1 MEMS BUBBLE GENERATOR Field of the Invention 5 The invention relates to
MEMS devices and in particular MEMS devices that vaporize liquid to
generate a vapor bubbl e during operation. Background of the Invention: Sone
m cr o- mechani cal systens (MEMS) devices process, or use liquids to operate.
I n 10one class of these |iquid-containifpg devices, resistive heaters are
used to heat the liquid to the liquid s superheat limt, resulting in the
formati on of a rapidly expandi ng vapor bubble. The inpul se provided by the
bubbl e expansi on can be used as a nechanismfor noving liquid through the

device. This is the case in thgpws BUBBLEIGENERARORIS Where each nozzl e has
a heater that generates a bubble to eject a drop of ink onto the print

media. In light of 15the w despread use of inkjet printers, the present
invention will be described with particular reference to its use in this

application. fhwerak invehti | | be appreciated that the invention is not
limted to inkjet printheads and is equally suited to other devices in

whi ch vapaor byl hlvestich s1aBeo BYENIS Abideh ¥Rl ihﬁ@ﬁi&ﬂ& MERISWS Giekstiot Wpyvezel | qui d
t hrough the device (e:g. some 'Lab-on-a-chip' devices). 20 The resistive

heaters in inﬁhﬁ&og&k@kh@@g@QQQ@E&kﬁgbﬂxamnextrenely har sh envi ronnent.
They nust heat and cool in rapid succession to form bubbles in the

ejectable liquid - usually a water soluble ink with a superheat limt of
approxi mately 300C. Under these conditions of cyclic stress, in the

presence of IBakkdrbknd s@henveapar, di ssol ved oxygen and possibly other
25corrosive species, the heaters will increase in resistance and ultimately

go open Ci r coine Wido-meclanalnbitaad (MEMSY deoidsésdaddenn o lifddd tg uerataclael er at ed
by nechani sns that corrode the heater or its protective oxide |ayers
(chem cal1ocophodisenf hed ligaidicbahiniig deites,asdiging heaters are used to heat the liquid to
the liquid’s superheat limit, resulting iﬁ the formation of a rapidly expanding vapor bubble.
The impulse provided by the bubble expénsion can be used as a mechanisxﬁ for moving
liquid through the device. This is the case in thermal inkjet printheads where each nozzle
has a heater that generates a bubble to eject a drop of ink onto the print media. In light of
15  the widespread use of inkjet printers, the present invention will be described with particular
reference to its use in this application. However, it will be appreciated that the invention is
not limited to inkjet printheads and is equally suited to other devices in which vapor
bubbles formed by resistive heaters are used to move liquid through the device (e.g. some
‘Lab-on-a-chip’ dé\iices).
20
The resistive heaters in inkjet printheads operate in an extremely harsh environment. They
must heat and cool in rapid succession to form bubbles in the ejectable liquid - usually a
water solublé ink with a superheat limit of approximately 300°C. Under these conditions of

cyclic stress, in the presence of hot ink, water vapor, dissolved oxygen and possibly other

25  corrosive species, the heaters will increase in resistance and ultimately go open circuit via



To protect against the effects of oxidation, corrosion and cavitation on
the heater material, 5inkjet nmanufacturers use stacked protective |ayers,
typically nade from Si31\14, SiC and Ta. In certain prior art devices, the
protective |ayers are relatively thick. US 6,786,575 to Anderson eta!
(assigned to Lexmark) for exanple, has 0.7p, mof protective |ayers for a
-0.1pmthick heater. 10 To form a vapog bubble in the bubble formng

i guid, the sutafindhn biGdkh B4 bilfe! BXRided ) FOR stK\%’g'tcg}fotdQ%eglg Wy e

fornlng |l iquid nust be heated to the superheat “l'iTmt -300C
for water). Thigsy %H&k@@ b ! Ree Bk 9 rotective

| ayers be heatedS ) ?ﬂ %%%% @d%eslg o&% a&ﬁgﬁﬁéﬁﬁfdkggggrheat limt.
Heating this addltlonal vol une decreases the efficiency of the device and
significantly increases the level of 15residual heat present after firing.

If this additi @@ﬂote@@a%&m&%%ctpgf 5)@&59 xfg %ﬁd%a%}'i&ﬁ)ﬁ%ﬁ 'th\é%eaitér g5 of the

nozzle, the ink in the nozzles will borl continuous causi ng the ndzzl es

to cease ej ect  Rg: GLAPLELSs b4 s{aa&dlpr&e%ﬂ%que@ai f% It J?ﬁh%rﬂ%'h} ﬁ%yS&%gh rhg

mechani sm of printheads on the market 1s curr conducti on,

Wi th existing Rrcbailsad o BRLEMBObiRGHR A;@fsgﬁe r@@&;el}sﬂh{&k 118 cdkgsisAat e heat

absorbed fromthe printhead chip. The abi’lity of this heatsink to cool the
liquid in the nRRALES: Al @sélgﬁu&@gemr@ e e&zﬂﬁ‘;ﬂm&s d.f2h 5t ROESVPRIMERR 2 hE
nozzl es and the heatsink and by the heat flux generated by the-firing
nozzl es. - As t he) guxd hak@egEgy required to heat the protective |layers of a
coated heater contributes to an increased heat flux, nore severe
25constraints are inposed on the density of the nozzl es on the pri nt head
and the nozzle firing 3 rate. This in turn has an inpact on the print
resol utionio t he fpich BYARABULBIEAE thelbiBbiPfokiihg SRBE dhewistade VR tHXBRIKCAE 1y drdie
costs. Summary of the Invention

contact with the bubble forming liquid must be heated to the superheat limit of the liquid

(~300°C for water). This requires that the entire thickness of the protective layers be
heated to (or in some cases above) the liquid superheat limit. Heating this additional
volume decreases the efficiency o_f the device and significantly increases the level of

15  residual heat present after firing. Ifthis additional heat cannot be removed between
successive firings of the nozzle, the ink in the nozzles will boil continuously, causing the

nozzles to cease ejecting droplets in the intended manner.

The primafy cooling mechanism of printheads on the market is currently thermal

20  conduction, with existing printheads implementing a large heat sink to dissipate heat
absorbed from the printhead chip. The ability of this heatsink to cool the liquid in the
nozzles is limited by the thermal resistance between the nozzles and the heatsink and by
the heat flux generated by the firing nozzles. As the extra energy required to heat the
protective layers of a coated heater contributes to an increased heat ﬂﬁx, more severe

25  constraints are imposed on the density of the nozzles on the printhead and the nozzle firing



5 Accordingly the present invention provides a MEMS vapor bubbl e generator
conprising: a chanber for holding |iquid; a heater positioned in the
chanber for thermal contact with the liquid; wherein, the heater is forned
froma superall oy and configured to receive an actuation signal from
associated drive circuitry such that, upon actuation, the heater heats sone
of the 10liquid to a tenperature above its bubbl e nucl eation point in order
t 0 gener at e aateJpivrin tuobisk en ivmet @dsm st Esgntimsihe prighdad eize, treguighspedde | i qui d
Super al | oys can offer high tenperature strength, corrosion and oxidation
resi stance f ard thxmemdachyginglvasts.of conventional thin filmheaters (such as
tantal um al um nium tantalum 15nitride or hafnium di boride) used in known
thermal inkjet printheads. Their suitability in the thermal inkjet realm
has, until now, gone unrecogni zed. The primary advantage of superalloys is
t hat t hey cabupmayy ddhslifvenidirent strength, oxidation and corrosion
resistance to all ow heater operation w thout protective coatings, so that
the ener gy waAstoedinginthhewsént gnvekimn poaideng¥BEMS vapomwbble fgerpmtdr kempridénsi gn. As a
result, the input energy required to forma 20 bubble with a particul ar

i mpul se i s reducedhahbanderiholdingiguidevel of residual heat in the printhead.
The majority of the remaining heat can be renoved via the ejected drops, a
nmode of oper ati ot leptenmesisignedge fhie chasticr fog therima eonpact witk the didvidrwhsgén, of thi s
mode of operation is that the design is not reliant on conductive cooling,
so a heat si nk i s thedicaterig fiormed framd suprsalien 209 eonfigunad toyreagivd af obiaien signak
constraints inposed by conductive cooling 25 are renoved, allow ng

i ncreased priom asegypddrivesirarty sysh &at apep scbgtiviethe eaterthragpmsiof e and cost .

4 Optionally, the chanber has a nozzl e opening such that the pressure pul se
ej ect s allir ojiuiskto prrannerafie abavp itd biephlermyelestion ppiat i 9edsr toggensetpe YapRal |y t he
chanber has an inlet for fluid communication with a supply of the liquid
such that | ikyPlathe eavses aressppryscrtigugh thatigtid-he chanber to repl ace the drop
of liquid ejected through the nozzl e opening. Optionally the heater is
deposited by a sputtering process such that the superall oy has a

Superalloys can offer high temperature strength, corrosion and oxidation resistance far
exceeding that of conventional thin ﬁlm heaters (such as tantalum aluminium, tantalum
15  nitride or hafnium diboride) used in known thermal inkjet printheads. Their suitability in
the thermal inkjet realm has, until now, gone unrecognized. The primary advantage of
superalloys is that they can proyide sufﬁ-cient strength, oxidation and corrosion resistance
to allow heatet operation without protective coatings, so ;chat the enérgy wasted in heating
the coatings is removed from the design. As a result, the input energy required to form a
20 bubble with a particular impulse is reduced, lowering the level of residual heat in the
printhead. The majority of the remaining heat can be removed via the ejected drops, a
mode of operation known as “self cooling”. The primary advantage of this mode of
operation is that the design is not reliant on conductive cooling, so a heatsink is not
required and the nozzle density and firing rate constraints imposed by conductive cooling
25  are removed, allowing increased print resolution and speed and reduced printhead size and

cost.



10nanocrystalline mcrostructure. Optionally the heater elenent is
deposited as a layer of the superalloy less than 2 mcrons thick. 15
Optionally the superalloy has a O content between 2% by wei ght and 35% by
weight. Optionally the superalloy has a Al content of between 0.1% by

wei ght and 8.0% by weight. Optionally the superalloy has a Mo content of
bet ween 1% by wei ght and 17. 0% by wei ght 20 Optionally the superall oy has a
Nb and/or Ta content totalling between 0.25% by wei ght and 8. 0% by wei ght.
Optionally the superalloy has a Ti content of between 0.1% by wei ght and

5:0% by weight_ .5 t he superal |l oy, has. up to 5%

reactive netal O?tfog?‘}& 5 tl?%h?c?ﬁ‘glzzg)?ﬂ’?ﬁm%f%g}??ﬁhﬁ ess“%?rﬁu??féﬁu%e%% her
rare earth ele & Eﬁ t he superall oy has a Fe content of up to 60%
by wei ght . C%E §n§%zbe?p§1”f’%y has a Ni content of between 25% by

wei ght and 70% by wei ght Optionally the superalloy has a Co content of
bet ween 35% by wei ght and 65% by wei ght. 10 Opti onal 'y the superalloy is

MCr Al X, wh M bu | t 50%
ALK L SRR Son B8 B BTSSR BB

nor e than zero 8% on s than 25%
by wei ght, w tsﬁg&haﬂ SI sf{Omatﬂe otP eroc\fvséroﬁ%rc%m%te)%%pl Ith%%%og%gh(hu erably

iH?Cl l{gl ng but é?e%%edltﬂrmgli‘let‘ﬁje r%ogzl'é/gpenfz%. Ru, Ti, Ta, V, W'Nb, Zr, B, C Si, Y,

Optionally the heater is deposited by a sputtering process such that the superalloy has a

10 nanocrystalline microstructure.

