10

Anodic bonding using SOI waferfor fabrication of capacitive

micromachined ultrasonic ransducers

M. Bellaredj,G. Bourbon, V. WalterP.Le Moal andM. Berthillier
FEMTO-ST,
DépartemenmMécanique Appliquée

24, Rue de | 6Epitaphe, 25000 Besan-on France.



10

15

Abstract. In medical ultrasound imagingnostly piezoelectric crystals are used ultrasonic
transduces. Capacitive Micronachined Ultrasonic Transducers (CMUTS) introduced around
1994 have been shown to be a good alternative to conventional piezoelectric transducers in
various aspects, such as sensitivity, transduction efficiency or bandwidth. This paper focuses
on a fabrication process for CMUTs using anodigniing of a SOl waferon a glass wafer

The processing stese describetbading to a good control of the mechanical response of the
membrane. This technology makes possible the fabrication of large membranes and can extend
the frequency range of CMUTe lower frequenciesfaperation Silicon membranes having

radii of 50 um, 70 um, 100pum and 15Qum and a 1.5um thickness are fabricated and
electromechanically characterized using an -daslanced bridgeimpedance analyzer.
Resonant frequencies from MiHz to 2.3MHz and arelectromechanical coupling coefficient
around 55% are reporte@he effects of residual stre#s the membranes anghcontrolled
clamping conditions are clearly responsifide the discrepancies between experimental and
theoreti@l valuesof the first resonance frequencYyhe residual stress the membranes
determined to béetween 9 MPa and110 MPa The actual boundary conditions are between

the clamped condition and the simply supported condition, and can be modeled with a torsional

stiffness 0f2.107 N.m/radin the numerical model
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1. Introduction

Capacitive Micromachined Ultrasonic Transducers were introduced in 1994 as an alternigiae to
zirconium titanatebased transducers (Halland Khuri Yakub1994). CMUTs generally provide a
wider bandwidth than current piezoelectric transdu@eiSMUT is a capacitor structure composed of

a thin plateand a bottom electrod&he sensitivity and the frequency response of CMUTs are
determined by the physical dimensioasd the material properties. Therefora, stringent process
control is decisive for CMUT fabricatio.he hickness andhe lateral dimensionsf the membrane
determinethe mechanical behavior like eigenfrequencies or mechanical imped&heedectrical
behavior likecollapse voltage or DCids alsodepends otthe thickness andhe lateral dimensionsf

the membraneas well aghe cavity parametersike the gapandthe lateral dimensionsf the bottom
electrode.

Two fabrication methods for CMUTs are mbi used(Khuri-Yakub and Oralkan 2Q). sacrificial
release process and wafer bonding proceastificial releasg@rocesds the subject o& large number

of works (Haller and Khuri Yakuhl1994 Ladabaunet al 1998, Knightet al 2004, Testoret al 2006).

It involves many steps increasing the failure rate and the fabrication cost, but it is possible to outsource
the fabrication to a low cost and opened access-usgtis process callddUMPs™ (Liu and Shandas
2009 Manzanaresand Espinosa2012). However, the sacrificial release process reveals some
limitations in size tied to sticking problems occurring during the releasstgp To prevent the
membrane fronsticking, the geometrical parameted the membranédnave to be chosen properly

(Haller and Khuri Yakub 199&rgunet al2005,Salimet al2012)

In the wafer bonding processpembranes are fabricated using thin silicon wafers or Silicon On
Insulator wafers (SOI). This methahsures precise thickness of the membamérequires fewer
steps than the sacrificial release proc&ébg simple wafer bondingequires high temperaturés1000

°C) (Huanget al 2008, Wygantet al 2009. Because of these high temperatures, these teclsnique
exclude the possibility of a monolithintegration of the electronic circuitBo make theéntegration of

the electronic circuits possibllw temperature qocesses (lower than 500 °Gave been developed

