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MEMS Devics and Proness

This invention relales o 3 micre-alectro-machanical system (MEMS) device and
process, and In padicular o a MEMS device and process relating v a

§ tranaducer, for exampls 3 capacitive microphona,

Various MEME devices are becoming increasingly popular, MEMS transducers,
and especially MEMS capacitive microphones, are increasingly being usad in
portable electronic devices such as mobile tslephones and povtable computing

10 devices,

Microphone devices formed using MEMS fabrication processes typically
COMpse ong or more membranss with slactredes for read-outidrive depositad
on the membranes andfor a subsirats, In the case of MEMS prassurs sensors

15 and mictophones, the resd oul is usually sccomplished by measuring the
capacitance between a palr of slsctrodes which will vary ag the distance
betweaen the slectrodes changes it responss o sound waves ncident on the
memibraneg surface.

20 Figures 1a and b show a schematic diagram and 2 perspective view,
respactively, of a known capacitive MEMS microphone device 100, The
capacitive microphons device 100 comprises 2 membrans layer 101 which
forms a fexible membrang which i free o move In response 1o pressurs
differences generated by sound waves, A first slectrode 102 s mechanically

25 coupled fo the flexible membrans, and togather they form a first capasitive plate
of the capaciive microphone device, A second electrode 103 I mechanically
coupled 1o a generally rigid structural layer or back-plate 104, which togather
form 8 second capacitive plate of the capagitive microphone device.  In the
exampls shown i Figure 18 the sscond slectods 103 1s embedded within the

30 back-plate structure 104,
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The capaciiive microphons is formed on & substrate 105, for sxample a slficon
waler which may have upper and lowar oxide layers 108, 107 formad theraon,
A cavity 108 in the substrate and in any overlying layers thereinafter referred to
as a substrate cavity) s provided below the membrane, and may he formed
using 8 “backestch” through the substrate 108, The subsirale cavity 108
cotmects o a first cavity 109 localed divenily balow the membrang. Thase
cavities 108 and 108 may collectivaly provide an acoustic volurme thus alfowing
movament of the membrane i respense 1 an acoustic stimulus,  Interposed

hatwesn the first and second slectrodes 102 and 103 s 8 sacond cavity 110,

The first cavily 109 may be formed using a first sacrfiolal layer dwing the
fabrication process, La. usihyg & matedal v defing the first cavity which can
subseguently be removed, and depositing the meambrane laver 101 over the Tirgt
sacrificial material, Formation of the first cavity 108 using a saonficial layer
means that the elching of the subsirate cavity 108 dogs not play any part in
defiring the diameter of the membrana, Instead, the diameter of the mambrans
is defined by the diamster of the first cavity 108 {which it turn s defined by the
diameter of the first sacrificlal layer} in combination with the diameter of the
sscond cavity 110 {(which in tum may be defined by the diameter of 8 second
sacrificial layer). The diameter of the first cavity 108 formed using the first
sacrifivtal laver can ba controlied muore accurately than the diameter of a back-
stoh process performed using 3 webstch or & dryv-eich, Elching the substrale
cavity 108 will therefors define an opening in the swrface of the subsirsis

underiing the membrane 101,

A plurality of holes, hereinafter refarred o as blesd holes 111, comneat the first
cavity 108 and the second cavity 110,
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As mentionsd the membrane may be formed by depositing a8t lsast one
membrane layer 101 over a first sawrificial material. In this way the material of
the membrans iaver(s) may exiend info the supporting structure, Le. the side
walls, supporting the membrana. The membrane and back-plate laver may be
formed from substantially the same materal as one ancther, for instance buath
the membrane and back-plate may be formed by depositing sificon nitride
layers. The membrans laver may be dimansioned  have the requirad
fleoibility wheraas the banik-plate may be deposiied to be 3 thicker and therefore
rore rigid structure,  Adaitionally varlous other material lavers oould be used in
forming the backplate 104 o contrad the groparties thereof, The use of 8
siicon nitride material syslem is advantagesus in many ways, sithough other
materials may be used, kr inslance MEME {fransducers using polysilicon

meambranas arg known.

i some applications, the microphons may be artangad in use such that widert
gound I8 received vig the back-plate. In such instances & further plurality of
hales, hareinaltsr refarred o as agoustic holes 112, are aranged in the bagk-
plate 104 g0 as W sliow free movemant of air moleculss, such that the sound
waves can anter the second cavity 110, The first and second cavities 108 and
110 Iy association with the substale cavity 108 allow the membrane 101 &
move i response o the sound waves entering via the acoustic holes 112 in the
back~-plate 104, It such instances the subsirale cavity 108 is conventionsily
tarmed 8 "back volume”, and L may be substantially sealed.

i other applications, the microphong may be aranged so that sound may be
recaived vig the subsirate cavily 108 in use. In such applications the back-piste
104 is typicaty il provided with 3 plurality of holes 1o allow air {o freely move
betwean the second cavity and a further volume above the back-plate,
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i should also be noted thal whilst Figure 1 shows the back-plats 104 being
supparted on the opposite side of the membrane fo the substrate 105,
arrangements arg koown wheve the back-plate 104 is formsd closest to the
subsirate with the meambrane laver 101 supportsd above i

it use, in regponse o & sound wave corresponding o a pressure wave innident
ot the microphone, the membrans iz deformed slighly from its equilibrium or
outsscant poastion, The distance behween the membrans elgctrode 102 and the
backpliale elecirode 103 s comespondingly allered, giving rise o a changs in
capacitance between the twu electrodes that s subsequently delacled by
slectronic cirouitry {nat shown) The bleed holes aliow the pressurs in the first
and second cavities o squalise over 3 relatively fong timescale (i acoustic
frequanoy terms) which reduces the effect of low fraquency pressure variations,
.. arsing from lemparature variations and the like, bul withow! impasting on

sansitivity at the desired acau&tésf;‘resi;u@mi&&

Tha flexible membrans layer of a MEMS transducer gensrally comprisas a thin
layer of @ divlentric material - such as a layer of grystaline or polyerystaliine
matsral. The membrans layer may, in praclics, be formed by several layers of
material which are deposited In successive staps. The Hexible membrane 101
rmay, for example, be formed from silicon nitride SisNg or polysilicon. Grysialiine
and polyvorysialiine materials have high strength and low plastic deformation,
bath of which are highly desirabds in the soenstruction of a membrane. The
membrane alectmde 102 of 3 MEMS transducer is typically 8 thin layer of
metal, 8.g. aluminium, which is typically kxcatad in the cantre of the membrane
101, Lea. thal pant of the membrans which displaces the most, B widl be
appreciated by those skillad in the art that the membrane electmde may be
formed by an alloy such as alninium-siicon for exampls. The membirang
sdectrode may typloally cover, for example, around 4% of area of the

membrang, usually in the central region of the membrans.
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Thus, knowrt ransducear membrans structurss are compossd of fwo lavers of
different matarial — typically 3 disgdsctiic layer (8.0, SN} and 2 conductive layey
{e.q. IS