Optionally the heater element is deposited as a layer of the superalloy less than 2 microns

thick.

15 Optionally the superalloy has a Cr content between 2% by weight and 35% by weight.
Optionally the superalloy has a Al content of between 0.1% by weight and 8.0% by weight.
Optionally the superalloy has a Mo content of between 1% by weight and 17.0% by weight

20
Optionally the superalloy has a Nb and/or Ta content totalling between 0.25% by weight

and 8.0% by weight.

Optionally the superalloy has a Ti content of between 0.1% by weight and 5:0% by weight.

25



Optionally the superall oy conprises Ni, Fe, Cr and Al together with
additives consisting of zero or nore other elenents, preferably including
but not limted to Mo, Re, Ru, Ti, Ta, V, W No, Zr, B, C, Si, Y, or Hf
200ptionally the superalloy is selected from |NCONELTM Al l oy 600, All oy
601, Alloy 617, Alloy 625, Alloy 6251,CF, Alloy 690, Alloy 693, Alloy 718,
Alloy 783, Alloy X-750, Alloy 725, Allpy 751, Alloy MA754, Al oy MA758,

Al l oy 925, or Optibmtly MEsuperallo hﬂ@%@%hﬁy%kg@yoﬁ%mv%étﬂmo%% grHhy oy 800H,
Al'l oy 800HT, Alloy MA956, Al{oy 5 286, or Alloy DS; NIMONI CTm Al | oy 75,

Al l oy 80A, or cdMslsevg FQitrivb, 1B tih BAY Gthdr rele@t¥h dbmefdsl Oy C, Alloy F, Alloy S,
or Alloy 35; or, FERRY(r) Alloy or Therno-Span(r) All oy In a second

aspect the present invention provides a MEMS device for generating a
bubbl e, 5 the MEMS device conprising: a chanber for holding liquid;, a

heat er positi opsshailyitht betlayheh Fe@bnitier ipb 662y KetghM th the |iquid;
wherein, the heater has a mcrostructure with a grain size less than 100

nanonetress and configured to received an actuation signal from associ ated
drive circuitry such that upon 10actuation the heater heats sone of the

liquid to a tepp@ai e upalDYsehds b NiRGitért BEbdpRAL5% By Mel@f akdT0BeNVeahe a
vapor bubbl e that causes a pressure pul se through the liquid. A grain size
| ess than 100nm (a "nanocrystalline"” mcrostructure) is beneficial in that
it provides good material strength yet has a high density of grain

boundari es. Copgrasigcthé siparalldy HEBk €bicahtentiof betwaea 13 59-af GRlight inastsed 15 vadht.a | ower
density of grain boundaries, the nanocrystalline structure provides higher
diffusivity for the protective scale formng elenents G and Al (nore rapid
formati on of the scale) and a nore even growh of the scale over the heater

surface, Ko tOwiopalhtteciupenlldyss O] edereM é&s dhapt dbry oANUCoBE ®ith M
contributing at least 50% by weight, Cr contributing between 8% and 35% by weight, Al
contributing more than zero but less than 8% by weight, and X contributing less than 25%
by weight, with X consisting of zero or more other elements, preferably including but not
limited to Mo, Re, Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, Hf.
15
Optionally the superalloy comprises Ni, Fe, Cr and Al together with additives consisting of

zero or more other elements, pfeferably including but not limited to Mo, Re, Ru, Ti, Ta, V;

W, Nb, Zr, B, C, Si, Y, or Hf.

20 Optionally the superalloy is selected from:
INCONEL™ Alioy 600, Alloy 601, Alloy 617, Alloy 625, Alloy 625LCF, Alloy 690,
Alloy 693, Alloy 718, Alloy 783;, Alloy X-750, Alloy 725, Alloy 751, Alloy MA754,
Alloy MA758, Alloy 925, or Alloy HX; |
INCOLOY™ Alloy 330, Alloy 800, Alloy 800H, Alloy 800HT, Alloy MA956, Alloy A-
25 286, or Alloy DS; |

NIMONIC™ Alloy 75, Alloy 80A, or Alloy 90;



effectively. The protective scal es adhere better to the nanocrystalline
structure, which 20 results in reduced spalling. Further inprovenent in the
mechani cal stability and adherence of the scale is possible using additives
of reactive netal fromthe group consisting of yttrium | anthanum and ot her
rare earth elenents. The prinmary advantage of an oxi de scal e that
passivates the heater is it renoves the need 25for additional protective

coat i ngs. Thiﬁﬁg@ﬁfﬁﬁymgﬁ&?ﬁg@@%ghgﬁo ﬁgﬂﬁyggxnggggggy wasted in heating

t he coatings. result, neérgy’ required to forma bubble with

a 7 particul agEﬁ%{ngAﬁo Jr?hgr%?gfpﬁgbﬁl%eri ng the level of residual heat in
e myority o

t he printhead. e remai ning heat can be renoved via the
ej ected drops, a node of operation known as "self cooling”. The prinmary
advant age of this node of operation is that the design is not reliant on

conductive cogliRg,,$ %g@ct Bx% %I‘e%é-np Elgléxﬁﬁ)g BFovrdg.%m% Q%Oféf IE‘OE ger@%ﬁé ?btﬁ)@ﬁag sity

and firing rate -constrarnts’inpo y-conductive coo are Tenoved,

al | owi ng iQprqﬁégﬁ?ég&ﬁﬁg&gﬁgﬁggion and speed and reduced printhead size

and cost. Option has a nozzl e opening such that the

pressure pul se ej egLg o0 Pibi@fe fifiq;! i qui d through the nozzle opening. 10
Optionally the chanber has an inlet for fluid conmunication with a supply

of the Iiquid such,pOad nbdicabinihOMbBE FSURRRY Dbty AliduRSwRhaRber to
replace the drop of liquid eected through the nozzle opening. 15Cptionally

the heater is depogkhefh-iys AmRHRREE LAY 2 BRASI UG HEY 1600 SRBh&RE by Process.
Optionally the heater elenent is deposited as a | ayer of e superalloy |ess
than 2 m cr ongofifpufeld to received an actuation signal from associated drive circuitry such that upon

10 actuation the heater heats some of the liquid to a temperature above its boiling point in

order to generate a vapor bubble that causes a pressure pulse through the liquid.

A grain size less than 100nm (a “nanocrystalline” microstructure) is beneficial in that it
provides good material strength yet has a high density of grain boundaries. Compared to a

15  material with much larger crystals and a lower density of grain boundaries, the
nanocrystalline structure provides higher diffusivity for the protective scale forming
elements Cr and Al (more rapid formation of the scale) and a more even growth of the
scale over the heater surface, so the protection is provided more rapidly and more
effectively. The protective scales adhere better to the nanocrystalline structure, \n;hich

20  results in reduced spalling. Further improvement in the mechanical stability and adherence
of the scale is possible using additives of reactive metal from the group consisting of

yttrium, lanthanum and other rare earth elements.

The primary advantage of an oxide scale that passivates the heater is it removes the need
25  for additional protective coatings. This improves efficiency as there is no energy wasted in

heating the coatings. As a result, the input energy required to form a bubble with a



20 Optionally the superalloy has a Cr content between 2% by wei ght and 35%
by weight. Optionally the superalloy has a Al content of between 0.1% by
wei ght and 8.0% by weight. Optionally the superalloy has a Mo content of
bet ween 1% by wei ght and 17.0% by weight 8 Optionally the superalloy has
a Nb and/or Ta content totalling between 0.25% by wei ght and 8. 0% by

wei ght. Optionally the superalloy has ma Ti content of between 0.1% by

wei ght and 5 p@ficllyr inPilghit redbecedploivartirgl the/letdi of stiguat bdat mythdramthepl. tlhe 5% by

wei ght of reactive nmetal fromthe group consisting of yttrium | anthanum
and ot her ramjoey sfthakeneinghedDphd rahbdyedvinghsaipedalrdpeya theds ofofemticont ent  of
up to 60% by weight. 10 Optionally the superalloy has a Ni content of

bet ween 25% Ryowyeisghdlf @bling? 0 ¥hbyrinvey ghventagqdfittonabdeyofoheatinpethaiiecoy has a Co
content of between 35% by wei ght and 65% by weight. 15 Optionally the
super al | oy i gesMaridhof reliaheme obductiveanoelings scnmireetsiok isdof €quiFed and thihndvzle
contributing at | east 50% by weight, Cr contributing between 8% and 35% by
wei ght, Ab caaistty b firg ratecanstrding inzresal tyubnduee cobling B tetmgvededlighing and X
contributing | ess than 25% by weight, with X consisting of zero or nore

ot her el enentmgreagdetisrradoluyion med yekdrgd badticadgtintheadistzednd @sthvb, Re, Ru, Ti, Ta,
V, W No, Zr, B, C Si, Y, H. 20 Optionally the superalloy conprises N,
Fe, C and Al together with additives consisting of zero or nore other

el enents, preferably including but not limted to Mo, Re, Ru, Ti, Ta, V, W
Nb, Zr, B, COpSinally,theorhatber has a nozzle opening such that the pressure pulse ejects a drop of

the liquid through the nozzle opening.

10
Optionally the chamber has an inlet for fluid communication with a supply of the liquid
such that liquid from the supply flows into the chamber to replace the drop of liquid

ejected through the nozzle opening.
15  Optionally the heater is deposited by a super alloy deposited by a sputtering process.

Optionally the heater element is deposited as a layef of the superalloy less than 2 microns

thick.
20  Optionally the superalloy has a Cr content between 2% by weight and 35% by weight.
Optionally the superalloy has a Al content of between 0.1% by weight and 8.0% by weight.

Optionally the superalloy has a Mo content of between 1% by weight and 17.0% by weight

25



9 [ NCONBLTM Al | oy 600, Alloy 601, Alloy 617, Alloy 625, Alloy 625LCF, All oy
690, Alloy 693, Alloy 718, Alloy 783, Alloy X-750, Alloy 725, Alloy 751,
Al oy MA754, Alloy MA758, Alloy 925, or Alloy HX; JNCOLOYTM Al | oy 330,
Al'l oy 800, Alloy 800H, Alloy 800HT, Alloy MA956, Alloy A- 5286, or Alloy
DS; NI MONICT" Alloy 75, Alloy 80A, or Aloy 90; BRI GHTRAY(r) Alloy B, Alloy
C, Alloy F, Alloy S. or Alloy 35; or, ¢FERRY(r) Al l oy or Therno- Span(r)

Alloy 10 Bri efoB%%&I;{ e %gg}va@%yﬁ @shﬂagm coﬁ’{e&ft&mgi gdbe%mg%iz@%myy%m%t he

present invention w escri bed, by way of ‘exanple on

reference to t Q s36CR DA ing drawings in which: Figure 1 is a schematic
Cross-sectiona vieM/thréﬁgh an i nk chanber of a unit cell of a printhcad

with a suspended heater elenment at a particular stage during its operative
cycle. 15 Figure 2 is a schematic cross-sectional view through the ink

chanmber Fi gur &ydhiondly QLGS 209 Qh bty %b hiOMA .03,
schemati c crosgﬁggc iona% v?ga%tﬂrbugﬁ t he inﬁn% an%gfggigure 1f¥§%%kn
20anot her sfage of operation. Figure 4 is a schematic cross-sectional view

t hrough the ink chanber Figure |, at yet a further stage of operation.
Optionally the superalloy has up to 5% by weight of reactive metal from the group

A}

consisting of yttrium, lanthanum and other rare earth elements

Optionally the superalloy has a Fe content of up to 60% by weight.

