Electrostrictive thin films for RF acoustic resonabrs
Sylvia Sanchez , Gwenaél Le Rhun, Aurélien Suhm, @istophe Billard, Denis Mercier, Emmanuel Defay

CEA LETI, Minatec, Grenoble, France
gwenael . | e-rhun@ea. fr
edefay@ea. fr

Abstract— This paper describes the realisation and characteration of Bulk Acoustic wave resonators by using
(Ba,Sr)TiO; (BST) as active material. As BST is electrostrictivet requires a dc voltage to exhibit an electromedmical
coupling. Resonances variations versus the dc fielte observed and analyzed by using an analytical edel based on
acoustic propagation. This study proves that BST caexhibit a high electromechanical coupling reachin@®.5% which is
higher than Aluminium Nitride, the standard material for acoustic resonators in the GHz frequency rang. Moreover,
this simple test vehicle allows extracting the fregency variation experienced by BST. Due to non negible second order
effects as electrostriction, dielectric and stiffnes non linearities, these tunable features are highdesirable for tunable
filters. A final simulation shows that tunable pasband filters could be obtained by using BST based senators.

I. INTRODUCTION

Aluminium nitride (AIN) is the most popular matdritor thin films bulk acoustic resonators (FBAR) s
gathers an interesting electromechanical coupldg{%) and low acoustical losses as the resonance ytaditor
can reach values higher than 1000. It is mainlydusesynthesize RF filters in the front end modwésnobile
phones. However, some communication standards reedubader bandwidths. This induces higher coupling
coefficients if acoustical resonators are usedid®ss it can be interesting to adjust the centedjdency of filters
in order to skip one channel to another one odjast technological drifts in the resonance freaquyesf resonators.
Both features cannot be obtained by using AIN sigis already optimal and AIN does not exhibit lafgguency
agility versus dc field. Electrostrictive materiage a convincing alternative to AIN in order talegbss the tunable
and large bandwidth issues. Indeed, (Ba,SnT&ST), one of the most interesting electrostrietinvaterial, can
exhibit interesting values around 6% fq7 [1] and also frequency variations reaching quite @r the resonance
frequency [2]. These features are obtained by supesing a dc field to the rf supply. Thereforee tiic field
induces variations of the electromechanical progerdf the electrostrictive material which in turhanges the
resonance and antiresonance frequencies of theateso In this paper, we detail the realisation dhd rf
characterization of BST resonators together withaeoustical model. The extracted data are usedotehthe
behaviour of a one-stage ladder filter versus eld fapplied to the electrostrictive resonators.

Il. TECHNOLOGY

Figure 1is a sketch of the technology developed in thiglygt A 200mm silicon substrate is first thermally
oxidized on 500nm. An adhesive layer made of ,T#@nm-thick is deposited by sputtering followed tine
deposition in the same apparatus of Pt 100nm-ttield0°C. Therefore, BST (Ba/Sr=70/30) is depoditedol gel.
This technique is a spinning of a solution whiclaimix of BST precursors together with a solveltite Bpinning
step is followed by a solvent evaporation on agtate at 110°C. The sol gel layer is then driedvieen 300°C and
400°C in order to evacuate all the carbon-basedispénside the layer. These three-steps are #ymated several
times in order to increase the final thickness. ®Gheuld note that it is mandatory to anneal theewaft 700°C
under air after three layers depositions in orddet BST crystallize in the desired perovskite gghal his annealing
process can be done by classical annealing orfigl iehermal Annealing. The tested devices herelgixhifinal
thickness of 300nm obtained after 8 depositiongalli, the Pt top electrode 100nm-thick is sputlesnd
patterned by ion milling.
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Figure 1: sketch of the technology developed: ceextion and top view of the resonator

One has to note that this process requires onlynoagk design as proposed initially by Vorobiev let[3].
Therefore, this process limits considerably theatigg influence of numerous technological stepsttom final
properties of BST. The main goal here is to trfigure out the potentiality of BST as an electroactmaterial,
decoupled from the technological influence. Finadyback side polishing is performed in order thasrce the
substrate resonances.