Typically the mambrane aver 101 and membrane sledtrads 102 may be
fabricated so as © be subsiantially planar i the guicscant position, Le. with no
pressure differeatial acnoss the membrane, as Hlusirated in Figure 13, The
mssnbrans layer may be formed so as {o be substantially parallsl o the back-
plate layer iy this quisscant position, so that the membwane slectrode 102 1
paralis! v the back-plate slactrode 103, However, over time, the membraneg
structurs may bacome dafrmad — 2.0, 88 2 consenuanos of relatively high or
repeated digplzcement -~ so that i will not retum o exactly the same slarting
pusition,

A number of problems are assoviated with the previously considerad fransducey
designs. in particular both the membrane and the membrans slectrode will
suffer intringic machanical strass after manufacture, fof nstancs dus o being
deposited at relatively high lemperatures of & few hundrad degrees Celalus and
desiting on refum W room lemperature o oontract by differsnt ampunds dus o
graatly differant therma! coafficients of axpansion yet baing infimately
mechanically coupled together, Not baing able o immedialaly dissipate the
stored energy due to the slrass, La, not able to ully release the stress by
independant mechanical contractiaon, the composits structurs of elactrode and
menbhrans will tend to deform, similar to the welb-known operation of bismelallic
strip thermostat sensors. Over a long time, especially when subject to repeated
mechanical exercising as ypical of & microphong membrans i use, the metal
slectrode layer in particular may be subject (o oreep or plastic deformation as i
amneals o reduce s slored siress energy — being unable to release Hinany

other way. Thus, the sguillibtium or quiescent position of the membrane
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structure comprising the membrane and the membrane slectrode s sensitive to
manufacturing conditions from day ong and can also change over tms.

Figure 2 ilusirates the permanent deformation which can ocour fo the
guiescant position of the membrane 1/102. it can be sean that the quiescent
position of the membraneg, and thus the spacing between the back-plate
slecirode 103 and the membrans slectrode 102, therefore changes from s
position inmadiately after manufacture - shown by the dashed line ~ o the
deformed guiescant posifion, This can lead v a DO offsel in tha measurement
signal from such a transducer, as the capaditance at the quiescent position is
not the same. More importantly, for g.¢. audio signals, the changs in
capacitance leads fo & varigtion in the signal chargs for a given acoustic

stimulug, L. the acousio-electrical sansitivity of the microphons.

iy addition, the slasticity of the composite elactrodesmembraneg structurs
1047102 is sensitive {0 the mechanioa! slress of the electrode and membrane

3

layers. Any varigtion in manufacturing conditions and the subssquent siress
rafesse via meial oreap or suchiike will affect the values of the stress of thase
layers. The deformation due to the stress mismateh will also directly affect the

values of guissceni slress.

Thus, i can be appreciatad that the membrane structure and associatsd
transducer may suffer an increassd manufacluring variation n initial sensitivity
and furtharmore experdence a changs — or drift - in sensitivity over tims meaning

that the transduser performancs cannot be kapt constant,

Furthermuors, the metal of the mambrane slectrode may undergo some plastic

deformation ag g consequence of relalively high or repeatad displacement from
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the gulescentequilibdum position. Thus, the matal of the membrane slentmds
reay be deformed so B will not retum 1o e orlgingd position, Since the flaxible
mambrans 101 and the membrane slecirode 108 ars mechanically couplsd to
one angthar this can also lead o an overall change in the quiescent posttion of
the flexible membrang 101 andfor a change i the slress proparties and thus

fhe slasticity of the overall membrans structurs,

Embodiments of the present invertion relate to MEMS transdugcers and
prooasses which ssek {0 alleviate some of the aforementioned disadvantages,
in padicular by providing a transducer which soshibits an improved consdstency

iy sensitivity or performance inltially and over time

According to a first aspsct of the preserd invention there is provided a MEME
fraraducer comrising & membrane structure, the membrane structure
comprising & flexible membrana layer and a first electrods layer, the first
alactrode laver baing suppotted relative o the fexible membrane kyersc as to
be spaced from the Hexible membrane layer.

Tha separation of the elactrode layer from the mambrans layer advantageously
servas o reduce coupling of initig! postyranudacture or tima-depandent stress
differences batween electmde laver and membrans laysr and thus
advaniagsously alleviate problems associated with the warping of the
mambrane structurs and slastivity variation due 1o coupled slrass, both inltially
and over tmea. indtial manufacturing variation and deft aver time of ransducer
sensitivity may siso be Improved. The suppording of the slectrode relative o the
flexible membrane layer allows the slecimds layer to still substantially
mechanically follow the movemsnt of the membrane layer o dediver an oulput
signal despite the separation
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The firsl elecirode ayer is preferably supporied relative 1o the flexible
membrans by means of 8 support stauclure which exlends bebween the first

alectrode layer and the flexible membrane layar

According o embodiments of the invention, st least one sir volume exiends

hetwean the material of the first slectivde laver and the membrane layer.

The membrane structure may comprisa a ssoond slecirode layer, said sacond
slactrode layer being disposad on the oppasits side of the flaxible membrane fo
the first slecirods, Preferably, the second slectrode layer is supporied relative to
the flexibles membrane laysr 80 a5 10 be spaced from the flexible membrane

fayer.