10

Optionally the superalloy has a Ni content of between 25% by weight and 70% by weight.
Optionally the superalloy has a Co content of between 35% by weight and 65% by weight.

15  Optionally the superalloy is MCrAlX, where M is one or more of Ni,Co,Fe with M
contributing at least 50% by weight, Cr contributing between 8% and 35% by weight, Al
contributing more than zero but less than 8% by weight, and X contribﬁting less than 25%
by weight, with X consisting of zero or more other elements, preferably including but not
limited to Mo, Re, Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, Hf.

20
Optionaily the superalloy comprises Ni, Fe, Cr and Al together with additives consisting of
Zero or more ofher elements, preferably including but not limited to Mo, Re, Ru, 'i’i; Ta, V, -

W, Nb, Zr, B, C, Si, Y, or Hf.

25  Optionally the superalloy is selected from:



25Figure 5 is a diagrammatic cross-sectional view through a unit cell of a
printhead in accordance with an enbodi nent of the invention show ng the

col | apse of a vapor bubble. Figure 6 is a schematic cross-sectional view
t hrough an ink chanber of a unit cell of a printhead with a floor bonded
heater elenment, at a particular stage during its operative 30cycle. to
Figure 7 is a schematic cross-sectiona view through the ink chanber of

Figure 6, at n@ﬁBBﬂ%%‘fM %h&%o%uﬁp@g%ﬁoﬁ%z Allog'%iZ ,%ﬁ)y%:zSﬁclerqu]cs%?b?ti c

cross-sectional "vi ew t hrough a chanber of a unit ce

Spri Dt head. witdy Bod Ay PANARG AEARRG, RLBTENy B8 AhIS! Ak BlABAGE durl hg

its operative CcycC ure schenmati c cross-Sectional view through
the ink cha r L0 er stage of operation; 10 Figures 10,
12, 14, 15, n%?l,oy%?ﬁg’ogh%%%g}d@%& 30, 32, 34 and 36 are schenmatic
perspective y u & dof AfloyPicopt RBGCROATALASY HADSE Avb A- a
suspended he%@&gﬁogyﬁﬁo’gﬁ%%e’én ent ?bn,ésg% vari oﬁrs successf)it ve stages

in the prQductk) ss of the printhead; 15 Figures 11, 13, 16, 19, 21,
24, 26, 23, %ﬁéf,%géﬂég%ﬁ% are each schematic plan views of a mask suitable

for use in p?&fﬂﬁlﬁtﬂgﬁl PLAGHEIA PaBLpae for the printhead, as

NI { . . .
represented in e respective Tmedi ately preceding figures; 20 Figures 37

and 38 are apRGARTRLY® SR E, ANoYE SANATY AREY SRRAUILY 85;\kew respecti vely of a
partially cor?%ﬁ%e}tﬁe seconﬁgehbooi n’ent@of th% i nven%/i on, wherein the

passi vation layerehas, besinleRpsiuadyon the CVOS;

10 Brief Description of the Drawings

Preferred embodiments of the present invention will now be described, by way of example

only with reference to the accompanying drawings in which:
Figure 1 is a schematic cross-sectional view through an ink chamber of a unit cell of a

printhead with a suspended heater element at a particular stage during its operative cycle.

15

Figure 2 is a schematic cross-sectional view through the ink chamber Figure 1, at another

stage of operation.

Figure 3 is a schematic cross-sectional view through the ink chamber Figure 1, at yet

20  another stage of operation.

Figure 4 is a schematic cross-sectional view through the ink chamber Figure [,atyeta

further stage of operation.

25  Figure 5 is a diagrammatic cross-sectional view through a unit cell of a printhead in

accordance with an embodiment of the invention showing the collapse of a vapor bubble.

Figure 6 is a schematic cross-sectional view through an ink chamber of a unit cell of 2
printhead with a floor bonded heater element, at a particular stage during its operative

30 cycle.



Figures 39,40 and 41 are a perspective, mask and section view respectively
showi ng the 25 etch through the passivation |layer to the top |ayer of the
CMOS of the second enbodi nent; Figures 42 and 43 are a perspective and
section views respectively showi ng the deposition of the heater material of
t he second enbodi nent; 30 Figures 44, 45 and 46 are a perspective, mask and
section view respectively show ng theygetch patterning the heater materi al

of the second_genbadi nent; . Figures,47, 48 d .49 .ar tive, mask
and section v s paREPYE ‘§°S§%€%9\E/W%6V‘Fﬁéhr %g}}s‘;’ll{ﬁf %h%mg?raoge%%%g%esi st |ayer
and subsequentndieg BafesT opdastioei el ectric etch of the front ink 35hole; 11
Figures 50 and 51 are a perspective and section view respectively show ng
the dielectric etch into the wafer for the front ink hole; 5Figures 52 and

53 are a per spRaiidiea shen&ctdsorecitiwiee sipaghiar @lkychshienb Hgunitivell d&posi ti on
of a ne ot or.esi st .Layer., Fjqur 4, 5 6 . Lve, k
ond-sect on vhaeRsE Rt bebTT alenct saTerd Befu R BARELE O RS

| ayer; 10 Figuyes 57 and 58 are a perspective and section view respectively
showi ng the deposition of the roof |ayer; Fi gures 59, 60 and 61 are a
perspective, nmask and section view respectively showi ng the 15etch of the
nozzl e ri s i Rigoretdhiea schefaticayes-sechomglivies tBRieh @8 idnchadlerapf Eigaredettspect i ve,
mask and sect iar% evi ew I-es raeu%tnj vely showi ng the etch of the nozzl e openings;
20Fi gures 65 an BEE% O perspect.ive and section view respectively show ng
the deposilfi on of the protective photoresist overcoat; Figures 67 and 68
are a_per spectipye, 1, SACH, 941 14 A1, 989CHd YEhY, 33hAuEHke bligmbCk etch of

, perspective views of a unit cell of a printhead in accordance with a suspended heater
embodiment of the invention, at various successive stages in the production process of the
printhead;

15 .
Figures 11, 13, 16, 19, 21, 24, 26, 28, 31, 33 and 35 are each schematic plan views of a

mask suitable for use in performing the production stage for the printhead, as represented

in the respective immediately preceding figures;

20  Figures 37 and 38 are a schematic section view and-perspective view respectively of a

partially complete second embodiment of the invention, wherein the passivation layer has

been deposited on the ‘CMOS;

Figures 39, 40 and 41 are a perspective, mask and section view respectively showing the

25  etch through the passivation layer to the top layer of the CMOS of the second embodiment;

Figures 42 and 43 are a perspective and section views respectively showing the deposition

of the heater material of the second embodiment;

30  Figures 44, 45 and 46 are a perspective, mask and section view respectively showing the

etch patterning the heater material of the second embodiment;

Figures 47, 48 and 49 are a perspective, mask and section view respectively showing the

deposition of a photoresist layer and subsequent etch for the dielectric etch of the front ink

35  hole;



25 Figure 69 is a section view showi ng the rel ease etch renoving the
remai ni ng photoresist; Figure 70 is plan view of the conpleted unit cell of
t he second enbodi nent; and, 30Figure 71 is a Wi bull chart show ng the
reliability of a Inconel TM 718 heater elenment with a nanoctystalline

m crostructure conpared to a Ti AIN heater. DETAILED DESCRIPTION 12 In the
description than follows, correspondipg reference nunerals, or
correspondi ng prefixes of reference nunerals (i.e. the parts of the
reference nuneral s appearing before a point mark) which are used in
different fi Higues 5o elddtiers opecpeetive puhrgeting visay respectinglysboying the diglegiric
correspondin j if for] Ssuffixes to the reference nunerals,

t hese indica §EE§$%?gégﬁggggé%?ﬁﬁ%ﬂgﬁbodinents of correspondi ng parts.
Overvi ew of the invention and general discussion of operation Wth
reference.to,Fi to 4 -l lys iRl shdiaathe afiéh ng to an
enbodi ne ng 18{%“%%1 E%gl}dn]s\; e %ﬁ %e rﬁstpg%%y) ?l:mtssgg&g vhégzrg{pgag?gtsgé 2 g\ﬁ t ﬁ&ﬁoz zles 3

t herei n, theofrorx Pwtdrsist lagernozzl e rins 4, and apertures 5 extending

t hrough the nozzle plate. The nozzle plate 2 is plasma etched froma
silicon nitride structure which is deposited, by way of chem cal vapor
deposi tion (B¢Des S8 pndSGaer pasnertie, waskepd srtiophfiehiesrecipbebeishify et ched.
15The printh i L it h respect to each nozzle 3, side walls 6
on whi ch thesﬁgggkgﬁée tggggégﬁ%%orted, a chanber 7 defined by the walls
and the hozzle plate 2, a nulti-layer substrate 8 and an inlet passage 9
extendi ng t hpQuabhsh e s3ukd d sk pydive atstHoAl R vl @spebiBrelyahowinglée fepatitichown)  of

the substrate.” A | ooped, elongate heater elenment 10 is suspended within the
of the roof layer;

Figures 59, 60 and 61 are a perspective, mask and section view respectively showing the

15  etch of the nozzle rims into the roof layer;

Figures 62, 63 and 64 are a perspective, mask and section view respectively showing the

etch of the nozzle openings;

20  Figures 65 and 66 are a perspective and section view respectively showing the deposition

of the protective photoresist overcoat;

Figures 67 and 68 are a perspective and section view respectively showing the back etch of

the wafer;
25

Figure 69 is a section view showing the release etch removing the remaining photoresist;
Figure 70 is plan view of the completed unit cell of the second embodiment; and,

30  Figure 71 is a Weibull chart showing the reliability of a Inconel™ 718 heater element with

a nanocrystalline microstructure compared to a TIAIN heater.