I1l. MODEL

The design proposed allows taking into accountaitwustic influence of the substrate underneatredddeven
if the active part comes from the BST layer, adbtesonances are induced by the substrate as Mvsewiin the
experimental part. However, this structure perngidracting the properties of the BST layer by usamy
appropriate model.

This model was already developed for electrostéctinaterials based resonators in the literaturesdweral
authors [1,2,4]. The assumption is that there $6 gune kind of acoustic wave that travelled trothyh stack in the
out-of-plane direction: the compression wave. Tfoeee the model is reduced to one dimension, petigafar to
the layers plane. Here, we just adapted the modislis structure with the substrate. The main datmn step is to
determine the electrical impedance of the BST l&yetaking into account the mechanical and elesfigonditions
of the BST layer, which gives:

_ 1 _2 fang (Zlop+zhot)cosz @+ jsin2g Equation 1
Zosr =5 |1-ki— ; :
iC, 27t 9 (20p * 20)cOR0+ {20250 + Isin2gy
With C, the static capacitance of BST,the frequencyk?’ the electromechanical coupling coefficient,
¢= kt / 2 with k the wave vector andthe BST thickness,,, andz, the normalized acoustic impedances seen by

the BST respectively at the top and the bottom.réfleee, the top acoustical impedance is only represl by the
top electrode influence whereas the bottom acalstigpedance is due to the contribution of thedrotelectrode,
the SiQ layer and the Si substrate. The Ti@yer is neglected here. The normalized impedaacegalculated by
the following relation:

Zp = ﬁ Z, = ﬂ Equation 2
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where ZgST = w/pBSTCBDST the acoustic impedance BST, pgsrandcsst being respectively the density and the

stiffness coefficient at constant displacementifiel BST.

The final impedance of BST can be obtained by figkihe influence of each layer to the BST layerisTi&
performed by respecting the boundaries conditiongaxh material interface. Indeed, at each interfahe
mechanical conditions impose the equality of theuatic impedance of the two layers involved. In¢hse of two
successive materials saiell andn, one can obtain that the impedaigés the following [5]:

7 =7 of Zuacoskd+ jZ, sinkd Equation 3
" " z°coskd+ jzZ,  sinkd
d is the thickness of the layer znO =./p,c, is the acoustic impedance of the lapefwithout the phase term

compared taZ,), k is the wave vector arif}, ; is the impedance of the layerl. Therefore, this formula is useful
to calculate the impedance successively from owerléo the next one. The beginning point shouldth® air



interface and then the impedance is calculated rgstching the interface with BST. This allows dbiigg z,, and
Z,t involved in equation 1.

Finally, it is mandatory to introduce the electriztion parameters into the expression of equatiohhis is done
in thek? term. Indeed, for piezoelectric materiadd,is well defined from the piezoelectric coefficigtite dielectric
constant and the stiffness coefficient. For theginmlinal modek? can take the expressid@® 5°c° whereh is the
piezoelectric coefficients® is the dielectric impermittivity at fixe® (strain)andc® is the stiffness coefficient at
fixed D [6]. The current idea to introduce the electrasitre formalism is to start from the developmenttwd free
energy and then identify the terms correspondiny 5andc®. This is a thermodynamical way of doing. The free
energyF form is the following:

F-F :%‘552+%ﬂSD2+%VSD4+GDZS+%MSZD2 Equation 4

Here, Sis the strainT the stressD the electric displacemerk the electric field,c,® the stiffness coefficient
without dc field, y° the non linear impermittivity G the electrostrictive coefficient anM the non linear
electrostrictive coefficient.

As dF=TdS+EdD by differentiating- versusS andD, one obtain foil andE:

T = @S+GD? + MSD?
E = 8°D + y°D? + 2GSD+ MS’D

Equation 5

If one adds a dc field superimposed to the ac fieté can deduce that after removing the constatdrdns:

Tac = (C(? + MDdzc)Sac + (ZGDdc + ZMSchdc)Dac

Equation 6
Eac = (ﬂs + 3ySDdzc + ZGSJC + Msdzc)Dac + (ZGDdc + 2NISchdc)Sac

The final step is to identify this form to the fmiling one corresponding to the piezoelectric case:

T=¢CS-hD Equation 7
E=3°D-hS
Therefore, one obtains:
1 22
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A supplementary model can be used to represemli¢hectric constant as proposed by Chase et al. [7]

£(E) = £ man Equation 9
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Here,E;, is the field for which the dielectric constantigual toe,./2. This expression is often an efficient way
to model the dielectric constant variation verdwesdc field. Another possibility is to use a measiudata file of the
dielectric constant versus the field in equation 9.