Praferably, the second electrode layer 8 supporisd relalive {o the flexibls
mambransg by means of 2 support strunture which sxlends betweean the seaond
slectrode layer and the flexibls membrane layer,

According to embodiments of the present invention, the first electrode layer
andfor the sacond slectrode ayer may comprise a continuous sheet of material
Alematively, the fisst slectrods layer andior the second slectrade layer
comprises ong oFf more apenings. The openings in the may be generally ciroular
in shape andfor the openings may be nan-circular in shape. Thus, the firnd
alectrode laver andior the second slectrode layer may be formed in a latlice
shape. The lattice shape may comprise a plurality of polygons which define
openings in the sleatradea layer, Thus, the firsl andior second elactrode layer
can b considered to comprise g latlios of connectivity which is suspeanded

relative to the membrans layer by maans of a support structurs,

The clectrods layer may have & thickness of arcund 100nm. The clectrods layer

may ba spaced from the membrana laver by a separation of around 100nm.
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The support structure which serves o faciitate the suspansion of thefsach
slectrode layer above/below the membrane layer may compriss a plurality of
suppord slemends. The support slements comprise dislectric of conductive
material. Ths suppor elemeants may be disposad at or near the periphery of the

membrane structure. Altarnatively the support lements may b distributed over
the surfans of the membrans.

Alternatively, the support structure which serves o facllitate the suspension of
thefsach alechode layer ghove/below the membrane layer, may comprise a
conductive layer having a plurality of openings. Thus, the suppord structurs may
comprise g latlice strugiurs,

Alternalivaly, the suppor strunture may comprise {only) a firgt partis! latlice
structure, and the electrode laver may comprise only & sscond partial lattics
struciure, the first and second iatlice structures cooperating to provide slecirical

connaction o all desired elemants of the slsctrads layer.

it will be apprecisted that the first and/or second slectrode layer may be
fabricated — a.g. by deposition - 83 a distinct processing step. Altarnatively, the
first andior second slectrods layer may be fabricalad during deposition of a
singhs laver of material which is subseguantly processed to form the suppoit
struciurs and the electrods laver, Thus, embodimanis of the :"es aaaent nventio
ars snvisaged in which the support struchrs is formed of the same material as
the slectrode laver. Freforably, howeaver, the bulk of the conductive material
forms the olectrode layer which is suspanded relative o the Sexible mambrans
with the support structure layar, Alfernativaly, embodiments of the prasent
invantion are envisaged in which the suppor structurs is formed of the same
material as the membrane laver,
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According ke embodimenis of the present wention, the openings of the support
structurs form a plurality of air volumes which exdend betweean the matedal of
the first elechrods laver and the flaxible membrane laver. The openings ofthe

support strusture may increase in size from a region towards the centre of the

pos)

mambrana structure 1o a region at or near the pariphery of the membrans
structure. Allematively, the apenings of the support struciure may be
substaniially of uniform size.

it smbodiments wherein the glectrode Byer and the suppor! laver sach
10 comprise a plurality of openings, the opsaings of the electrods layer may be

latarally offset from the openings of the support layer.

The first electrode laver (83 a substantially continuous sheet or lattice patlamoor

pariial lattice paltern) may overtie subsiantially all of the membyane or thers

o
11

may be 2 region of the membrane whers the elecirods layer of pallam i

abseant, This reglon may comprise af least a central reghan of the membrane.

The flexible membrans may comprise a cerystatiing or polyerysisliine material,
Froferably the flestible membrane layer comprises silicon nitride. The firgt
20 ardlorsecond electrode lgyver may comprise matal or a metal alloy. Proferably,

the slectrode comprises aluminium, sllicon, dopsad silicon or polysiticon.

Embodimants of the presant invention advanisgenusly damonsirate a reduction

in the degree of deformation of the quisscent or equilibdum position of the

25 membrane struciire over time, The separation of the first electrode layer from
the membrans laysr servas 1o at least partially decoupie the elsctrode matsrial
from the membrane material i ong or move ragions thus mitigating the mis-
match batwesn the mechanical properties of the membrane and the conductive
slectrods. Thus embodimeants of the present invention advartageously reduce

30 the ares of interface batweaen the membrane material and the metlsl electrode,
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theraby sarving to reduss the mechanical influence of the melal elscrode layer
oty the membrane layer. According o preferred ambodimants the tima-
depandent deiit of the MEMS transducer is allsvialed, Furthemmors,
smbodimants of the present invention may demonsirate an snhancement inthe
capas fance, since the overall working area of the slectrode laver can be
acﬁsfanmgemhiy inoreased within existing elsctrods boundaries. As a resul, the

sensitivity of the transducer may be sohanced.

Soms of the rvention ralate fo structires of the elechode laver or suppart
structures which allow relaxation of stress of the slectrode layer, thus
advantagasusly reducing any impact on the stress or deformation of the
rembrane, and 8o reducing any consequant sensitivity variation, initially or over
timse,

The transducer may comprise a back-plate struciure wherain the Hexible
membrans layer is supportad with respent {0 said back-plate structurs, The
hack-plate struclure may comprisas a pluralily of holas through the back-plats
structurs,

The fransducer may be 2 capacilive sensor such 8% @ microphone.  Tha
fransducer may comprise readout, Le. amplification, drowlry. The fransducer
may be located within & package having a sound port, L.e. an acoustio port. The
fransducer may be implamented in an slectronie device which may be at keast
ong of a porlable device: a ballery powsred devics) an audio device; a
computing device; a commimications device; a porsenal media player; g mobile

telaphone; a tablel device; a games device] and a voice controfied device,

Faatures of any givan aspact may be combined with tha featurss of any ather
aspact and the varous features desoribed harein may be inplemeanted inany
cambination in o ghven smbodiment.
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Assuciated mathods of fabivating & MEMS transducsy are provided for sach of

- the sbove aspects.
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For g betier understanding of the prasent invention and fo show how the samse
raay be carried into sffect, reference will now be made by way of Man‘g;}ia {o the

accomparying drawings in which:

Figures 1a and 1b flustrals known capacitive MEMS transducers in secton and

parspentive viaws,

Figures & Nustrates how a membrang may be deformed;

Figuras 3 Hlustrales a previocusly considerad membrane struciurs;

Figures 4a o de show cross-sectional visws through various mambran

structurss according o smbadiments of the prasent invantic

Figures 5a to Se show a meambrans structure according 1o a funther embodinent
af the pressnt invention;

Figurs 8a o 8d show further membrans structures according 1o embadiments of

the present invention;

Figures 7a {0 7y show crosa-ssctional visws through vanious membrane

structures according to further embodiments of the present invention; and

Figures & to 8h show a series of drawings to Hluslrate o process for making a

mambrans structurs smbodying the pressnt nvention.