DETAILED DESCRIPTION



chanber 7; so that the elenent is-in the formof a suspended beam The
printhead as 20 shown is a mcroel ectronechani cal system (MEMS) structure,
which is formed by a |ithographic process which is described in nore detail
bel ow. When the printhead is in use, ink 11 froma reservoir (not shown)
enters the chanber 7 via the inlet passage 9, so that the chanber fills to
the | evel as shown in Figure 1. Thereajter, 25the heater elenent 10 is

heat ed for , ting is in
the form of a %ﬁg&eSFS& i%f‘hﬁg@?lfo“m ﬁ%l;r%% '%q?f{e’%?gaetne%‘%{ ?‘t %ohgs%ﬂ%g er el ement
10 i s in ther natefzeof aaf@renm nimerhle (iientke pattsiofithe heferetva mbmerald apmeatitgdiefonten t he

Chk Accor di naPo i) Pt ERe W BndenSRakl Slth SARMaRMBIE Sk flle 1E
shows the for na@rcmmsmndalgtwcﬂjhbeanﬂzhffema sufifpres o thatebdrgncd nygera$, ttl@se lgeceeer ation
of the ther %ﬁtesip%&ﬂa% Hoﬁrme‘ﬁ@%‘?c&ﬁ gigé)lﬁeﬂshas just nucleated on the

heat er el errents be appreC| as the heat is applied in
the formof a pulse, all the energy necessary to generate the bubble 12 is
to be supplied within that short time. 13 Turning briefly to Figure 35,

there i s shownpgeRétor bR ihRntbRahE Bbhepl DRALEEN dfodetionhown in Figure 34) of
the printhead (which heater .incl udes the el ement 10 referred to above),

during a lithographic process, as described in nore detail below As the
mask 13 is useWitheeféronante Figuehtoet, thk4nit tdlel Fhapetheafacsading tl angfubidigerpar t s

correspond;§ o (e 1§£@H§aﬁ%ﬁ)&§§s aﬁlggﬂﬁl%te 930 ndh%s @‘%r?é&lﬂr ‘?lPe \Q}%E &g P OVi des

a useful reference to | y various part eater 14. The
heater 14 has @qzelerxmde@dzserwsﬁeemmm thypuglothe h@ZZbarlétts Bleegiogphanledel2 155, 34 of

the mask 13 a“ﬂas?na*&ﬁ:ﬂl:@frorﬁh@ﬂ@&% nu]rQe GRIELASRAGHS G&o‘.’sl‘é’edt ﬁ?w%ftcﬁenﬁfa?' gnat ed

10. 34 of the nask. In operation, voltage is ap across the electrodes
15 to cause cuYapeifiepasision(GXDY v eraghorifisia! @Pt@,frﬁéﬁ'glchﬂﬁ supppguantigeteheddes 15 are
much thicker than the elenment 10 so 10t hat nost of the electrical
resistance_ is ﬁ}eow ded by the el enent. Thus, nearly all of the power

p

consuned i B opEleatiphgadaie intdiden vithaespest iicadi 9ated Srﬁlea’vaﬂﬁéowéwb >neggle i n

creating the t;hﬁé FRhpHRHES 8 cha{tRf 7 8&tink®b 2ROV Els and tNARR-IE PRt LAYy 1S
heat ed as descrj bed above t he bubble 12 forns al ong the Iength ory 15t he

el ement, this HEBBES 2 pemt Hfzjsagrﬁertﬁléilltgrtbr@ggfsféew’csln%rer\?remro the ivde 1, as

four bubbl e PQhbtisBsVen) oOhe sibdfrat€as foopéd, tibRyatl HRARMlerRak 1| 0 BREspeltedVRithiR tiel 0SS
section. chamber 7, so that the element is in the form of a suspended beam. The printhead as
© 20 shown is a microelectromechanical system (MEMS) structure, which is formed by a

lithographic process which is described in more detail below.

When the printhead is in use, ink 11 from a reservoir (not shown) enters the chamber 7 via
the inlet passage 9, so that the chamber fills to the level as shown in Figure 1. Thereafter,

25  the heater élement 10 is heated for somewhat less than 1 microsecond (ps), so that the
heating is in the form of a thermal pulse. It will be appreciated that the heater element 10 '
is in thermal contact with the ink 11 in the chamber 7 so that when the element is heated,
this causes the generation of vapor bubbles 12 in tﬁe ink. Accordingly, the ink 11
constitutes a bubble forming liquid. Figure 1 shows the formation of a bubble 12

30  approximately 1 ps after generation of the thermal pulse, that is, when the bubble has just
nucleated on the heater elements 10. It will be appreciated that, as the heat is applied in the
form of a pulse, all the energy necessary to generate the bubble 12 is to be supplied within

that short time.



The bubbl e 12, once generated, causes an increase in pressure within the
chanber 7, which in turn causes the ejection of a drop 16 of the ink 11

t hrough the nozzle 3. The rim4 20assists in directing the drop 16 as it is
ejected, so as to mnimze the chance of drop m sdirection. The reason that
there is only one nozzle 3 and chanber 7 per inlet passage 9 is so that the
pressure wave generated within the chagb on heating of the elenent 10
and form ng t t@.?ﬁ haprbe their
cor r espondi nglt r@g&&%@{g\%’e&%g;dﬁﬁ 1s@9$wng{_rtsx:§s 13 ﬁ%aﬁ to(agseh\?{e%{r;a
chanbers vi a iaFguregi4pofthé pintipad éeiger lasteﬂ luﬂgieaﬁlepmsﬁﬂﬂeeimt@e ablivef usi ng
structures ar r di o awn, L Fi gur es
37 to 70 incoa‘r%‘f)lggg 1&5&@;&9@%@&}%&0 egér}g’gp r§0r?%4281€e$9§g5% o? um gr 0SS
talk to an acompthabtater|lémbd shaBB o’l‘merabhiaﬂpéatg@grmportdh@th?éh%pépfféb elniemt 10

bei ng suspended her .t ' ' tPHb ey vaos §cussed
bel ow. I—b\%/evgl(r% T%ﬁ%‘rsg(rlg tge%% a vg%%l%g]égeq%%&gg%glpﬁg cﬁ] ‘he\z’it grs enent to
the internal of l;thhaaIesMotht heater hﬁh@@iectrddqebﬁecoaﬁabonldisg:w@femﬂbé¢8mﬁt?d th
reference to [kiguees B¢ Ju afh%"tefe'le%ékﬁ%c% Qs?ﬁnd%aést H?dééfgh&tea%bh 1 at

t wo successwe Iat er stages of operation ot I nt head. I't can be seen
that the bubbiféhehslgeinepeanis, Felighieppplianecrose theeslogiresss 15 i epsecheent @sul t ant

advancerent qfe gl bl BEAUATo! B, NREERE 12 Then BAREES i BeRURR) & 12 o5 i

grows, as shown in ure det erm ned a conbination of the inertial
dynani cs dnd tt et %ﬂw&&e@calémt@ﬁe lgpromdedlp e glgmenthghusy pyagy &l efdbsi on t ends
to mnimze %G@exséé LAl tmk lﬂ@até?‘i@%lcﬁsm})gte&g’iattﬁl‘yiemejﬂyld thecrgahﬁ@th@-
certain anou as evaporated, the bubble is essential

di sk- shaped. ﬂlehléalmbiaéeﬁ%'@dtmaﬁwféssure within the chanber 7 not onIy pushes
ink 11 out through the 10 nozzle 3, but also pushes some ink back through
the inlet passage 9. However, the inlet assage 9 is approximately 200 to

300 microns ivhhepdkfgtanensHbis heatesias Jesspbrdrbars. the bitsles!2i farnes algme therensihedic

there is 3 substi@nhi, alis Bdﬁgfétabﬁaaﬁ@mvth§&@éé%edibﬁag viewaflHifige Dackouf bubkle As a
result, the predom nant effect of the pressure rise in the chanmber 7 is to

force ink outP HiRR% aRHOF Frsh %E%Flém?tﬁg"“a‘ﬁSE‘]”"@E‘P@H’SEI?‘“'BBOIRG rat her than back
through the inlet passage 9. 15 '

The bubble 12, once generated, causes an increase in pressure within the chamber 7, which
in turn causes the ejection of a drop 16 of the ink 11 through the nozzle 3. The rim 4
20  assists in directing the drop 16 as it is ejected, so as to minimize the chance of drop

misdirection.

The reason that there is only one nozzle 3 and chamber 7 per inlet passage 9 is so that the
pressure wave generated within the chamber, on heating of the element 10 and forming of
25  abubble 12, does not affect adjacent chambers and their corresponding nozzles. However,
it is possible to feed ink to several chambers via a single inlet passage as long as pressure
pulse diffusing structures are positioned between chambers. The embodiment shown in
Figures 37 to 70 incorporates these structures for the purpose of reducing cross talk to an
acceptable level.
30
The advantages of the heater element 10 being suspended rather than embedded in any
solid material, are discussed below. However, there are also advantages to bonding the
‘heater element to the internal surfaces of the chamber. These are discussed below with
reference to Figures 6 to 9.
35



Turning now to Figure 4, the printhead is shown at a still further
successi ve stage of operation, in which the ink drop 16 that is being
ejected is shown during its "necking phase" before the drop breaks off. At
this stage, the bubble 12 has already reached its nmaxi num si ze and has then
begun to coll apse towards the point of collapse 17, as reflected 20in nore
detail in Figure 5. The coll apsi ng of {§he bubble 12 towards the point of
col | apse 17 causes s$0 awn fro it.hi 3 (from
the sides 18 o lg’t‘rﬁ%fam%%how £ nlst(‘);?}g??tqw & ?851\‘/'\?1 F%)tgr#etg ﬁ%&%ﬁiﬁ rfgéﬁg%sage 9,

t owar ds the poprithead. Iccdnlbapm thadviis toulgfle I?hgnbmd:s futthety andrhenae gtdwisswittatheer 25
is drawn fromth nnul 1 of the
drop 16 prior 'ief)uﬁa{l]t arngea ehqunlﬂlntg ge nozz%é ?glgli}fa %gﬁée%@?lte E?Elselénou t of
nmomentumto ovgbwamslmwnﬁrahgmbénsdﬂcrmﬁr@:dcbga commingiod @f the megrabdplaamick andAs i nk
11 is dr awn, fr 3. S

di anet er of thtge ?]uer%ﬁe tixésmno ahce elrlsﬁy %lhre)Ir%g E)urlfacg %nsei"on tenc{ nggllillg%% tﬁ'xeg’\?rfa%g?rez%
surface tensi ahe ndibii lagotHae b;zirh@pxmesx@erttdmaamwmeommmﬂmapératdlehechut;kdeas itis
ej ected out of ozzl sufficient to allow the drop to break off 15
surfaces in thegge\r}?a(‘:lpdz Sg?ﬁeat he point of collapse 17 on which the
cavitation can have an effect Manuf acturing process for suspended heater
el ement enbodi Lt Ukt uri gk e of a
printhead. acco f%?%%e”éngg %g?@nfgﬁf?{;},e ?Mﬁ%regpﬁ\?gﬁ& on are now 3e§§§?bed with
reference tb Riogzle é.é)uf.LGSOtRSIS}@B sorReifik pack teyough th igler passage 9+ Hevever, dhegiiepwnn a
Cross-section ga&ag gqréilﬁla@moé bm&%nmehgmnanms&& aﬂes@e 1RGniBroRGht | On of
a Menj et TM pri'nt hea an | ntermedi ate stage In t pr oductj on Krocess
thereof. This ¢4Wer@edt%w@@uhsﬁamal peFtiziapg Vigfous ﬁfégbmitwgt‘?éféfd]%’or £3pondi ng

to a unit cellgdy &i@@ QR Ak pﬁécp&t@préﬁ&emmftﬁ&&%bag iPlogsesskbiat fol | ows
will beinrelation to a unit cell 1, alt h it wll be appreciated that

the process witfroughehepgsrledds epeigrtenidren k%éréheb an ek Supieh ks inlegwersage Bf whi ch
the whole printhead is conmposed. 15 Figure 10 represents the next

successive ste during the manufacturing process, after the cogl etion of
a standard’ “’f‘%ﬁa‘?‘l"‘t*ﬁtFi‘%‘FF bithsguiatead Iﬁé}%.ah?gsft“hf’@rﬂr%wesa%’F g

drive transi stogéran&mmtwlﬁ&mmmlkldfbptmehaf RGP ekded B shdvih GripSits abekiortion 21,

and the conpl etion of (J\@Bm rconn rs. .23 an i vation
| ayer 24. \r/rvp r Iph@se be%ore%ﬁe rop reaks off. At thltsesta%g theeb%%ble ?ygassalre%yareaccihe%aiés atio

maximum size and has then begun to collapse towards the point of collapse 17, as reflected

20  in more detail in Figure 5.

