exhibit fre-
quency agility that can reach 5% under 200 kV/cm dc
electric field for Pb(Zr,Ti)Og (PZT) thin films [6]. In [6],
the authors also reported a k2 as high as 9.5%. The main
drawback of all perovskite-based resonators is their low -
factor compared with AIN. Indeed, for PZT, typical values
are around 50 in the gigahertz range, whereas ) can reach
250 for (Ba,Sr)TiO3 (BST) films [4]. Paraelectric BST ex-
hibits higher @ than ferroelectric PZT because there are
no domain walls in the paraelectric phase. Indeed, several
studies showed that the domain walls involved in purely
ferroelectric materials as PZT can induce high acoustic
losses and therefore low () in resonators [7] and lossy co-
planar waveguide (CPW) RF lines [8]. If one considers
a trade-off among all of the requirements, the best pub-
lished results for tunable perovskite based resonators in
the gighertz range are Q = 120, k2 = 6%, and Af,/f, =
—2% at Eg. = 600 kV/cm obtained with BST [5]. The
perovskites tunability s is mainly due to the high sensi-
tivity of their dielectric susceptibility versus the electric
field. This induces large variations of the electromechani-
cal coupling versus the dc field. However, note that the
antiresonance frequency, f,, of all acoustic resonators (and
more generally of all electromechanical resonators) is in-
dependent of the electromechanical coupling as described
in the IEEE Standard on Piezoelectricty [9, Eq. (60)] and
explained in more detail in [10] for the special case of
tunable acoustic resonators. Actually, for a piezoelectric
layer alone, f, only depends on its thickness, density, and
stiffness at constant electric displacement. Therefore, the
antiresonance variations are due to the stiffness sensitiv-
ity versus the applied dc field, or to couplings other than
the piezoelectric coupling. Indeed, in the case of BST,
Vendik et al. proposed the non-linear electrostrictive ef-
fect to explain the antiresonance frequency variations of
BST resonators versus the dc field [11]. Concerning AIN
tunability, it has been shown by Cheng et al. that the po-
sitions of the resonances of an AIN resonator are shifted
by applying a dc voltage together with the RF signal [12].
For the antiresonance frequency, the origin of this phe-
nomenon was attributed by Lanz et al. to a change in the
elastic constant of the piezoelectric material when a bias
is applied [13]. Although several authors used a thermo-
dynamic model to explain the resonance frequency varia-
tions of perovskite materials (paraelectric or ferroelectric),
this method has never been used to explain the tunability
of purely piezoelectric material as AIN. In this paper, we
propose to use this phenomenological approach for AIN
resonators. We will show that AIN tunability is complex,



because it exhibits many different contributions. Finally,
we will prove, by using an independent experiment on the
same sample (namely, picosecond ultrasonics), that the
stiffness variation is indeed the main contribution to the
tunability of AIN resonators when a dc bias is applied.

First, the proper variables must be chosen to describe
the model. In the case of AIN piezoelectric thin-film reso-
nators, the electric displacement D is a good choice for the
electrical variable because the antiresonance frequency of
the thickness mode is independent of the coupling. This
dramatically simplifies the model [10]. Note that this an-
tiresonance behavior is unique and does not apply to the
resonance frequency. The strain, S, is chosen as the me-
chanical variable because thin films are clamped to the
substrate. Therefore, in-plane strains are zero, and be-
cause we neglect the shear strain, the out-of-plane strain
is the only strain remaining, which greatly simplifies the
model. Therefore, Helmholtz free energy F, whose natu-
ral variables are D and S, appears to be the best choice
for such a case. The free energy expansion in the case of
perovskites is simplified because only the even terms are
considered, for both the symmetrical and the non-sym-
metrical ferroelectric phases. Indeed, it is supposed that
the free energy expression is very similar regardless of the
phase of the perovskite considered (paraelectric or ferro-
electric). Therefore, because the symmetrical paraelectric
phase exhibits the simplest free energy, this is chosen in
the non-symmetrical case. However, there is no reason a
priori to cancel out the odd coefficients of AIN free energy.
AIN is pyroelectric and, therefore, non-symmetrical. More-
over, there is no such thing as a symmetrical prototype
phase for the wurtzite phase. In this case, the expansion
considered reaches the third degree as written in (1). The
only dimension considered is in the thickness direction.
Because the only non-zero terms of S and D are along the
thickness direction, the free-energy expansion reduces to