Throughout this descaription any featurss which are similar &y features in othar

figures have been given the same referetice numesrals,
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Figure 3 shows a 1op view of a previously considered membrane strunture
comprising a planar membeans layer 101 and an slectrode 102, The elacirnds ~
which is typioally formad of metal or metal alloy ~ is patterned to incorporats 8
plursiity of openings 113 In this spedific exampls the openings are generally

hexagonat in shape.

it will be appreciated that microphone sensitivity is & funstion of capacitance
which i dirsatly proportions! o the area of the conductive slactrads, Membrane
strugdures whinh incorporate a pattemned electrade laver, or latlice, as shown in
Figure 3 may therefore potentially demonsirale & delerioration in the sensitivity

of the ransducer as companed to shest electrode designs, albelt mitigated

Figures 4a to 4e each show a wross-sectional view through various membrang

struchires comprising a fexible membrane 101 and a first slectods,

Figure 43 shows & ¢ross section through the line A-A of the membrans
struciure shown in Figure 3. The matal forming the electrode 102 can be seen
o be divectly &y contaot with the Hexible membrans layer 101, Thus any stress
i the slectrode is directly couplad info the mambrane, and the glectrods can

substantislly only atlempt 1o relax s siress by affecting the membrans shrass.

Figurs 4b shows a cross-sactional view of a membrane struchue fora MEMS
fransducsr aooording 1 a8 frst embadiment of the prasent invention. The
mamibrans struclurs comprises a first slectode layer 102 comprising a shest
alectrods which s supporkad, by means of a support structure comprising a
plurality of support elements 114, in & spaced relationship from the membrane
layer 101, A volume of air 118 axends batween the glectiods layer and the
Rexible membrans. Ths support elements 114 may comprise a plurality of
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viartical spacers, or solated mounts, which sliow the fist slsctrode tayerfo be

suspanded above the mambrane layer. The mambrane strunture may be
avided with such support alements provided arpurd some or all of the

periphery of the membrane, ngar {o pards of the periphery at which the

mambrang s anchored by means not Hustrated in this figurs o the swrreunding

9]

sificon substrate, The elements serve {0 astablish a gpacing of the elecirads
layar in the verlical dirsclion — Le. orthogonsily 1o the plane of the mambrane ~
without significantly coupling the electmds laysr in the plane of the membrans,
The support slements may be formed of conductive or dislectie material.

10 Alematively both the membrans and the slactrode may be anchored
independently, for instance at the sidlewsall of the backplats, with the slactrode
anchored at a higher part of the sidewall than the slectiode such hat the
sidewsll provides the support structure as Hlustraled in Figure X, in the structurs
shown on the left,. Thus in some embodiments the support struclure may

18 compriss 8 cordinuous structurg, for example a continuous ring aroind &
ciraular periphery,

The volume of air substantially rapped bebveen the electrods and the
membrane may be substantially trapped, extept maybe for bleed holes in the
20 membrane struclurs or electrode layars, ar with mited access o other volwmes
of the structurs via the periphery of the membrane, The volums of air may thus
serve &8 an alr cushion o coupls any acoustically stimulated movament of the

membrane 1o the alacirode.

28 Thus, amﬁm{ﬁmg o this embodimeant, i will be appreciated that the slectrade
layer is physically separated from the membrans {alithough it will also be
sppraciated that the slectrode layer is indirsctly connected o the membrans
bayer via the supptort slements 114} As such, since the slectiode layer is not in
diract contact with the membrane layver vcept & or near the periphsry, the

30 mechsnical influenee of the electrodes laver 102 on the membrane layer s
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reduced and the membrane structure may advantagsougly demonstrats an
improvemant in time-depeandent warping of the membwane. Moreover, In
somparison o the membrane structure shown I Figures 3 and 4a, the areg of
the mstal slechrods s inoressed and, thus, the fransducer sensitivity is

anhanced,

Figurs 4¢ shows 3 cross-sectional view of 8 membrane structure for & MEMS
transducer according to a sscond smbodiment of the present invention. The
membrane slruchure comprises a first glectrode layer 102 and a suppast
structure 114, The first electrods layer 102 comprizes a conlinuous shest of
alactrade matarial, The support structure T4 comprises 3 pattamed layer of
gonductive matenal ~ shivilar o the single slectrode layer shown In Figure 4a -
comprising a pheality of opanings. The apenings define a plurality of abr
valumes 115 - which extend between the first electrode fayer 102 and the -
membrane Byer 107, In {his axample the material of the first slsctrade layer, the
matal elements of the iatfice structurs forming the support structure 114 and the

membrane effectively form a plucality of closed air volumes within the

=

rmembrane structre. . Thus, a8 & conssquence of the shactrods laver not haing
cormactad {o the membrane iaver st sach of the air volumes, a significant
proportion of the electrods matenial of the first slectrode layer is mechaninally
saparate fom the membrans layer, thersby allowing at least some stress
release by loval verdioal thinning of the slectmds misterial.. Although Slustrated
as appraximalely egquasl, preferably the support structure s significantly kess

wide than the alr volume widih, o sliow horsased stress relaxation,

Figure 4d shows 3 oross sechional visw of a membraneg struciure fora MEMS
fransducer agcomling o & third embodiment of the present invention, The first
slectrods laysr 102 comprises a layer of sledirods malerial that is pattamed o
oomprise & plurality of opsnings 116 within the plane of the first electrode ysy
Although not apparant from this cross-sectional view, the electrode laver 102 18
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formad iy 2 latlice shaps ~ .9, by a rogess of patterning or elching of the
slectrods material, The latlice shaped slectrode can be considered {0 comprise
a plurality of interconnected conductive elemants. The firs! glsctrode layer i 02
is supporiad so as o be spaced from the membrane layer by means of ons or
more supporn elements (not shown} which may be formed of the same matarial
as the slectrade or of an insulating material.