The collapsing of the bubble 12 towards the point of collapse 17 causes some ink 11 to be

‘drawn from within the nozzle 3 (from the sides 18 of the drop), and some to be drawn from

the inlet passage 9, towards the point of collapse. Most of the ink 11 drawn in this manner
25  is drawn from the nozzle 3, forming an annular neck 19 at the base of the drop 16 prior to

its breaking off.

The drop 16 requires a certain amount of momentum to overcome surface tension forces,

in order to break off. As ink 11 is drawn from the nozzle 3 by the collapse of the bubble
30 12, the diameter of the neck 19 reduces thereby reducing the amount of total surface

tension holding the drop, so that the momentum of the drop as it is ejected out of the

nozzle is sufficient to allow the drop to break off.

When the drop 16 breaks off, cavitation forces are caused as reflected by the arrows 20, as

35 the bubble 12 collapses to the point of collapse 17. It will be noted that there are no solid -



20i ndi cated by the dashed Iines 25 electrically interconnects the
transistors and other drive circuitry (also not shown) and the heater

el enent corresponding to the nozzle. Guard rings 26 are fornmed in the
metal | ization of the interconnect |ayers 23 to prevent ink 11 from

di ffusing fromthe region, designated 27, where the nozzle of the unit cel
1 wll 25be forned, through the substgfate portion 21 to the region

contai ni ng t h@rides ifde aélmtgeﬁh@pcﬁﬁt%@w Gpdeh® o%@{%hqnerc@mahwcﬂlhap@ﬁed in the
regi on designated 22. The Tirst stage a?ter the conpletion of the CMOS
fabrication ﬁ#@@éss consists of etching a portion of the passivation |ayer
24 to formthe passivation recesses 29. 30 Figure 12 shows the stage of
production after the etching of the interconnect layers 23, to forman
openi ng 30. The ning 30 is to constitute the ink |nlet passage to the
chanber t hat [E‘HB”P%?W&‘EFS QJtSESrpef'ﬁedthr‘?étebF%E‘é%‘s"‘"ﬂ"’f%“"’l‘—“i Yure 14 shows the
st age of ﬁﬁoductlon after the etching of a hole 31 in the substrate portion
21 at a posi tﬂc@@am%@oﬁmw%éuﬁng? x’ocseségf at}ﬁm{h%ﬁgordlkgk%mﬂo@ln;en@ of
production process, a further hole (indicat by the dashed 1 ne 32) wll
be etched frdhs inreation ﬁéflomdéﬁéﬂ'eqﬁldtlthgﬁ”eﬁmet@FIgPWé1%E@t§§t rate portion 21 to
join up with the hole 31, to conplete the inlet 5 passage to the chanber.
Thus, the hole 32 will not have to be etched all the way fromthe other

si de of the dishstinete Eigyes k0 Haredsishoyn ¢ pross-wetian thypughpsilioen sphstsrmpetion ayer s
23. 1f, imst Q@obeuigaqoohg)h%f;%&ewtﬁ PRy, ﬁﬁ&hﬁ@n&hlatetsage Weie br8didchsh

|nterconnect | ayers 23, then to avoid the 32 being etched so as to
destroy the PFSRSithersfsThinfigyprel aéf@r%ﬁhatzazrtwwéthﬁarléth@f cOeSRONIE thavt t o be

et ched ? Q(Fj e%&lf[ ’ﬂt)esdet@dﬁ@ﬁorﬁdﬁﬂe x’f?l’a\;lrﬂf@cﬁxhﬁé p&ﬁ@g 173 @Hbv%&vﬂl%e'nﬁ@éﬁorﬁto%w tabl e
margin (indicate y e arrow i ng i naccuragies. But
etching of t /&t ﬁ% a@?“@?ﬁﬁﬁl‘fh“e@?’&ﬁ‘a@‘f‘ fhahf@e BIoFssE At be 3pBEed B A mz‘h?tudaﬁa t he

resul t ant Sh@ﬂj&@ﬂﬁdutdﬁnﬁckfvﬂxﬁchttﬁﬁwmlﬂma%adf%&@ﬂﬂﬁos’édﬂlat a | esser margin 34
need be Hg and that a substantially higher packing density of nozzles
can t hus ‘be achleved 15 Figure 15 shows the stage of production after a
four mcron nglu&klmray%ntgﬂle(héxtauc&e@fvb btegs; idating @6 mshufivaging@edtedeiesthe ed on

the | ayer 24. T ) éﬁé? t he. hole 31 ? now._f or f the
Structure of WHRHBRoRY Rendt GHOSTRERE P nanied B el RaBERMER, 1
certain patt dnmra(nastonsermtelsmmb edhdegivhe2 ﬂﬁhé(slﬁktmm‘pdrﬂibnlalgwdehel 6) to form
recesses 36 %}n Ighon 0 tan%ard CMOS interconnect layers 23 and passwatmn layer 24. Wiring
20 indicated by the dashed lines 25 electrically interconnects the transistors and other drive

circuitry (also not shown) and the heater element corresponding to the nozzle.

Guard rings 26 are formed in the metallization of the interconnect layers 23 to prevent ink
11 from diffusing from the region, designated 27, where the nozzle of the unit cell 1 will

25  be formed, through the substrate portion 21 to the region containing the wiring 25, and
corroding the CMOS circuitry disposed in the region designated 22.

The first stage after the completion of the CMOS fabrication process consists of etching a
portion of the passivation layer 24 to form the passivation recesses 29.

30
Figure 12 shows the stage of production after the etching of the interconnect layers 23, to
form an opening 30. The opening 30 is to constitute the ink inlet passage to the chamber

that will be formed later in the process.



20 This provides for the formation of contacts for the electrodes 15 of the
heater elenment to be forned later in the production process. The slot 37
will provide, later in the process, for the formation of the nozzle walls 6
that will define part of the chanber 7. Figure 21 shows the stage of
production after the deposition, on the layer 35, of a 0.5 25 mcron thick
| ayer 38 of heater material, which, ipthe present enbodinent, is of

titanium al umFrgu%mf%r;héthgg%t?ée Plofuck §éEEPW§ e€chfﬁa%?@&ﬁe of inRQdixghicon af t er

patterning and' ayer to formthe heater 14, .
i ncl udi ng thepdjman%ratelpemwll@e faﬁdwéleéc% Wdﬂé@’m% Laigy iiihg g108Uign shows t he

stage of prodycllon @l é@@@%&%{f bé‘% el dabilefi it 35)%!1 54 etbiAd @om3s otRdIGiE 1

ni cron thick, Pas been a ure 22 shows the stage of productl on
after a seconthok sapem) dﬁ)h@ﬁubﬁ@&tr@rtlméﬁ & jobnl uptvaEr fbfé‘l?r}P Heppgemplste thq inlely

pr Ef erred ?[‘ﬁ?dsﬁ%[%@c{ the Elﬂl!nﬁ)e\l aHGE 1tGrole! 3'2Kzﬁll Bgﬁ'naffé th Bt eldRAtalhe Wy&FomiBe 1S Of

0.5 mcron ani um al’'um ni um ni't Figure 23 then shows this
second | ayer 4Benfderd desnbstrate@piigh Zh‘fotﬂEerleYeﬂ Oﬁh%mff’é“é’ﬁneéf @& % 0 formthe
pattern as shown, indicated by reference nuneral 41. In th| s illustration,

this patterned Iayer does not include a heater |ayer el e %0 and in
this sense ha¥, ingeddetie bple3dmeteto haptrheg all hewey & the fffreonpegy erf) Hea o r

mat eri al does éfhﬂlolls @2 Bﬁﬂ%’&b}{ég sé Do bi&Sbp eI s fnlige Ieélﬁﬁiﬁﬂ’ @@desle3? of the
heater 14 so In ration, |less energ %gl S consuned

10el ect r od8s Whiﬂé lhave tp éV\BtC}g?déﬂeéFef digiaregyr e Hem ABE fegion B3/ tﬁxe&"etansé’f'%ql Ore
greater effechhyenGstealiby utandeatplor &Elﬂﬁ@iﬁﬁ&uri&es IBut tHaetcﬁingbftheBdleM
enbodinent illustrated in " Figure 42, the corr O}I;Idl n%dJ 1%(1 ﬁthg

contain a heaffem thefop of e Fubstiate ROFERA L i thy g 1S PEBHIEPPShS ?er a t hird
layer 42, of Rk &ledder fn@%‘uﬁ%ne@cﬁﬁe b end Mateposirdialy hifive patkipedemsy | evel
of this Iayer w | | constlg .the inner surface of the nozzle plate 2 to be

formed | at er. offrges @n fus ge Vf%ner extent of the ejection aperture 5 of
the nozzl @5 The height of this |ayer 42 must be sufficient to allow for the
formation of a bubble 12 in t

i.gnat.ed on of
the print headFisp5 RS t{’%ﬁag‘?é’?@rﬁggc o ?5?‘91 vk l%ie'f kqa b %ﬁgggn%@%hlof i nk
that the bubbke@xsmasbedﬁwlaasm artielaydr04.eflde tayar 35 fills the hole31 and now forms

part of the structure of the printhead. The resist layer 35 is then exposed with certain

patterns (as represented by the mask shown in Figure 16) to form recesses 36 and a slot 37.
20  This provides for the formation of contacts for the electrodes 15 of the heater element to be

formed later in the production process. The slot 37 will provide, later in the process, for

the formation of the nozzle walls 6 that will define part of the chamber 7.

Figure 21 shows the stage of production after the deposition, on the layer 35, 0fa 0.5

25  micron thick layer 38 of heater material, which, in the present embodiment, is of titanium

aluminium nitride.

Figure 18 shows the stage of production after patterning and etching of the heater layer 38

to form the heater 14, including the heater element 10 and electrodes 15.

30
Figure 20 shows the stage of production after another sacrificial resist layer 39, about 1

micron thick, has been added.