One of these processeses a temperature of 400 ffCbonda SOI wafer on a Si wafer covered by an
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adhesion layer made of titaniufisuji et al 2010). Anodic bondinginvolving a glass wafer and a
simplesilicon waferhasalso developed by Yamaner al2011 andYamaneret al2012with a similar

temperature

This paper reports an original letemperature fabrication technique for CMUTs based on anodic
bonding of a SOI wafer on a glass waMfith the proposed manufacturing procei$ss possible to
fabricatevery accurate thickness determinleg the device layerhickness of the SOI wafeilhe
process described in this paper leads to air transducers since the bottom electrode is not electrically
isolated from the top electrode. This process has to be considered as a first atgponess
development approacheading toCMUTs suitable foimmersionapplications. In this first step, the
goalis to fabricate cells with controlled dimensions in terms of radius, thickness of the membrane and
active gap The goalis also to investigate the influence of thenembrae radius on the
electromechanical behavior of the CMUT cellbe active gap between the bottom eled& and the
membrane is determad during the procesBy both the cavity depth and the bottom electrode
thickness.The cavity depth and the bottom eled&othickness are controlled respectively by the
etching time during the wet etching and by the deposition time of the Gold bottom elettiese.
parameters wilthusinfluence theelectromechanicakesponse othe CMUT. This electromechanical
response is measuredith two experimental approaches related to two differerasuring
instrumentsa laser vibrometer BLYTEC) to detect thdirst eigenfrequencyy frequency sweeping

and an autdnalance bridge impedanceanalyzer (AGILENT HP4294A) for the measurement of
membranes impedance and admittance as a function of the frequency.

Finally, the difference between the experimental and theoretical eigenfrequencies is explained by the
amount of residual stss in the membrangbetween © MPa and 10 MPa) and byboundary

conditionsfalling between a clamped rim and a simply supported rim

2. Process flowand design
The process flowfijgure1) can be summarized three main steps as follows

- Etching ofthe cavities andvaporation othe bottom electrodes on the glass wafer,
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- Anodic bonding of the glass wafer on the SOI wafer,

- Etching of the handle layer and the buried oxide layer of the SOl .wafer
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Figure 1. The pocess flow: (aftching of the avity in the glass wafer,lif) Deposition of the bttom

electrode by evaporatiorg)(Anodic bonding othe glasswaferwith the SOl wafer, (d) Etching ofthe

silicon substrate anthe buried oxide othe SOI, ) Deposition of thedp electrode by evaporation,

(f) Dry etching of theaccesgad.

The glass wafer is 820¢ m t h i Pirex §l4@ubstratesince Pyrex 7740 thermal expansion

coefficient ¢ 3.2.10°K™?) is close to the silican sne ¢ 2.6.10°K™). The cavity etching stegigure

1-a) defines both the membranadiusand the gap height. The first photolithography step defines the

cavity shape on the glass Pyrex 7740 substrate. The glass is etched in a Imyflepfidoric acid

solution through the photoresistThe ratio of ammonium flride (NHF) solution (NHF 40%) to
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hydrofluoric acidsolution (HF 50%) in this bufferealydrofluoric acid solution is 7:Finally, the first
photoresist is removed to leave 185 desp cavities.The bottom electrodes are fabricated by lift off
technology figure 1-b). The second photoresist is coated and patterned on the flooraafvities and

a 250 m titaniumgold layer is evaporated. The second photoresist is removed before performing
bonding leaving the bottom electrodéa the cavities.The bottom electrodes are not electrically
isolated from the conductive membrane. Therefore the DC voltage applied to the membrane has to be
controlled very precisely to avoid electrical shorting. The cavity depth and the electrode thickness
result in arelectrostatic gap around 1uin. This value is quite large compared to ustedlies of gap

but & mentioned earlierpne of the goas of this processsi to investigate the influence of the
membrane radius (between 50 um and 150 um). The theoretical collapse voltage varies from 20 V for
a 150 um membrane radius to 185 V for a 50 um membrane radius, with an electrostatic gap of 1.1
pm £ 0.25 um RMS in both cases.