The first electrode ayar 102 can be ssen o define a plurality of interconnected
slactrode slements which exiend in the line of the cross sectional view, Each of
the slechrode slements can be considersd fo form & conductive bridge with the
space undsrneath the badge defining an alr volume 116 a8 indicated by the
dashed ing. Each an or bridge of the lattics is free 1o expand or canlrsct i
width or height proving degrees of freadom to allow any metal stress 1o be
subsiantiaiy accommaodaten isaving only ralatively ite residual strass reguiring

1o ba released via ransmission o the mambranea vig the suppa elements.

Figure de shows a cross sectional view of & mambrane structure for a2 MEMS
trangducer according to g fourth ambodiment of the prasent invantion, In this
axamphs the first electrode layver 108 again comprises a layver of slegdrods
gtarial that i pattemed fo comprise a plurslity of openings 118 within the
planeg of the first elechrods layer. Again, as in Figure 44, the electmds layer 102
is formad in & Isttice shape and can be congidared 10 comprise a plurality of
interconnacted conductive slemenis. The slectrode laver is supported in a
spaced ralation relative 1o the membrans laver by means of 3 support structure,
The support structire 114 s pattemed o oorporate a plurality of @pmmg@
The slectrode layers are fabricatad such that the openings of the slectrods layer
are laterally offset from the openings of the support structure, This figurs
porteays an ithusirative case in which the bridges and support structures are at
loast somewhatl aligned along the chossn crogs-sectional plans: fore.g. &
hexagonal latlice thers will be no such plane, but this figure Blustrates the
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general concept of the bridges linkad by a serles of conductive support

structures,

Figures 5a to e show parspactive views of @ membrans structure according fo
a fifth embodimant of the present invention, iy this example the electrode layer
102 is patterned to incorporate a plurality of apenings. Specifically, the
sisctrode layer s spacsd from the membrane layer by means of & support
structure 114 The support strusture 114 in this embodiment coimiprises the
same conductive material that forms the slectrade layer 102, The suppont
structurs 114 thus extangls batwesn the slactiode layer 102 and the membrane
101

As Hustraled most clearly in the plan view of Figure Se, the suppor! struchure
may comprise a frst partial lattice structure comprising elemants 182, and the
slectrode layer may comprise a second parlial iattice structure comprising
slements 180, lsid oul supsrinmposed on a hexagonal grid pattemn 184, The
inchividual separate slements of the first partial atlice shructurs serve as
conductive bridges between adiavert slements of the second partial iattice
structure, which in furn provide conductive paths hetween the adiacent
stemants of the first partial latlice structure, Thus the first and second fatlive
structures conparale fo provide electrical cornaction o all dasirad elements of
the gleclrode layer, Some or all elements at or near the pariphery uf the
membrane may be coupled o readout glroudtry, thus coupling the whole
gleclrode structure o the readout olrcuiiry.

The alements of the first partial lattice shructure are isclated and small so
accumuiate fittle stress and are free to release this stress in several dirgotions.
The elemanis of the second partial latlice structre are isolatad and small so

acoumulaie little stress, so also have fiitle effect an the membrane. In further

variants, the size of the clements of the sscond partial latlics structure may be
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reducad further, for instance by spanning only a parl of each adge of the
nofygon rather than the whole skie, with the adiacent alectrode slemant
axpanded {o maintain conneclivity.

in variants lustrated i pevspective in Figures 5A and 5B, slements of the tirst
partial lattice struclure are axtendad laterally in a cantilever fashion to increass

thalr arga {0 increass the senang capacitanca,

As Hustrated in Figures 8a and 8b, which also further Hlustrale cantilevser
structures, a membrane struciure embodying the prasent vention in which the
sisctrade comprises material that is spaced from the flexdble mambrane layer
and thug incorporatess one or more aie volumss which extend betwsen the
spaced material and the membwans laysr, may be fabricated from further
provassing to the sloctrmds structurs shown in Figure 30 Thus, the material that
will form the first electrods layer can be deposited onto a palterned slactrode
i&}f@z as shown in Figure 3 {which ultimately forms the support structurs for the
first alactrode faver) so that the matenial of the first slectrode layer sxdends
nartially or fully belwean opposite adges defining the openings of the support
laver, As shown in Figures Ba and 8b the malerial of the first electrode layer 102
is therefore spaced from the mambrane fayer by an air volume and thus forme g
cartilsver or ‘partial cross-over with ?‘&&{.}eét o the plane of the support
siruciure 114, As shown in Figure 8¢ and 8d, the matedal of the first slectrode
laver 114 forms a “full cross-over” with respeat to the plane of the support
structurs 114, The resultant mambrans structurs will banedit from intreased
capacitance due 1© the increased conductive material, whilst the openings of the
supgort struciure provide an improvement in the stresses that arise betwaen the
slechode material and the membrane as comparted fo praviously considered
dasigns incorporating a single slectrode layver comprising & conlinunus sheat of
matal i direct contact with the mambrans,
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According to ons or more embodiments of the presend invention, the
machanical deccupling of the slectrode layer by the presence of ong of more air
volumes which axtend batween the first sloctrode layer and the membrane laysr
could be benaficlally usad fo allevigte so-called dlaphragm edgs curl, In view of
the problem of the membrane curling at the adge dus 1o the stress mis-maleh
that arises behween the two %ays;rs, it s typioat for the conductive metal
slactrods matenal to be deposited in region towards the centre of the
rmembrane and not close 1o the edge of the membranea. However, this prior
solution represents @ reduction in the mstal slectrods areg and thus undermines
the sensitivity of the transducer. Embodimants of the presant invention enable
the elentrode o sedend over a greater proportion of the membrane including the
region at o near the periphery of the mambrane.