20droplet. - In light of this, the printhead structure of the present
invention is designed such that the heater elenent is nmuch closer to the

ej ection aperture than in prior art printheads. The mass of ink noved by

t he bubble is reduced. The generation of a bubble sufficient for the
ejection of the desired droplet will require | ess energy, thereby inproving
efficiency. 25Figure 27 shows the stage of production after the roof |ayer

44 has been qﬁgg@ ﬁ% ﬁqgws m&@"%agé é&?ﬁ 1Anaa¥t@1r a WhinNayat jfd oﬁ@ﬁ&trhétéﬁaﬁhag b&nnoz zl e

plate 2. Inste el ng rom 100 mcron thick polyimde film the
nozzl e pl at e @posied. dnweebivfed smbpdmantnthisddyded0, Jikesthe Qrsh}?‘?@thﬁcrt3ﬁd lwf 0 30

Fi gure 28 shqus ro%ﬂgcﬁt%ggr?gfuﬂl&glﬁﬁmeon after the chem cal vapor deposition
e

(CVD) of silicon nitri ormng the Tayer 44, has been partly etched at
the position designated 45, so as to fortn the outside part of the nozzle

rimd4, thi $S gxﬂ%tégﬁtll £htowpﬂi|!]SrQ gl}gsi%?p@&(ﬂeﬁerlnaterlal affek Q'l'lﬁseoegrpet&ﬁ@% the

st age of pro Ion a ter l'icon nitride has been etched 35 an
t he way t hr oughrn e p2t@m aschevonpidicated by eeférencanemeral 4Af Ift this ilesirgtion, thism 4 and to

formthe 18 p?ih&ﬁetd'l%r RS hbUhGudea H%thr I%tetr Ebmb 80 GHPisthlsis&RPnRInb hiAle has

been renoved 'at the "‘position designate where it is not required. Figure
32 shows the fsncag@ it w@rcmsdwea@ﬁféﬁteranmr@dé@ezspwt inggdicing hegesistaps st has

been 5 applighe ea%ﬁ&@deswbﬁhéﬁea&m M}ﬁ‘athHQ £tﬁ>BQe§?,QB$rF§DB oddsuinSd b4 ground

fromits other side (not shown) to reduce the substr ortign fromits
nomi nal tHi clkitesalephishalavsgneiarcriehonsuspapy b, apbiersioss %fﬁ%er HrdiveniEn, as

foreshadowed 2hpvigatet &erﬁén@s}"lot he LA ndder chBEdiRRhElIBRattS inHigREAD, e A dept h
such that it neets the hole 31. 10Then, the sacrificial resist of each of

the resist | &§@ssomime lawgr 4Qidocs peptaiga heaer 1épyed using oxygen pl asma, to
formthe structure shown in Figure 34, with walls 6 and nozzle pI ate 2

whi ch together define the chanber rt of the nd. noz pl ate
bei ng shown IRURARYTIOWS e §pgq OleéOdt"iE)t’toé(‘}%‘F‘H’é{"rdt ke 4£,a°s‘f6a°§ gF\?’e‘ES’ té’a ¥¥bve the

EeSI st hf isl i Rgpdsie. frak @ &%&fb&&@h}ﬁﬂh@&gi @nstitﬁ@&fehx&fer ?\drfalﬁb dftie n:a@hee 32 .
not shown in, Figure 34 e sage exte 15fr e. | ower side
of the subst P BEF fareHd bery Ship ﬁélsﬂz?ﬁ"g:r?te’ftﬂ?@ E’Qﬁger@]éer{;?fﬁlbe as the
ink inlet pasl&az@e ,Thgﬁagmtakthys laes hp makied s&fﬁcxexﬁ td iflRmCibﬁfhibéfFrmZnoanfgur e 36
shows the pr

clearty 1 ueti B et fesirror o SiRecalin ROBRERIHR FRetERSr |
el enents 10 asdhttofiryed 42cktconiass tBé)iths of ink that the bubble must move in order to eject a
20  droplet. In light of this, the printhead structure of the present invention is designed such
that the heater element is much closer to the ejection aperfure than in prior art printheads.
The mass of ink moved by the bubble is reduced. The generation of a bubble sufficient for

the ejection of the desired droplet will require less energy, thereby improving efficiency.

25  Figure 27 shows the stage of production after the roof layer 44 has been deposited, that is,
- the layer which will constitute the nozzle plate 2. Instead of being formed from 100
micron thick polyimide film, the nozzle plate 2 is formed of silicon nitride, just 2 microns

thick.

30  Figure 28 shows the stage of production after the chemical vapor deposition (CVD) of
silicon nitride forming the layer 44, has been partly etched at the position designated 45, so

as to form the outside part of the nozzle rim 4, this outside part being designated 4.1

Figure 30 shows the stage of production after the CVD of silicon nitride has been etched

35  all the way through at 46, to complete the formation of the nozzle rim 4 and to form the



Bonded Heater El ement Enbodi nents In other enbodi nents, the heater elenents
are bonded to the internal walls of the chanber. 25Bondi ng the heater to
solid surfaces within the chanber allows the etching and deposition
fabrication process to be sinplified. However, heat conduction to the
silicon substrate can reduce the efficiency of the nozzle so that it is no
| onger "self cooling' . Therefore, in ggbodi ments where the heater is bonded

to solid surfagsémmeb%@st i SPRPRYD dilcoh RioRBREPRAN Yenlofed RHE pB; p%&&o%s to

thernal |y i sol & eat er om t'he su

i nprovi ng the ddsignated 47 wiokait isawot fsetiwden t he heater and the substrate isto
find a material wth better thermal barrier properties than silicon

di oxide, which is the traditionally used thernmal barrier |ayer, described
in US 4,513, Z%gurEBéSh%plthecsaiat ofrasdustiovatict habtettive layet 4B/fmesisplss &emt er t o

consi der wh A %ﬁﬁgiflffwtﬁs@% Dapdd sluggtia eg)‘éﬁfr? 2 F é@%%r&%ﬁ R F ¥R e é?&’eh%{n

(pCk) 112. o a so I'n contact
heater is propérwidnsddugeshe svdsttatrerontidn fpmoidnomingt thickeess ptboit4)@mjcrens to

relationship V‘AHO&QOHBMME& %rtljle\ﬁe% fpr¥sh§9&7§édq§<we ng g{cﬂ e h%[é%chT eC}?ol %12]: iQr

thermal diffusion an ernal energy absorbed over that Iength scale.

G ven that pr@@ﬁ@t%@pﬁhtsychthatlm?mb@@éﬂeﬁ that a thermal barrier |ayer
with reduced density and thermal conductivity will absorb | ess energy from
5t he heater. This aspect of the.invention focuses on the use of materials

with reduckd dErsithssaarifirial Fraisieficachon dhecesisy laysrs A% 30.HRrana 8 hrempyed usiager s
inserted u nderdi?@én@)la"sn'ﬂ@ 15 B Be dr@YiBle ,shav@pmcfgufwszxt WEn WhR ddQRAe pird 5 CON

di oxi de | ayer articular, this aspect t he invention focuses on the
use of | ow k dthishpasthe defiss skt 7 GHFuat éwgvaﬂmr@wokzl%ipléqeé@ﬂs thewn ety e

recently been auapd 1885illlbB otedngf thiiBIs@berfls @ RbYd e REistGARMEhe hole 31 so that
this hole, together with the hole 32 (not shown in Figure 34), define a passage extending
15  from the Jower side of the substrate portion 21 to the nozzle 3, this passage serving as the

ink inlet passage, generally designated 9, to the chamber 7.

Figure 36 shows the printhead with the nozzle guard and chamber walls removed to clearly
illustrate the vertically stacked arrangement of the heater elements 10 and the electrodes

20 15
Bonded Heater Element Embodiments

In other embodiments, the heater elements are bonded to the internal walls of the chamber.
25  Bonding the heater to solid surfaces within the chamber allows the etching and deposition
fabrication process to be simplified. However, heat conduction to the silicon substrate can
reduce the efficiency of the nozzle so that it is no longer ‘self cooling’. Therefore, in
embodiments where the heater is bonded to solid surfaces within the chamber, it is
necessary to take steps to thermally isolate the heater from the substrate.
30
One way of improving the thermal isolation between the heater and the substrate is
to find a material with better thermal barrier properties than silicon dioxide, which is the
traditionally used thermal barrier layer, described in US 4,513,298. The Applicant has
shown that the relevant parameter to consider when selecting the barrier layer, is the

35  thermal product; (pCk)”. The energy lost into a solid underlayer in contact with the



damascene integrated circuit technol ogy. Wen used as an inter-netal
dielectric, the reduced density and in sone cases porosity of the |owk
dielectrics help reduce the dielectric constant of the inter-netal
dielectric, the capacitance between netal lines and the RC delay of the
integrated circuit. In the copper damascene application, an undesirable 15
consequence of the reduced dielectricyglensity is poor thermal conductivity,

which i mt shdeais pfrdpamoﬁlanmﬁeh@enﬁmlpa)dumfaﬂa@naaia@ydimd rehAédshipwhpplay 6at i on,
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s 103 £ OnTAGULRS 00 it RIS e B3peR: defibochd WhefloaiThitn BRRNARAC. DO 11 N0

was run for ‘over TIETS |ons in nucl eation
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| ayers can be't er mal scri related to
t he use of tlh@é@sftlllhmtfa$n®aydbSbfbgéﬁ'mntfbdmtﬁlers (see "Physical and Barrier
Properties of Amorphous Silicon-Oxycarbide 5 Deposited by PECVD from

Cct anmet hyl cycl tetrasi |l oxane”, Journal of The El ectrochem cal Society, 151
(2004) by Chi u- Chiva egimrlerpfew-k slieleptriorsmitabie for pprligationgn thernal brsvigrapre

conductiyj tyy Q@M@E@hal%ﬁ%@&%xaﬁ%m%l@&\f%fl&!?’c%&ﬂ“' bdilof Whibtked €@be a bubbl e
may be prOV| by 1 ntroduci ng por05|ty into dielectric, ,as has been 10
O

done by Tri IdGPPSF $iR6HOMss Thesa flms sy plopmidensiortiaondite 12408R oS Si OCH fil m

whi ch has ag@@t&gw ) &dd Io&Mﬂufﬂm%mﬁl@@dfyfte@m ‘«z@w@uwswnr‘x pfnreo 16VWM K1
(see 1ST 2000 30043, "Final gort on ermal nodel i p 1ST
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absorb 78%Iess energy. than_a Si Q2 underl a sul Sl nlg in a 78*35%
be derived by reéplacing SiO, underlayers with these materla s, models Using equation 3 In

the Detailed Description can be used to show that ~35% of the energy required to nucleate
a bubble is lost by thermal diffusion into the underlayer when SiO; underlayers are used.
The benefit of the replacement is therefore 60% of 35% i.e. a 21% reduction in nucleation
energy. This benefit has been confirmed by the Applicant by comparing the energy
30  required to nucleate a bubble on

1. heaters deposited directly onto SiO;and

2. heaters deposited directly onto Black Diamond™.
The latter required 20% less energy for the onset of bubble nucleation, as determined by
viewing the bubble formation stroboscopically in an open pool boiling configuration, using

35  water as a test fluid. The open pool boiling was run for over 1 billion actuations, without