F—F,= %CESQ + %,BOSDQ — hyDS + GD?S + NS*D

Los 1 ogs
+ gOD + gRS ,

(1)
where ¢y, 3,5, and hy are, respectively, the stiffness co-
efficient at fixed D, impermittivity at fixed S, and the
piezoelectric coefficient. G and N are both electrostrictive
coefficients. O and R are, respectively, representative of
non-linear variations of the impermittivity and of the stiff-
ness. The partial derivatives of F' with respect to S and D
are, respectively:

F
ZS]D =T = ¢S — hyD + GD? + 2NSD + RS*

gg] = FE = 35D — hyS + 2GDS + NS? + OD>
S

(2)

Let us add a dc field to AIN by considering that this dc
field is much larger than the ac field. If one only keeps the
linear terms, (2) then is

T = (cf + 2NDg, + 2RS.)S + (=hy + 2GDy, + 2NS4.)D
E = (~hy + 2GD,. + 2NS..)S + (85 + 2GS, + 20D,.)D.
(3)

Because the dc stress in the thickness direction is zero, the
dc strain, Sy, is

hoDy.
Sdc:[)i[)d‘ (4)

Co

By substituting (4) into (3), one finally obtains:

T = [c0+2[N+RhO]DdC]S
Co
[ h0+2[G+Nh0 DdC]D
Co
N (5)
E—[—h0+2[G+ O]DdC]S
Co
Gh
[ﬁ0+2[ 0+O]Ddc]
Co

These equations are actually equivalent to the (S, D)
piezoelectric formalism [9] by using the following substitu-
tions (here, we considered that Dy, = Egy./3,°, which is
true for the first order):

h = hy —2[G+ Nh“]EdC
B3
=P +2[N+Rh°]Ed° (6)
Eh
88 = g8 +2[Gh° + OJE%C.
¢ Bo

This formalism is now used to fit the frequency varia-
tions observed on the AIN resonators. The standard Ma-
son model is used here. Each layer of the stack, simply
elastic or piezoelectric, is represented by its acoustic be-
havior. In this paper, the AIN-based resonator is made
of a Bragg mirror (SiN/SiOC/SiN/SiOC) deposited on
a 200-mm-thick Si substrate. Molybdenum bottom and
top electrodes are deposited by sputtering, and 1.25-pm-
thick AIN is deposited by dc-pulsed sputtering. Fabrica-
tion details are given elsewhere [14]. Electrical tests are
performed by adding a dc voltage to the RF signal. Be-
cause the breakdown electric field of AIN is around 5 MV/
cm, the resonators used in this study withstand several
hundred volts. The dc bias applied between top and bot-
tom electrodes is varied between —200 and +200 V. A
network analyzer is used to measure the S parameters of
the AIN resonators. The resonance, f;, and antiresonance,

Jp» frequencies are extracted from these data by measur-

ing the maximum of the real parts of admittance Y and
impedance Z, respectively. Fig. 1 shows (a) Re(Y) and
(b) Re(Z) versus frequency in the vicinity of the thickness



TABLE I. EXTRACTED PARAMETERS OF THE MODEL OBTAINED BY
FITTING THE EXPERIMENTAL DATA SHOWN IN FIG. 1.

V bias (V) —200 0 200

P (N/m?) 3.83-10! 3.87-101 3.91-10%
k2 0.059 0.0577 0.0563
€S 10 9.7 9.3

mode resonance versus the dc bias. Each curve is repre-
sented together with its fitting curve, as obtained from the
Mason model.

One can note that f, and f—identified as the maxi-
mum of each curve—experience an increase with the dc
bias; respectively, +0.90% and +1.07% between —200 and
4200 V. Moreover, the order of magnitude of the shift is
similar for both f; and f,. This is very different from what
can be observed in perovskite materials, such as BST,
for which f; exhibits a shift around 5 times greater than
does f,. The frequency difference between f; and f, only
depends on the coupling factor k2. Therefore, the cou-
pling variation is much lower in AIN than in perovskites.
This is confirmed by the extracted data shown in Table
I. Indeed, k2 experiences a shift of less than 5% versus
400 V bias, whereas it can change by more than one or-
der of magnitude in BST. Physically, the main difference
with perovskites is the weak dielectric constant ¢ varia-
tion. Considering the maximum relative variation of ¢, it
reaches 7% for AIN compared with 60% for BST and 90%
for PZT. This is the key to explain the low k2 variation.
Because f, does not depend on k2, its variation is only
explained by stiffness variation. Because the variation is
similar for f, and f, stiffness variation is the main param-
eter explaining the frequencies variations. An important
point is that the quality factor of f, and f; (@, and ()
is not affected by the bias voltage. This is an important
point for tunable applications, for which it is important to
have a high @Q-factor.