According o preferred embodiments which utilise a support struciure
comprising a lottice-like strunture i conjunction with an slectrade laver also
comprising & lattice-like structure, §is proposed 10 vary the ares of the openings
nrovided in electrode laver andfor the areg of the ppanings i the support
structire so a8 W contind or modulate membransg adge ol Bdge cwl leads to
air lsakags sround the membrang, Le. an acoustic bypass path which
particularly impairs low-frequency sensitivity and so controfing the edygs curl
aliows for more effective control of the leakags and, thus, improved control of

microphons low-freguency roll-aff,

Figures 7a to Tg sach show a orass-sactional view through various mambrane
structure dasigns which comprise & flexible membrane layer 101 and stleast a
first electrods 102 supported in 2 spaced relation from the membrane by means

af & support structure 114,

Figurs 7a shows a mambrane struclure comprising a first electrode layer 102

and 8 support layer 114 Both the first slectiods layer and the support layer are
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pattemead to ncorporste a plurality of openings. The opanings kemed in the
support layer form a plurality of alr volumes 115 which axtend batweaen the first
electrode layer and the mambrane layer. Iy this example the size of the

openings acress the membrans taysr is substantially constant,

Figure b shows a membrane struclure comprising a st elecinode laver 102a
and a second slectrode fayer 102b. The sscond slacirode laver 102h is formed
on the apposite side of the flexible membrans layer 101 o the first slechods
103a. Each of the first and second electrode layers 1023, 102b is suppoited iy
fixad relation relative to the lexible membrans by 3 support laysr Tida, 114db
such that the materdal forming the respactive elactrods laver is supporied in
spaced ralgtion from the membrane and 18 thus separated Trom the membrana
faver by 8 pluraiity of air volumes 118 formed by openings 118 in the respentive
support layer, in this example the size of the openings 1185 soross tha

mambrans layer is substantially constant.

A membrane structure according o Figure 7h may be usefully emploved in
conjunciion with a MEME transducer whinh utilises first and second backplatss
{sach incorporaling a backplate slectrods) which are respectively positioned

above and helow the membrans structurs,

Figurs 7o shows a mambrane strunture that is similar to the membrans
strycture shown in Figure 7h. However, in this soiample the alr volumes 118 of
the second slentrode are laterally offsel with respact {o the openings of the first
electrode. This arrangament can benefivially serve tn mitigate the conurrence of
stress concentrations ariging within the membrane structure sinos the siress
arising betwaen the mambrang and the Yiest electrode may tend to cancel or
mitigate the sitess maxima and minima arising betweaen the membrans and the
sacond slectrode. Furtharmore, 8 mambrane structure embodying this design

may svperiencs a rippling effect which therefore provides a degres of freadom
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{0 the membrans and, thus, sllevisias slress. Again, in this axample the size of

the openings awross the membrane laysr is substantially constant,

Figure 7d shows a3 membrans struclure comprising s first electrode layer 1038
and a support fayer 114, Both the first electrode laver and the support layer arg
patterned o incorporate & plurally of openings. The openings formed inthe
support igver form 2 plurality of alr volumes 118 which exdend belween the first
slectrode laysr and the mambrane layer. In this sxample the size of the
apenings in both the first alactrads §:-3§3£~3§* and the support layer vary fram a
region at the centre of the mambrana owards an outer or perpharal region of
the membrane. Thusg, the openings which Tonm the air volumess 115 similerly
vary in size, Spacifically, the area of the air volumes 118 formed by the
apenings in the suppodd laver Indrsase i size from a3 agion fowands the centre
of the membvane {0 8 region at or near the periphary of the membrane. This
arangemeant — specifically the incrsass in the size of the openings towards the
pariphary of the mambrane strucliss - advantagesusly serves o miligate
membrang edge curl,

Figurs Te shows 3 membrans structure comprising a first electrode layer 103a
and a sescond slacirade layer 1020, The secand elecirode layver 102b is formed
on the opposiie side of the fexible membrane layer 101 1 the first electode
102a. Each of the first and second electrods lavers 1028, 102b is suppuried in
fixed relation relative to the flexible membrane by a support layver 114, 11db
such that the msterial forming the respective electrode layer s supporiad in
spaced refation from the membrans and is thus separated from the membrans
tayer by a plurality of alr volumes 1158 formed by openings 115 in the respactive
support laver. As in the example shown in Figure 7d, the size of the cpenings in
both the slectrode layer and the support layer vary from a region at the centre of
the membrane towards an outer or paripharal region of the membrane. Thus,

the openings which form he gir volumes 118 similarly vary in size, Speacifically,
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the area of the air volumes 115 formed by the openings in the support layer
increass in stze from a region towards the centre of the membrane 1o & ragion
at ar naar the periphery of the mambrang, The increase in the size of the

opanings lowards the periphery of the membraneg structure atvantagsously

5 ssrves o mitigats membrane adge curl sinos | serves 1o reduce local fractional
metal area coverage 1o thereby reduce stress in the peripheral region.
Furthermore, the rads off in terms of a8 reduced capacitance is less oritical
since the membrane axpariences less displacement than the central region of
the membrane structre.

0
A membrane structre according to Figure Te may be usefully employed in
conjunction with a MEMS ransducer which ulilises first and second backpiates
{sach incorporating a backpiste slacirode) which ars respectively positionsed
above and balow the mambrans siructurs,

18

Figuwre 7f shows 3 mambrans structure comprising an electrode layer 102 and
3 suppont Byer 114, According & this axample, the slecirds faver 102 does not
exiand over a central region of the flexible mambrans laver, Thus, within the
centrad region of the membrans structurg, the first electrode s formed only of &

20 single suppor layer which is provided so as fo directly overiay the membrane
fayer 101, Furthermors, the size of the openings in support layer 114 increase
from a reglon at or near the boundary of the central ragion to a region at or near
the peripherty of the mambrane in & manner similar 1 the embodiment shown in
Figure Ta. In the reglon laterally oulside the central region of the membrans —

85 La the region whers the electrode laver is spaced above the membrans layer
by means of the underiving support layer 114, the openings in the support layer
farm air volumas 115 which extend belwesn the electrade layver and the

membrans,
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Tranzducers inecorporating membrane structires smbadying the Figure
mxampds are advantageous in that the electrode layer 102 need be provided on
just & fraction of the membrane structure — e.g. on around 10% of the area of
the mambrana ~ in the peripheral ragion of the membranse. Thug, the presence
of decougling air-bridges, or alr volumes, are provided at the sdge of the

membrans structurs which may benalicisfly mitigate membrane adge-curl

Figurs Tg shows an axample similar {o the Figure 7T example howevey, the
membrane strusture comprising a first elactrode layer 1028 and & second
slectrode faver 1020, The second slactmds layer 102b s furmed on the
opposite side of the Hexible membrane layer 101 1o the first electrode 1023

Figures Ba to 8h iflustrate the steps invelved in a possible method of fabricating

a manbrane structure according to one ambodiment of the prasent invantion,

As shown in Figure 8a, the nicrolfalrination process starts with the deposition of
silfcon nitride {Sidda} onte 2 planar stlicon substrate waler using kKnown
techrigues such ag a PECQVD {(plasma anhanced chemical vapour deposition}
mathod.