15= 27% reduction in the energy required to nucleate a bubble. It is

possi bl e however that the introduction of porosity may conprom se the

noi sture resistance of the material, which would conprom se the thernal
properties, since water has a thermal product of 1579 JnRK-1s-if2, close to
that of Si02. A noisture barrier could be introduced between the heater and
t he t hernal barrier but the heat abs%ption inthis layer would likely
degrade overal | ffICIenC int referre t.her mal
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isolated fromthe substrate to reduce the ener%y
no more than 1pm away from the heater layer, as it will have little effect otherwise (the

length scale for heat diffusion in the ~1ps time scale of the heating pulse in e.g. SiOais
~1um).
25 7
An alternative for further lowering thermal conductivity without using porosity is
to use the spin-on dielectrics, such as Dow Corning’s SiLK™, which has a thermal
conductivity of 0.18Wm ™K. The spin-on films can also be made porous, but as with the
CVD films, that may compromise moisture resistance. SILK has thermal stability up to
30  450°C. One point of concern regarding the spin-on dielectrics is that they generally have
| large coefficients of thermal expansion (CTEs). Indeed, it seems that reducing k generally
increases the CTE. This is implied in “A Study of Current Multilevel Interconnect
Technologies for 90 nm Nodes and Beyond”, by Takayuki Ohba, Fujitsu magazine,
Volume 38-1, paper 3. SiLK, for example, has a CTE of ~70ppm.K™'. This is likely to be



150f ejection and 2. that the printhead chip be cool ed by thernal
conduction out the rear face of the chip. Such an arrangenent is
unnecessary in the Applicant's nozzles, which are designed to be self
cooling, in the sense that the only heat renoval required by the chip is
the heat 20renoved by ejected droplets. Formally, 'self cooled or 'self
cooling' nozzles can be defined to beynozzles in which the energy required

to eject a dr@pcHfrgtMBanhEOTRBE Ge Meg!y'i'ng Réa’i"er L8RSl BARL E[Ees@élﬁcﬁu m armount  of
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transported to the rear face of the chip. Thus }f he thermal 30barrier |ayer
does not need to be patterned to confine it to the region underneath the
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Such an arrangement is unnecessary in the Applicant’s nozzles, which are designed to be
self cooling, in the sense that the only heat removal required by the chip is the heat
20  removed by ejected droplets. Formally, ‘self cooled’ or ‘self cooling’ nozzles can be
defined to be nozzles in which the energy required to eject a drop of the ejectable liquid is
less than the maximum amount of thermal energy that can be removed by the drop, being
the energy required to heat a volume of the ejectable fluid equivalent to the drop volume
from the temperature at which the fluid enters the printhead to the heterogeneous boiling
25  point of the ejectable fluid. In this case, the steady state temperature of the printhead chip
will be less than the heterogenous boiling point of the ejectable fluid, regardless of nozzle
density, firing rates or the presence or otherwise of a conductive heatsink. Ifa nozzle is
self cooling, the heat is removed from the front face of the printhead via the ejected
droplets, and does not need to be transported to the rear face of the chip. Thus the thermal
30  barrier layer does not need to be patterned to confine it to the region underneath the
heaters. This simplifies the processing of the device. In fact, a CVD SiOCH may simply
be inserted between the CMOS top layer passivation and the heater layer. This is now

discussed below with reference to Figures 6 to 9.

35 Roof Bonded and Floor Bonded Heater Elements



the etching the passivation recesses 29 (best shown in Figure 10), before
etching of the ink inlet holes 30 and 31 and deposition of the sacrificial

| ayer 35 (shown in Figures 14 and 15). This re-arrangenent of the

manuf acturi ng sequence prevents the heater material 38 from being deposited
in the holes 30 and 31. In this case the heater |layer 38 |lies 15underneath
the sacrificial layer 35. This allows,;he roof |ayer 50 to be deposited on
the sacrificial layer 35, instead of the heater layer 38 as is the case in
t he suspended heater enbodi nents. No other sacrificial I%yers ar e reqU|red
i f the heat er Figussba 9 schemajicyibrdien twobended hepisniyehodintegtsy n ﬁ’§pended
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sacrificial |ayer 4 ove escrl with reference . to. 20 Flﬂggées 25 to 35.
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di scussed aboyg, aptkdqn greater detail below with reference to equation 3.
However, in essence it reduces thermal |oss into the passivation 25| ayer 24
during the heating pulse. Figures 8 and 9 show the heater elenment 10 is

bonded to t heREfBangQ'frstlS/ l’&?ﬁ%ﬂés @E&@nmure%eatérreleheﬁﬂm iOBontibiEio shesfpenateih ihleat er
fabrication process described with reference.t res

Fi
heater |ayér gguber BpEd PELIBAHDTFYET tlﬁ‘?pgsét&ﬁ??’f fhgp%fflv?té?é?yeﬁé aﬁgo t he
manuf act ur i ngth%@&ﬁﬂgﬁ{éi BssivatidHedranrgedl(befl idwnah Fiztret1l blaiesatemhmlga)yme &8 i s
patterned and_ etched t

top of the et é¥daclreifaad 3] 3t g‘ﬂe;iteq‘e g%%\ﬂtf?‘ﬁé‘ffgggﬁ R & éﬂ%‘brﬁm s 7 g ;It ed on
layer.- A | ow tﬂemke-m&gaﬁém by enaBacaning guénoe preckees thmhetateematgm’l 38ayer 44
20, 1o e DR ot Bl SRS o o kSR ot
pul se. 235 BogstRehedte eeeicrifilcaniydr 35/hAThif alttvs therrgofPryercHsts be deposited on the

sacrificial layer 35, instead of the heater layer 38 as is the case in the suspended heater

embodiments. No other sacrificial layers are required if the heater element 10 is bonded to

the chamber floor, whereas suspended heater embodiments need the deposition and

subsequent etching of the second sacrificial layer 42 above described with reference to

20 Figures 25 to 35. To maintain the efficiency of the printhead, a low thermal product layer

25 can be deposited on the passivation layer 24 so that it lies between the heater element

10 and the rest of the substrate 8. The thermal product of a material and its ability to

thermally isolate the heater element 10 is discussed above and in greater detail below with

reference to equation 3. However, in essence it reduces thermal loss into the passivation

25  layer 24 during the heating pulse.

Figures 8 and 9 show the heater element 10 is bonded to the roof of the ink chamber 7. In
terms of the suspended heater fabrication process described with reference to Figures 10 to
36, the heater layer 38 is deposited on top of the sacrificial layer 35, so the manufacturing

30  sequence is unchanged until after the heater layer 38 is patterned and etched. At that point
the roof layer 44 is then deposited on top of the etched heater layer 38, without an
intervening sacrificial layer. A low thermal product layer 25 can be included in the roof
layer 44 so that the heater layer 38 is in contact with the low thermal product layer, thereby
reducing thermal loss into the roof 50 during the heating pulse.

35



The unit cells shown in Figures 6 to 9 are largely schematic and purposely
correspond to the unit cells shown in Figures 1 to 4 where possible so as
to highlight the differences 5between bonded and suspended heater el enents.
Figures 37 to 70 show the fabrication steps of a nore detail ed and conpl ex
bonded heater enbodinent. In this enbodiment, the unit cell 21 has four
nozzles, four heater elenents and one,snk inlet. This design increases the
nozzl e packin RO o ity of nozzle chanbers froma
single ink in?gﬁégzgé%bg%fﬁﬁg? 5 gﬁ%&?%g&%genlngs t hi nner heater elenments
and staggering the rows of 10nozzles. The greater nozzle density affords

ar eat er-pri ntrfERaleld R FrgHEESHT 81dacally ShOMdG Raphalducampb et e unit

cell 1. In the interes Vit t hi escriptio egrns a
conpl eti on of the ket eilastown dh KMTEs T wtﬂrwlwaft fossiblesp QSh@hlﬂlalﬁ@t thg diffgreace€MOS

| nt er connegt #W&B%o&%d %desuga%}{{ed'ﬁgirt&'ewh@ﬁg{/ girgw'g%ﬁv éor‘/b‘iﬁév%@gabﬂka%x‘?(:t ricin

15 bet ween. t opnost (shown 1 n dotted |ine) has
been patt er netepsof # wpie defedddend edremiey oddeddwpitambodiosyie e thivgmbofimepatsi vat i on

layer 24. M Jn‘f’%‘élgS ﬁas'ﬁ?\xrfn@zgtes ”f@ﬁ%eé’c@r Ml ?@o&e"’}é{%ﬁt Phil @eXEﬁ irlefeasts N @

| ayer of AI/Cu (> anot her layer o acts as an
anti - ref | ect i thenealgradkipg(damety by TurelyRG pduralfy of Roghle clfambersgioata sérglerigk dur i ng

subsequent expas H£L§g5§ ERRS: noﬁé&r %@%Ctmﬁﬁr Reafef Sbidrdnli ¥ta§é&‘r&§‘@:le fovfsQF the
W

heater 20materi al s I'scusse passivation | ayer may be a single
silicon difoxingezlpsaylap gieaternope density Alpeds armerpmtéwebﬁ%ct | ayers 23.

Optionally, the passivation |ayer 24 can be a silicon nitride layer between
two silicon dioxide |layers (referred to as an "ONO' stack). The passivation

layer 25 24 Higurgy3dend peawalhrcnrtianeomnlete prit eallie J5the fntermss ailbravaydhis 50 | s

preferably O. ésdﬁ?pﬁ&@d&@ms Mg d&%ﬁ)&k%@&ﬂtQ@stirﬁXﬁrCMQQ?dBﬁ&a%m bhge (MSs| ayers
fromthe MEMS structures and i S al so used as a hard mask for the ink inlet

et ch descri befdre S @nintepsoguacilayesn2 e forn merblay arhwithynise ey dislectét Bhed into t he

passi vatign Ibaw@en 2theUsintet thdif) 13Qr, MBSKye? 30 BRHOWRinl dattéd m? Bas4Bon zpe@erh&iual a
phot or esi st not shown) is spun onto passivati of 4. The cl ear

tone mask 52 ¥ é@ﬁaﬁﬂectawéagntam%%ff% bXthe pessiRyIop 1yt Apd\g@x@w&f bh the
mask - is exp@sedp anbret hQerk;@ byt 1fdﬁVQ|1%Q€deIVCL8(>9mlAH)a\tﬁad(ﬂweeh@aldﬂg

solution to r t he expose ot or esi The sivatio 24 is
Chen et ched TV S AP SR TP BHERLEREY ol diin e e o S inbs
(Decoupl ed Pldasimpsubeyticnedxpdantt gdper A YN ARl hae d rdvitidty saltahle foltheheteeh needs to

stop on e to to the TiN 24 ARC | ayer but not the
under | yi ng Alqa%ﬂlafé &Psseérﬁeé%wmt he photoresist |ayer (not shown) is stripped

with 02 plasma in a standard CMOS asher.
The passivation layer may be a single silicon dioxide layer is deposited over the
interconnect layers 23. Optionally, the passivation layer 24 can be a silicon nitride layer
between two silicon dioxide layers (referred to as an “ONO” stack). The passivation layer
25 24 is planarised such that its thickness on the M4 layers 50 is preferably 0.5 microns. The
passivation layer separates the CMOS layers from the MEMS structures and is also used as

a hard mask for the ink inlet etch described below.