Values extracted from the fitting process are G +
(Nhg)/(coP) = 6.2 - 109, N + (Rhg)/(cP) = 1.38 - 1011,
and (Ghg)/(cP) + O = 1.14 - 1010, Tt is very important
to note that every parameter involved in these expressions
matters and none of them is negligible. That means that
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the whole set of third-order terms involved in the free
energy described by (1) must be taken into account to per-
form a successful fit. This is a huge difference compared
with perovskites, for which the large dielectric constant
variation allows many parameters to be neglected [5].

This model approach gives accurate results. It is also
possible to confirm the variation of AIN stiffness by per-
forming an independent experiment, using picosecond ul-
trasonics. The set-up is based on a tunable Ti:sapphire
laser. Experimental details can be found elsewhere [15].
The absorption of a first optical pulse (the pump pulse)
generates a thermal strain pulse whose extension can be
less than 10 nm. The resulting wave packet of longitudinal
phonons propagates in the sample normally to the surface
at the corresponding sound velocity. The reflection at the
film/substrate interface yields returning echoes which are
detected at the surface by another delayed optical pulse
(the probe pulse). By adjusting the delay between pump
and probe pulses, it is possible to get a very precise mea-
surement of the round trip time, from which one can de-
duce the sound velocity or the film thickness [16].

For these experiments, we prepared the following stack,
from the top layer to the substrate: indium tin oxide
(ITO; 200 nm)/AIN (1.25 pm)/Mo (150 nm)/Si sub-
strate. All of the layers were sputtered on a 200-mm (100)
Si substrate. The ITO layer was patterned by wet etching,
providing the top electrode of the capacitors. Because the
AIN and Mo layers are not patterned, there is no direct
access to the bottom Mo layer. The dc voltage is there-
fore applied by connecting the probes to two ITO top
electrodes exhibiting very different surfaces (Sjyge = 30
X Ssman)- These electrodes define two in-series capacitors.
Because the surface ratio is large, the voltage is mainly
applied to the smallest capacitor, which is actually the
device under test. The actual dc voltage range applied to
the device under test is £150 V. The area of the smallest
capacitor where the laser probe is focused is 0.25 mm?.
Thus, we measure the round trip time of the optically gen-
erated acoustic wave by observing the reflectivity step as
seen by the probe pulse. This provides the opportunity to
observe how the dc voltage U affects the round-trip time.
This reflectivity step corresponds to two different contri-

2.07E+08 2.09E+09 2.11E+09 2.13E+09

frequency (Hz)

(b)

Fig. 1. (a) Real part of the admittance versus dc bias applied between —200 and 4200 V, (b) real part of the impedance versus dc bias applied
between —200 and 4200 V. All curves are represented with their fit as obtained from the Mason model.
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Fig. 2. (left) Cross-section of the sample and acoustic paths of the pulses
that are responsible for the studied reflectivity step. (right) Magnifica-
tion of the studied reflectivity step detected at three different dc voltages
(+150, 0, =150 V).

butions as shown in Fig. 2: the reverse of the pulse gener-
ated in ITO and detected at the AIN/Mo interface (path
1 in Fig. 2) and a pulse generated in the Mo and detected
at the ITO/AIN interface (path 2 in Fig. 2). Both of these
pulses have made one round trip in the ITO and one way
through the AIN layer. We performed three experiments,
at —150, 0, and +150 V. Fig. 2 shows the evolution of
the step’s temporal position for the three different voltage
conditions. One can see that the application of a positive
dc voltage induces a decrease of the time of flight in AIN,
assuming that ITO parameters are not affected by the
electrical conditions. The relative variation of the time of
flight per volt AT/ TV is —25 ppm/V.

To go further, we have to take into account the thick-
ness change resulting from the piezoelectric effect of AIN.
The acoustic velocity of the longitudinal wave, V}, is linked
to density, p, and the stiffness coefficient P (that is to say,
c33P in the case of c-oriented AIN) by [10]

D

C
Vi=4— 7
=5 ™

Velocity is thickness ¢ divided by the time of flight T,
whereas density is mass m divided by volume Sd (where

S'is the top electrode surface area). Therefore, P can be
written as
D mt
¢’ =—7. 8
ST* ®)

Because the variations are very small, one can obtain the
stiffness variation versus the dc bias by a basic differential
calculation, which gives

de® dt 4T
o T )

Here, we consider that the mass does not change. More-
over, the surface is also kept constant as the film is

clamped on the Si substrate. The term d¢/t is the out-of-
plane strain resulting from the piezoelectric effect, which
is d33F. Because E = —U/t, (9) can be written

deP U 4T
P i

(10)

It is important to know the sign of d33, which depends
on the direction of AIN polarization P. In a previous
study, P was observed to point in the downward direc-
tion, indicating a negative sign for ds3 [14]. This induces a
thickness increase when a positive bias is applied, because
the electric field is also in the downward position when
U > 0. Finally, by using (10), the relative stiffness varia-
tion per volt is calculated to be 54 ppm/V by using ds3
= —4.7 ppm/V obtained from the resonator extraction.
Note that the piezoelectric term is only 4 ppm/V. Be-
cause the stiffness variation is an intrinsic behavior of the
material, this value is usually reported at a constant field
by multiplying the results obtained by the thickness. The
stiffness relative variation for an electric field of 1 V/pm
is therefore 54 ppm-pm/V.