In Figure 8h, a saedficial rogist laver s deposiiad on tup of the sificon nitride and
this is then patterned {exposure and development) as shown in Figure 8e. A
metal electrode is deposited by conformal coating using e.g. & spullaring
tachnigue as shown in Figure 8d. Then, a second layer of rasistis deposited on
top of the metal layer — as shown in Figure Be — which is then pattermad as
showrn in Figurs 8, Reactive ion sich is applied o create metal parforgtion as
shown in Figure 8g. Both resist layers are strippad irs the last fabrication step,
shown it Fig. 8h o create a layer of matal forming the slectrode layer with siv
volumas undemeath in spaces previcusly Sled by the saorificlal resist layer, and

the suppott layer comprising the sidewslls of the conformal matal coaling as
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wall as the metal portions directly contacting the substisie, Portions of the
undsriying substrals may be siched from below in o later step of the process fo
releass the nitrids membrane layey. The support metal may extend aterally o

glectrivally connedt the electrode struciure 1o associgled bias or amplifier
oircuiry which may sither be co-infegrated on the zams substrate or may be

St

integrated on a separate silicon subsirate and couplsd via bond pads or contant
pads.

A MEMS transduser acoarding 1o the embodiments describad hers may

10 comprise a capacitive sensgor, for example a microphone,

A MEMS transducer according to the ambodiments described here may furthey
comprisa readout cleouitey, for example wherain the resdowd circuiiry may
somprise analogus andfor digital olreultry such ag 3 low-noise amplifier, voltage

15 reference and charge punp for providing highervoltage bias, analogus-o-
digital conversion ar oulput digits! interface or more complex anslogus or digital
signal procgssing. There may thus be provided an infsgrated ciroult comprising
8 MEMS transducer ag deswribad in any of the embodimeants hersin,

20 Ones or mors MEMS transducers sccording 1o the embuodiments descnbed here
may be located within g package, This package may have one or more sound
poris. A MEMS transducer sccording 1o the smbudiments described hers may
be located within s packags together with 2 separaie ntegrated circult
comprising readout droulicy which may comprise analogue andfor digital

25 olrouitty such a8 3 low-rise ampiifier, voltags reference and chargs pump for
providing higharvoltage bias, anaslogue-n-digiial conversion or oulput digital

interface or mare complex analogue or digital signal processing.

A MEMS transducer according o the embodimants described hore may be

30 located within 2 package having 8 saund port
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According o anather aspect, there is provided an electronio devics comprising
a3 MEME transducer according o any of the embodiments desaribed hersin, An
slactronic device may compriss, for srample, ot least ona off a pordable device;
& hattery powersd devins; an audio device; a computing device; 3
communications device; a parsonal media player; a mobile telephone; a gamss
deving, and 3 voice controlisd devics,

According to another aspect, there s provided a methad of fabricating a

MEMS fransducer as described in any of the smbaodiments herein.

Although the various smbodiments desoribs 3 MEMS sapacitive microphone,
the invantion is also applicable o any form of MEMS fransduners othey than

rrdcrophones, for example presswre sansors or ultrasordc ransmitfersirsceivers,

Embodimants of the invention may be usefully implemenied in 3 rangs of
different material systems, however the smbuadiments desonbed hermin ars
particutarly advantageous for MEMS transducers having membrans layvers

comprising silicon piirids.

in the embodiments described above # is noted that references to 8 transducer
glemant may comprise various forms of ansducer slement. For example, a
transchucar element may comprise a single membrang and back-plats
combination. In ancther axample a fransducer slement comprises a pluralily of
combinations, The individual transducers of a transducer slament may be
similar, or configured differandly such that they respond 1o acoustic signals
differantly, 2.9, the elemanis may have differant sensitivities. A transducer
atament may also comprises differant individual transducers positionsd to

raceive acoustio signals from different acoustic channels,
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it is noted that in the embodiments describad herein a transducer element may
comprise, for example, a microphong device comprising ong of more
membranes with electrodes for read-outidrive deposited on the membranss
arciior a substrate or back-plate. I the case of MEMS pressure sensars and
microphones, the electioat output signal may be oblained by measwing 8
signatl related fo the capaniiance betwaen the elactrodes. Howeaver, | is noted
that the smbodiments are also intended o embracs the oulput signal being
derdved by montloring plezo-resistive of pleso~-alectdie slemeants or indeed g light
sourca. The ambediments ans also intgnded simbrace 3 ransdugcer slemant
bedng @ capaditive output transducer, whereln 8 membrans is moved by
slectrostalic forces generatad by varying g polential difference applisd across
the slentrodey, including examplas of sulput ransducers whers pleo-electiis
glements are manufactured using MEMS technigues and stimulated to cause

micton in flexible members,

it is noted that the embodiments described above may be used in 3 rangs of
devices, including, but not limited to; anslogue microphonaes, digital
microphonas, pressure sensor or ulirasonic transducers, The invention may

algo be usad in 2 number of applications, including, but not limited o, consumer

applications, madinal applications, indusinal applications and automotive
applications, For example, typical conswmer applications include portable audio
plavers, wearable davices, laptops, mobile phones, PDAs and parsonal
comiputers. Embodiments may also be used in volte activated or voics
controfled devices, Typloal medical applications include haarng aids, Typical
industria! apglications include active noise canceliation. Typleal sutomotive