The membrane thickness is defined by thepirbsilicon device layer of the SOI wafdigure 1-c).

Both SOI wafer and processed Pyrex 7740 wafer are cleaned and surface activated before anodic
bonding. The contact is operated at ambient tenyreraand then the coupled wafers are heated to
350 °C, previously to the electrical bonding procedure. The release of the membraok®ved

(figure 1-d) by removingthe handle layer usingotassium hydroxid@KOH) wet etching and then the
buried oxide layer of the SOI wafer usitige buffered hydrofluoric acid (BHF) wet etchipgeviously
mentioned The buried oxide layefirst protects the silicon membrane from KOH solution before
being removed inhe buffered hydrofluoric acidsolution. The Aluminum top electrode isleposited

and wet etched ithe third photoresist levdfigure 1-e). The last stepfigure 1-f) is a silicon dry
etching, using aluminum as a hard mask, to get access to the_gadfor all type of MEMS,the

layout cesign and the process flow are conjointly designed. As an examplbjdkeess related to

the process, and the radjrelated to the layout desigare the parametec®ntrolling the value ofthe

first eigenfrequeng In our design,since a 1.5um membrane thickness chosen the different
membrane radiare determinedo that thesigenfrequenciewill be in the expected frequency range,

l.e. 250kHz to 2.5 MHz. Using finite element simulation (ANSYS) in order titke nto account

anisotropic mechacal properties of silicorfour membranes raddf 50 um, 70um, 100um and 150
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pm are choserresulting in first mode theoretical eigenfrequencies betweerki2zand 2.3MHz. It

can be reminded that the numerical simulatidinstly assume that membranes are -Beessed
circular platesvith aperfectly clampedim.

The CMUT operating mode is enhanced near the collapse.this reasonall the geometric
parameters are chosen to induce a maximal collapse voltage lower thah fagDGafety reasons.
Indeed, the maximal collapse voltage defined by the lower radius, i@nb5& 185 V for a 1.5 um

thick membrane and 1.1 um gap heightThis choice leads to a theoretical collapse voltage of 20 V
for the 150um radius membrane.

Two types of desigare investigatedunit cells figure 2a) anda square lattice af3x13cells (figure

2b). Unit cells are perfectly decoupled from the surrounding structures by wide interspaces. The
square latticeof unit cellshas smaller interspacewith a total capacitance of 20F. A hexagonal

lattice would give better performance in terms of presswiput, but the square lattice is only
dedicated to capacitance measurement and the output pressure level will not be investigated in this

paper.
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Figure 2. Design ofthe CMUTs: (a) Unit cell with a 50 pum radiusmembrane (b) Square latticeof

13x1350 um radiusmembranes

3. Fabrication

The focus of thispaperis to develop a repeatable and efficient fabrication pro¢cessoviding
membranes that can be tested mechanically and electri€adish fabrication step is thoroughly
studied and optimized as much as possible in terms of shapes, dimemrsidase flatness,

straightness of sidewalls.
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Figure 3. Scanning electron microscopew of the networkof cavitieson the glass wafer

For instancea buffered hydrofluoric acigolutionwith a ratio of ammonium fluoride solution (NH4F

40%) to hydrofluoric acid solution (HF 50%) equal to i&Llisedto etchthe cavities (figure 3)Since

this type of etching is isotropic, the etching@at equal in the vertical and the lateral directions. The
lateral etchings taken into account in the layout definition of the membranes rate. etching of the

glass withthe buffered hydrofluoric aci@llows awell-defined curvature of theide wallof the rim of

the membrane and a flat bottom of the cavitgure 4a). Dry plasma etching with 4£s gasis also

usedto make the cavities but the resist mask was damaged due to excessive heating, leading to cavities

that were curved in the bottorfigure 4b) and not unifornacross thevafer.
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Figure 4. Flatness rmaasurement: (a)flatness measurement after BHF etching, (ffatness
measurement after dry etching.
Thefabrication of the bottom electrode with Titanium/Gold deposition thraligkecondithography
step is then performed without any probldiguyre 5a andfigure5b). The photoresist used in this step
is 3um thick in order to perfectly coat the sidewalls of the cavities. This ensures that there will be no

burrs or smashes on the electmdes well as othe 10pum wide connection wire.