This result can be compared with the stiffness varia-
tion extracted from the antiresonance frequency, f,, shift.
Indeed, f, is linked to thickness t, stiffness at fixed D, cP,
and density, p, by

L1 @1 (%S
a7 2N p 2N mt’

neglecting the electrode and Bragg mirror influence [9],
[10]. By adopting the same differential calculation (also
valid without taking into account electrodes and Bragg
mirror because they are supposed to be unaffected by bias
voltage) one obtains

(11)

deP

U df
Sy, 2%k
CD 33t

fu

(12)

The measured relative variation of f, versus voltage is
21 ppm/V. By using d33 = —4.7 pm/V and by reporting the
variation for a 1-pm-thick film, (12) gives 57.2 ppm-pm/V
for the relative variation of stiffness for an electric field
of 1 V/pm. This value is in very good agreement with
the value obtained by picosecond ultrasonics. Lanz et al.
reported f, variation reaching 72 ppm/V for 380-nm-thick
AIN film [13]. By using this result in (12) and supposing
that dsg is identical to ours, the relative stiffness variation
is calculated to be 59.4 ppm-um/V. This result is also in
very good agreement with the value obtained by picosec-
ond ultrasonics and confirmed the hypothesis proposed by
Lanz that the antiresonance frequency variation versus
bias is mainly due to the stiffness variation experienced
by AIN. As a final remark, note that we identified the
stiffness coefficient ¢ as observed by picosecond ultrason-
ics with P as characterized from the BAW antiresonance.
Although the electrical conditions exhibited by picosec-
ond ultrasonics are not very clear yet, this identification



is mainly justified by the similar resonance and antireso-
nance variations. The coupling coefficient k2 reaches 7%
in state-of-the-art AIN thin films, suggesting that the
electrical conditions should not dramatically change the
stiffness behavior of these films. This statement should
obviously be reconsidered in the case of highly coupled
perosvkite materials such as PZT or BST.

We can discuss these results in terms of applications
and, more specifically, RF tunable resonators and filters.
Indeed, if we take the results in Fig. 1, the maximum
variation of the resonance and antiresonance frequen-
cies obtained by comparing the frequencies at —200 and
+200 V is typically 1%. Because the variation of the elec-
tromechanical coupling is also weak, the bandwidth of an
RF filter made of these resonators would be almost con-
stant. For RF filters, the ability to change the central
frequency without changing the bandwidth is an inter-
esting feature. However, the minimum desired frequency
variation is around 3.8%, as discussed in the introduction.
This order of magnitude is almost, but not completely,
reached. Another obvious drawback for applications is
the huge voltage (400 V) required to promote this tuning.
This is not affordable in a mobile phone. However, note
that to generate the tuning, only the electric field matters.
Therefore, decreasing the thickness of the active layer is
probably something to consider, although it will increase
the resonance frequency accordingly. A trade-off is per-
haps achievable. It is also interesting to compare these
results with the temperature variations experienced by
the resonance frequencies, that is to say, the temperature
coefficients of frequency (TCf) of these resonators. We
obtained TCf, = —23 ppm/°C and TCf; = —21 ppm/°C
[17]. Therefore, if one considers that the whole temper-
ature range is typically 100°C, the frequency variations
reach approximately —0.2%, compared with roughly +1%
for the maximum dc bias variation. It is worth noting that
these resonators are not compensated with respect to tem-
perature. Very efficient temperature compensation can be
achieved by adding silicon dioxide in the resonator stack.
Such compensated AIN resonators integrated in an oscil-
lator exhibit a temperature drift of better than 40 ppm
throughout the entire 120°C temperature range [18].

As a final remark, at this stage, the most interesting
outcome of this study for applications is probably the fol-
lowing. There is a way to change the stiffness of an acous-
tic resonator that induces a frequency variation without
notably affecting its bandwidth or its quality factor. That
is to say, being able to vary stiffness is probably a very
good way to achieve efficient tunable acoustic resonators.
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