applications include hands-free sels, acoustic orash sensors and activa nolse

cancsligtion.
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it should be noted that the gbove-mantionad embodiments llusirate rather than
Hmit the nvention, and that those skilled in the st will be abls fo deség;én My
akernative embodiments without departing from the scope of the appended
claims, The word “comprising” does oot exclude the presence of sloments or
steps pther than those listed i a2 claim, 8" or "an” does not excluds a plurality,
and a single feature or other unit may Wil the functions of severa! unils reclisd
it the claims. Any referance signs in the claims shall nol be construsd soas b

it thair scops.
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GLAIMG

1. & MEME ransducer comprising a membrans structura, the membrane
structure comprising & Hexible mambrane laver and a first slecirode layer, the
first electrode layer being supported relative o the flexible membrane layer so

as 1o be spaced from the flexible membrane laver,

2. A MEMS fransducer as claimed in any preceding claim, whavein at least one
air volume axtends between the materdal of the first slectrade laver and the

mentbrane layer.

3. A MEMS transducsr as clatmed in claim 1 or 2, wherein the membrane
structurs comprises & second alectrode laver, said sscond elentrode lavar baing

ay

disposad on the opposite side of the flexdble membrane to the first slechiods,

4. A MEMS transducer as glaimad in ¢laim 3, wherain the sacond electrads
fayer is supporied relative o the flexible mambrans laver so as o be spaced
from the Hexdble mambrane laver.

§. A MEMS transducer as claimed in any praceding claim, whersin the first
slactrode layer andfor the second alectrode laver comprises a condinuous shaet

of matsrial,

&. A MEMS transducer as claimed in any preceding claim whersin the first
slectrode layer andfor the second slectrode layer comprises one or more
QERnings.

7. MEMS transducer as claimed in any praceding claim whersin the first

sleclrods layer and/or the second slectrode layer comprisas a istlice structure,
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8. & MEMS tansducer as claimad i any praceding claim, whersin the first
aluctrode laver s supported relstive o the Hlexible membrane by mears of 3
suppart structurs which sxtends betwesn the first slectrods layer and the
flexible membrane layer,

9. A MEMS transducar as claimed in any praceding olaim, wherein the second
glactrode layer is supporied relative o the flexible membrans by means of a
suppont structure which extands betwesn the second sledrods layer and the

flsxible membrane layer,

10, A MEMS transduosy as olgimed in claim 8 or 8, wherein the support
structure comprises a plurality of support slemeants.,

11 A MEMS transducer as claimed in any praceding olaim, whersin the support

slements comprise dislectric or conductive matenial,

12 & MEMS transducer as claimed in dlaim 10 or 11, wherein the support
elements are disposed at or near the periphery of the membrane shucturs.

13, & MEMS transducer as clalmad in claim 8 or 8, whersin the support

structure compises 8 conductive laysr having a plurality of openings.

14, A MEMS tansducer as olaimed in olaim 13, wherain the support structure

comprisaes a lathics structure.

15, A MEMS transducer a5 claimed in olaim 13 or 14 whereln the openings of
the support structure form a plurality of alr volumes which extand betwesan the

material of the first electrode layer and the fexible membrane layer.
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168, A MEMS transducer as claimed o olaim 13, 14 or 15, whersin the apenings
of the suppord structure ingrease in size from a region towards the centre of the
meambrans structure 1o 8 region at or near the periphery of the membrans
siructure,

17, A MEMS transducer as claimad inolaim 10 or 11, wherein the openings of
the support struclure sre substantially of unifomm size,

18, & MEMS fransducer as claimad in any oneg of claims 13 1o 18 when
appendsd directly oy indiractly {0 any one of claims 6 or 7, whersin the openings
of the first andior second slectrode laver are Iatarally offset from the openings of
ths support strucilure,

18, A MEMS transducer as cleimsd in any precading claim, wharein the first

%
<%

slectrods layer comprises a hole which overliss 2l least 8 central ragion of

meaembrane {ayer.

siruciure comprising & memirane and an slectrode, whersin the matesial
farming the electrode is separated from the membrane by at least one alr

volums,

1A MEMS transducer as claimed in any precading daim, wherein the flexible

- mrembrane comprises a orystaline or polyorysialiine matedal,

22, A MEMS transducer as claimed in ¢laim 21, wharain the flexibis membrane

iayar comprises sificon nitrids.
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23, A MEMS transducer as olaim in any preceding olaim, whersin the first
andfor second elactrode layer comprises metal, a metal alloy or a metallic
gmpound,

24. A MEMS transducer as olaimed in claim 23, whergin the slectrode

comprisas sluminium, aluminium-siiicon alloy or Hlanium nildds,

25. A MEMS transducer as claimed in any preceding claim comprising a back-
plate structure whersin the fexible mambrane I8 supported with respect to said
back-plate structure,

28, A MEMS transducer as claimed it claim 25 wherein said baclk-plate

Ve

structurg comprisas a plutality of holes through the back-plate structure.

27 A MEMS transducer as claimed it any preceding claim whearein said

ransducer comprizas a capacilive sensor

28, & MEMR transducer as claimad in any precading claim wherain said

transducsr comprises 3 micraphons,

28, A MEMS transducer as claimied In olaim 27 or 28 further comgrising readout

civcutiry.

30, A MEMS ransducsr as claimed in claim 29, wherein the readout ciroultry

ray comprise analogus andfor digital sircuitry.

31 A MEMS transducer as daimed i any prepeding olaim wherain the

fransducer i localed within a package having a sound pat.
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3

Lad

32. An electonic device comprising 8 MEMS transducer as claimed in any
praceding claim,

33, An elestonic device as caimad in claim 3@ wherain sald device is al least
5 ogne ol a portable device a battery powered device; an sudio device; a
computing device; a communivations devicg] a personal madia player; a mobile

{elephone; & games devicsg and 8 volce controllad devite,

34, An integrated ciroull comprising & MEMS transducer as olalimed in any

1 praceding olaim and readout drouity.

35, A mathod of fabricating 3 MEME transducer as claimed In any preceding
olaim,

ey
(821
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