1C
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Figure 5. Bottom electrodes ithe cavities of the glass wafer(a) macroscopipicture of the glass
wafer with the bottom electrodg (b) Scanning electron microscopgew of the same dttom

electrodes

11



10

15

20

25

The bonding is the most critical stepaaSOI waferis introducedn the process. The SOI wafer is 505

um (silicon handle layer) /gm (oxide layer) /1.5am (silicon device layer) thick and it is bonded on a
Pyrex 7740 glass substrate with a thickne€s26fum. First, a chromisulfuric acid solutior{H2S04,
(K2)Cr20y) is used to clean organic components from SOI and glass wafers during 10 minutes. After
rinsing, the SOI and glass wafers aftacpdin the SUSS Microtec CL200 cleaner for a megasonic
cleaning with ddonized water, a drying and a prebonding by contacting the wafers. These cleaning
steps are very important to eliminate void sourcakbwing better adhesion duringhe anodic
bonding. The anodic bonding of the SOI wafer to the glasenigperformed in a vacuum chamber at

a temperature of 350C with an EVG501 BondeiThe mamp to the bonding temperature takes 30
minutes.The bonding is performed at low pressure{B&) with a multistep applied voltage in four
periods of 10 minutes:0®V, 500V, 700V and lastly 900/. Graduallyrampng the voltage limithe

peak currentlue to the charge carriers in the glasigh current may induce arcing and high electric
field may impact on mobile structures.voltage of 900V is the maximum value that can be applied
without harmingthe bottom electrodes. Bondingwith a maximum voltage of 1100V has bdesed
andthe bottom electrodes were damagBEue 505 um thick silicon substrate stiffens the future (L

thick membranes during bonding and the collapse due to high voltage is thus avoided. Moreover,
thanks to the Zum thick buried oxide in SOIno damagesare observedn accordance with usual
breakdown field in the order of 20802 um. A damaged buried de could have caused damages in
the SOI layer that will constitute the membrane at the end of the prdt¢esburied oxide will thus

play its role of wet etch stop during the KOH etching in the next 3tee.anodic bonding phase
proposed in this papes guite similar to the method developed by Kind Blick2004 and Qiaet al

2010 respectively for integrated bétectric circuits and deformable mirror applications.

The aodic bonding is followed by the etching of the SOI handle layer and the stiade layer The
etching of the SOI handle layer is performed in a K€atutionwith a concentration of 40% in mass
during 10 hours at 80C (The etch rate is 7dm/h). In this step the buried oxide laygorovides an
efficient KOH etchstop Thesilicon axide layer is the removed in dufferedBHF solution.The SOI

layer is the BHF etch stop of this stéhe bottom electrode pad access is achieved by reactive ion

12
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etching, using SF3 gas with a pressure .4f0% bar. The 1.5um silicon thickness is etched 15

minutes figure6).
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Figure 6. Cross sectional depth profiédterthe accesw thepad is etched

4. Electromechanical characterization

The CMUT characterization is mainly made on unit cells, i.e. on single membideasiechanical
resonance frequency attte electrical impedance in a@re measuredn a first experimental stefhe
resonance frequencis measured without DC voltage using ®IPYTEC laser vibrometerThe
vibrometer is composed of a fibeoupled vibrometersensor head OF834 and an OF\6000
controller. The controller has a DD300 decoder, being able to measure displacements upno 150
peak to peak at 2MHz with a resolution of 3(om @2Mhz. It can be reminded that vibration
amplitude is maximized at thmechanical resonance frequenciBABLE 1 gives the results obtained

for the different values of the membrane radifs. expected, e eigenfrequencies decrease as a