Therefore, the final expression of th&is:

Equation 10
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Here, we supposed that the correction induced &stiffness variation is negligible for the caseB&T as the
dielectric variation is around 50 times higher thiam stiffness variation.
The losses in the model are taken into accountsinguhe quality factor only in BST and the Si dudte. The
following formulae are used [8]:
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IV. CHARACTERIZATION

The impedance of the BST layer is calculated frdra tomplex §-parameter measured with a Vectorial
Network Analyser (VNA). The design allows a l-poneasurement by using GSG probes with the S probe
touching the central circle as observed in Figuréte curves of the impedance module obtained different dc
voltage are shown in figure 2. At OV, the Z modildeks like a capacitor (Z=142xf). When the dc voltage
increases, one can observe two phenomena: firsg fiiven frequency, the impedance increases. iShisie the
decrease of the dielectric constant versus dcasasis well known in perovskite materials. Themal effect is the
occurrence of a resonance and antiresonance atea fiequency in the 3.5-4 GHz range. The pealengity
increases with the dc field. This is linked to #lectromechanical coupling due to the electrostecproperties of
BST. The peaks are broad. It is an evidence oftibstrate effect: a lot of close harmonics are sop®sed.
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Figure 2: impedance module of the BST resonatasusefrequency at different dc bias

The model is therefore fitted to the experimentale. The results at 32V dc bias are shown in &urThe real
parts of the impedance and the admittance areweliyreproduced by the model.
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Figure 3: real part of the impedance (blue) and #ugnittance (pink) of the BST at 32 V dc bias : topasurement
— bottom: model

The parameters used in the model at different gekaare shown in the figure 4.
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Figure 4: @ , & and I extracted from the model after fitting the expeniversus dc bias

For all the extracted data,@x; of 2000 was used. TH@gst cannot be properly extracted by using this stmectu
as the substrate strongly influences the resonahtfee BST alone. The stiffness variation reaché§ainducing
an antiresonance frequency reaching -1.7%. Besitlesmaximumk? reaches 8.5% for a high electric field
(1.07.16V/m). This value is higher than the one exhibitgdMiN.

Finally, these features are used to simulate tinabeur of a filter involving two BST resonatorstime FBAR
configuration, without the substrate influence. Tdesign is the simple 1-stage ladder one simulatedifferent
voltages. The result is shown in figure 5. It isenesting to note that once at least 10V is applieel bandwidth
BW of the filter is quite constant. The centralguency of the filter shifts towards the lower frequies when the
dc bias increases. The shift obtained when the BWoanstant reaches the 1% range at 30V. Although th
equivalent field is high (1MV/cm), the shift is sificant and could allows to address for instarfreetechnological
drift of the thickness deposition.
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Figure 5: simulation of a one-stage ladder designlving 2 BST FBAR resonators

V. CONCLUSION

This study based on a simple structure constitbtedn active layer, its electrodes and a substmatkerneath
proves that BST can exhibit a high electromechardoapling reaching 8.5% which is higher than Alamim
Nitride, the standard material for acoustic resorsatn the GHz frequency range. A final simulatg&hmows that
tunable passband filters could be obtained by udmngontrolled BST based resonators. It appeatshbee is a dc
voltage domain where the bandwidth is quite corist@herefore, the filter central frequency can bigusted by
changing the dc field independently from the bamitlwi The frequency tuning achievable reaches 1 th 30V
dc with a central frequency at 3.5GHz. Due to negligible second order effects as electrostrictitialectric and
stiffness non linearities, BST exhibits tunable dsburs which is highly desirable for tunable fite
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