13



10

15

function of the membrane radius. However, some discrepancies, strongly tied to the reenantitan

can be noticed compared to the theoretical values issued from FEM calcul@tiensext paragraph

will proposeto relate these discrepancies to residual stress in the memprmsésyinduced by the
fabrication process of the SOI wafer.

In a second experimental step, the evolution of the resonance fredsenegsurecs a function of

the DC voltage to evaluate thell-known electrostatic softening effect. Thsmade using two ways.
The first one uses theCRYTEC laser vibrometer préously described. The DC bias voltage varie
from 10V to 140V with a step of 10/ for the tested membran&he AC voltage is set to 0.5 V peak

to peak.The second method uses the impedance curves. The input electrical impedancis in air
measured as atfiation of frequency and for different values of the bias voltage. Measureanents
performed using an autmalanced bridgémpedanceanalyzer (ASILENT HP4294A). The DC bias
voltage vaiesfrom 50V to 170V, with a step of 1, for the tested membrankaring a radius of 50

pum. Figure7 shows the results in accordance with the electrostatic softening effect, i.e. a decreasing of
the resonance frequency @ function of the DC voltagerhe error bars on the gragbr the
vibrometer measuremenbrrespond ta5%. The error made with the impedancemeter is difficult to
quantify and is thus not represented on the grephclarity reasonthe seconebrder solidcurveon

figure 7is the trenditted to the experimental data points measured usingnipedancemeter.

14
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Figure 7. Evolution of the resonance frequency as a function of the DC bias véttage50 um

radius and 1.5 um thick membrarigne AC voltage iset t00.5 V peak to peak.

The impedance measuremeéntlso used to determine the electromechanical coupling coeffiCrent.
evolution of the real part of impedance as a function of frequeanybe seen in figure f&r four

values of the DC bias voltage, out of thirteen, for claggsons
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Figure 8. Evolution of the real part of impedance as a function of frequency for different values of the

DC bias voltageThe AC voltage is set to 0.5 V peak to peak
Fromthese curveghe electricalantiresonance frequencie$ ) are determinectorresponding to the

mechanical resonance frequenciegjuFe 9 shows the real part of admittance as a function of

frequency for theame values of the bias voltage.
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Figure 9. Evolution of the real part of admittance as a function of frequendagifi@rentvalues of the

DC bias voltageThe AC voltage is set to 0.5 V peak to peak
The electrical resonance frequendids ) can be calculated from these curves. The electromechanical

coupling coefficient is then defined by the following relatidunt 1954 Yaraliogluet al2003

f

Qo

e

K2 =1-

-oDOy,

R* )
The evolution of the electromechanical coupling coefficient, showfgare 10, isincreasing with the

DC voltage The discretization of the values & comes from the precision of thé, and f

measuremenigspecially for the low values of the DC voltage.
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Figure 10. Evolution of the coupling factor as a function of frequency for different values of the DC
bias voltage.
For a DC voltage of 179, corresponding to 90% of the theoretical collapskage (185V) for a 50
um radius membranethis coefficientis about58% (i.e., 346 for the square of the coupling
coefficient). This value is in the same order of what is usually found in the literature (30% for the
square in Testoat al2006 and inYaralioglu et al 2003 for structures that exhibit similaignificant
parasitic capacitances. The parasitic capacitances will be reduced in the process descrioed here
exampleby patterning the top electrode properly and thus avoiding the parasticitesge due to the

wire connectinghe pado the bottom electrode.
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5. Residual stress in the silicon membranes

As shown ontable 1, there is a significant difference between the experimental frequencies and the
eigenfrequencies computed usiiSYS FEM simulations This difference gets bigger as the radius

of the membrane increases. The sign of the error also chdreg negative for the 50m radius
membrane and then positive for other values of the rathesexperimental frequencies are measured

with a 10 V DCbiasvoltage and a 0.5 Yeak to pealdAC voltage, l@ding to maximal deflections less
than2.5 nm peak to peak for the 150 um radius membranes. This ensures that the discrepancies are
not due to stss stiffening, since the deflection to thickness ratio is much less than 10%.

Table 1.Eigenfrequencies for different membrane radius

Radius of the membrane Experimental Theoretical eigenfrequency
Error (%)
(m) eigenfrequency (MHz) (MHz)2
50 2.27 2.30 -3
70 1.26 1.17 +6
100 0.82 0.58 +29
150 0.6 0.26 +57

a: calculated witPANSY S ®, taking into account the anisotropy of silicon

These results suggest that the hypotheses used in the theoretical approach are nofllerrect.
simulationindeed assumethat the internal stress was zero and that the rim of the membrane was
perfectly clamped (no displacement and no rotaét the rim of the membrane).

The idea is to determineumericallythe value of the residual stress so that the numerical value of the
first eigenfrequency corresponds to the experimental one, for each value of the radius membrane. Two
types of boundary conditionare tested. In a first calculation, all the degrees okdian at the
clamped rim of the membrane are restrained. In a second calculation, the rcaatioeased.
Moreover, the stresis supposed to be homogeneous in the membrane: tensile state or compressive
state.It is assumed here that the residual stiessthin film material parameter, independent of the

plate radius. Table 2 shows that the clamped rim model does not support this assumption and thus will

19
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not be considered a suitable model hereafférs is also confirmed by the change of sign of the
residual stress, being compressive for theus0radius and then becoming tensile for the other values

of the radius. In contrast, the mean value calculated when the rotations are released exhibits less
deviation. This assumption has been already takenattount in previous works (Famgd Wicket

1996, Pauland Baltes1999). For instance, Fang observes in the case of a cantilever bonded on a
substrate that the nominallyjamped end of the free part of the cantilever undergoes a slight rotation

due to ann-plane deformation of the bonded part from the residual stress field.

Table 2 Residual stress calculated forawlifferent boundary conditionglamped rim and rotations

released.

Residual stress for a clampec Residual stress with rotations
Radius of the membrarfgm)

rim (MPa) released (MPa)
50 -5 159
70 13 100
100 46 95
150 93 124
Mean value 37 120
Standard deviation 37 25

To go further,the evolution of the resonance frequency as a function ofrdbiglual stressis
investigated with both configurations of boundary conditions, with all the degrees of freedom
restrained (diamond points figure 11) and with the rotations released (circle pointsigare 11).

The diamond points are always above the circle pdietause, for aigen geometry, a clamped
diaphragm has a higher resonant frequency than a simply supporte®mrtee same plot, the
experimental resonance frequensyirawnwith a dashed line angh area corresponding to the values

of £10% around the experimental reaone frequencyis plotted (gray area). This percentage

2C
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approximately corresponds to the measurement scatterings of the experimental eigenfrequency over
about ten cells for each radius. The curves for the different values of the membrane radius are shown

onfigure 11.

Figure 11. Evolution of the resonance frequency as a function ofrésédual stress, with two
configurations of boundary conditions, with all the degrees of freedom restrained (diamond points)
and with the rotations released (circle poirfits)different values of the membrane radius: 50 (a),

70 um (b), 100um (c) and 150um (d). The dashed line represents the experimental resonance
frequency and the gray area corresponds to the values of +10% around the experimental resonance
frequency.

Using these curveshe lowest upper value of the residual stress and the highest lower value of the
residualstressare found To do so,it is assumedhat the effective boundary conditions must lie

between the first case (all degrees of freedom resttpined the second case (rotations released). In
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