Figures 39 and 41 show the windows 54 etched into the passivation layer 24 using the
30  mask 52 shown in Figure 40. As usual, a photoresist layer (not shown) is spun onto
passivation layer 24. The clear tone mask 52 - the dark areas indicate where UV light
passes through the mask - is exposed and the resist developed in a positive developing
solution to remove the exposed photoresist. The passivation layer 24 is then etched
through using an oxide etcher (for example, a Centura DPS (Decoupled Plasma Source)

35  Etcher by Applied Materials). The etch needs to stop on the top, or partly into the TiN



Figures 42 and 43 show the deposition.of a 0.2 mcron |ayer of heater
material 56. 5Suitable heater materials, such as TiAl, Ti AIN and | nconel Tm
718, are discussed el sewhere in the specification. As shown in Figures 44
and 46, the heater material layer 56 is patterned using the nask 58 shown
in Figure 45. As with the previous step, a photoresist |ayer (not shown) is
exposed through the nmask 58 and devel gped. It will be appreciated that nmask
58 is a clear tone nmask, in that.  the clear _areas indicate re the

under | yi ng 10 4Rt leysr Ayt nokthe ppgselxing Ck‘,f?y?r'r Jﬁ‘fnt ?lﬂhortcg?‘%%&éfe%logﬁhod"é&@ opi ng
sol ution. The@tr;pp@wmlr@c&gﬁﬁwamaﬁrcmgeghml | ayer 56 i.s etched away

| eaving only the heaters. Again, the renmaining photoresist is ashed with 02
pl asma. After this, a |ayer photoresist 42 is again spun onto the wafer 8
as shown in Fipgpited 444nd 4BNBov Bred@pdsitloR BEa MR Eker&laf et af eart masriddsock the WV

i ght) shown in Figqure 48, exposes_the resi which is then devel gped and
renoved to 5de15P’rﬁ9é>btq'ﬁ%terdB%tFrﬁ?soFPC fs ?‘ﬁéeﬁlﬁﬁ ‘i”al&@fmﬂl o8 ¥k 15%1§s§§|e§%\ﬁ%6en | ayer
24. As shown igunFlgeitientidf., At BRwneRDigaks of anti 6, thelsda®t mdZrialtlayed56 isi t e of the
ink inlet 31 exposes the passjvation layer_24 i.n preparation for th
dielectric et® .enféu?ii’%i?}?@?s'l‘s@g' AY" 5 ‘%‘%%‘\1/35 ‘Atsh‘?é‘ab‘g%i"g‘é’?li}si Eep Eat%hﬁ{otreﬁlrs gugh t he
passi vation | gyer(nad4hovid)es &MESd ibugh aemneic 8 dndyievedopdd Mmdll bewppretilted
underlyi ng wafer 8 his.is a deep.r tive ion.etc DRI j any
standard CMOS™ét ‘BP%PECS& Cé‘?arK}&Bmagg‘W@E%gkfeicxﬁa%arf%ﬁ?afﬁ?age V%ﬁ? tF %)%lggﬂtl?g'?ged Pl asnma
Sour ce) Etiohegaterialidexpuded ndVaigbiund 2ehovedwitindevtlopiBg saiutonodbenitit 0 t he waf er
8. In the enbodi nent shown, ft. front side ink i.n i Uf .25

n crons deep. "FIfESFE %@%ﬁfnﬁt&}gg?yef ﬁ(g’s FF %e%taW%Y (%Vlré% %ﬂy ?‘%%Partr%%r ﬁl‘f {hgs t he
backsi de et chrdnthirsuprphbiecksisek asked with O, plesngkeep -enough to reach it in order to
establish an ink flow path to the nozzle chanber. After the front side etch
of the ink inlet 31, the photoresist 42 is ashed away with 02 plasma (not
shown) . 30 Ondédetthis, qilct phawsit 4P &pgrin 4punjogtortearwatend asghevhio Figuepyidr The

phot or esi Sﬂg f 3?#2@ g%%r éb{tgﬁ}ktapﬁ% i&fc B9 ligﬁ(}?%gjngx}sﬁ%&'éﬁg,sexgc%esatﬂgreéig‘t' The

t hi ckness caretully cont | as i't forns a scaffold for
t he subsequenwhitkpokintdevriorsfl anhemerdrib eefine Gisfrosiaererfitd ink ies Eh 9Bl bel ow) .

In the pr esen},?stg\,v%{ag%gg@{% AtSQEoviorhfatP@guﬁé@% E@ﬁ%@ﬁl el rSsiB 47 hGHOMS of th CK

(except where’ it e 1nk inlet” 31 as best shown in Figure 53). Next
t he phot or esi &k itlgiyBé exiBBesithe Busiyaiipr ayered mprersration deriks divlectirgtdl 62 shown in
Figure 55. The nask is a clear tone nask in 25 that the dark areas
indicate the areas_of exposure to UV |light. The ex_posegayphot@r g ISt is
devel oped 28ndFieeib¥eard s shavgrthe dieloqias el ymughhppististioa RV ivm ce with
g‘SQUVSSV 5;1- E' ﬁkhﬁ&mx’ée@t h?erﬁzﬁﬁﬁghtf@lfhe\ﬁh&ﬂyﬁfg ufaﬁ!i‘gpﬂfhlts @raReh ﬁg@mf@roestcﬁt I Ftlyer
: Ith the photoresist 35 defining the ¢ er r.qof, an ort S, a
| ayer of roof RIE) using any standard CMOS etcher (e.g. App?lgqj I\/lraterlzcl)ls Eentura D?’g QBecouplg\éi
Plasma Source) Etcher), a_nd extends about 20 microns to 30 microns into the wafer 8. In
the embodiment shown, the front side ink inlet etch is about 25 microns deep. The
25  accuracy of the front side etch is important as the backside etch (described below) must be
deep enough to reach it in order to establish an ink flow path to the nozzle chamber. After
the front side etch of the ink inlet 31, the photoresist 42 is ashed away with O, plasma (not

shown).

30  Once the photoresist layer 42 is removed, another layer of photoresist 35 is spun onto the
wafer as shown in Figures 52 and 53. The thickness of this layer is carefully controiled as
it forms a scaffold for the subsequent deposition of the chamber.roof material (déscribed
below). In the present embodiment, the photoresist layer 35 is 8 microns thick (except
where it plugs the ink inlet 31 as best shown in Figure 53). Next the photoresist layer 35 is

35  patterned according to the mask 62 shown in Figure 55. The mask is a clear tone mask in



material, such as silicon nitride, is deposited onto the sacrificial
scaffolding. In the enbodi nent shown in Figures 57 and 58, the |ayer of
roof material 44 is 3 microns thick (except at the walls or colum
features). 10Figure 59, 60 and 61 show the etching of the nozzle rinms 4. A
| ayer of photoresist (not shown) spun onto the roof |ayer 44 and expose
under the clear tone mask 64 (the darksareas are exposed to W). The roof
layer 44 is th hed t f Ler e nozzl e
e 4 and o B o BF Rl Forealh HBTRC I St e e
ashed away. ]iSvelﬁpgtUIrGSerﬁ@ed 68thatrible Iﬁybr§h0wattteheednm2@t3@a@ﬁe’ﬁ@lﬁ@reéﬁch t hr ough
the roof |ay .Agal B, Gmot shown) is spun. onto
t he roof Iaygéguﬂfﬁ% i Sefth VLS%% ?térpn{'}g‘to%e%ﬁtﬁ%%:&gark tone mask 68 (cl ear
areas exposed) and t hen deveI oped to renove the exposed resist. The
underlyin SN GMS., down to the
20 under | ?}. ng] tg%e/? OtofrCSlSLgf%rfgs rﬁ%dcgﬁ‘hﬁe?_hq%fﬁﬁd rrtshr,]ae noz}g%gﬁ?gcgertures 3.
The bubbl e veratenhloheh %sxlnczsmaitls@, etdepve@bdmtolth@sa@rhﬁ%alSQaéfpldl%gEﬁthe t he

remai ni ng ph(é) gcl;d?r%é&%hok&) i ?%B%eg% XﬂdtSIg 1212 8&%?%1? mgt'elgzﬂrél@% PricARdmRE show the
application of ective phoforesist ovVercoat . This 25 prevents the
del i cat e NVEMBxstnt atcheuwaéls Ofmiwmb@amg:S)danaged during furt her handl i ng.

Li kewi se, the scaffold photoresist 35 is still in place to provide- the roof
Iayer 44 with support. The wafer 8 is then turned over so that the

' backsi déo 7®g@ee5é @qagduﬁés}mtheemhxbeoféhwae rigethédayehe! Bpwitisidile of the

wafer 8 (or %ﬁgﬁ Itzlltl%q'l)(l)fﬁaye,[' earl QQ&O@& ExikSthe él\éﬁrt&fé%asﬁé@ (tHeSlakt UCK tO a

gl ass handl e hermdl tape or simlar. be appreci at ed
that wafers altees QYWWPS&ﬂ royU¥bothe o deygs 4righen ?tPheéﬁo a*‘c&“f@&d’?f@"‘ﬁﬂ%a"t“ﬁl ckness,

and theref or ﬁxetrms‘ed‘%leﬁﬁe%{?i 1 §laahe NBEEGeht FRRSE@bIHe Séindidink shopeRBURIbGAL | ON
between the front and the back of the wafer, the reverse side 70 of the

wafer is groéh@da®n until the wafer is about 160 35 mcrons thick and then
DRI B etched to renove any pitting in the ground surface. The 26 backside

is then coated with a photoresist | ayer gnot S%\&ﬁ\q{ ({_}l regaratlon for the
channel 32 efighien’ 6%@@1%&‘?’“%‘3&%21?@913“ sick BrIRA tiedo |%ﬁ’f

positioned opytte phAcksish (;dﬁshmni @@p@&ﬂ%&h&@oﬂﬁiﬁr deVEHﬁpmmﬁtterﬁEh@mh esi st

t hen defi nes the w dth o he channel 80 mcrons,int

erbodt ment - SHBRE TP HES e €05 sred) FRRFTGPLTERA N EOR BT Deep
Reactive | onydsistIThe dﬂi&ﬂyﬁa@Sﬂﬂﬁydf&d’tﬁénf‘b&ihb&wbmyGtmttﬂatd’@\d@ﬂwg;gedo‘fvm wrihe si de i nk
inlets 31, The phot oresi.st on.t Sld Wi th 02

pl asma, ahd PIHEHW% ¥er§fP1§°t%Y§séﬁttﬁ] 71 Hns eno Sl apet\’ﬁ"resf:&r ont Qxb%f’vg "ashi ng of
the protecti ke e&eranﬁ)etbheﬁzauﬂ@thtshapsﬁgdxﬁ ﬁxledenpﬂmng)pfemrmst BSemdveduites 69 and

70 show t he @mrgleted unit cell 1. Wile Figure 70 is a plan view, the
features obstub W%y the roof have been shown in full line for the purposes

Figures 65 and 66 show the application of a protective photoresist overcoat 74. This
25  prevents the delicate MEMS structures from being damaged during further handling.
Likewise, the scaffold photoresist 35 is still in place to provide the roof layer 44 with

support.

The wafer § is then turned over so that the ‘backside’ 70 (see Figure 67) can be etched.
30  Then the front side of the wafer 8 (or more specifically, the photoresist overcoat 74) is
stuck to a glass handle wafer with thermal tape or similar. It will be appreciated that
. wafers are initially about 750 microns thick. To reduce the thickness, and therefore the
depth of etch needed to establish fluid communication between the front and the back of
the wafer, the reverse side 70 of the wafer is ground down until the wafer is about 160

35  microns thick and then DRIE etched to remove any pitting in the ground surface. The



10of illustration. In use, ink is fed fromthe backside 70 into the channel
32 and into the front side inlet 31. Gas bubbles are prone to formin the
ink supply lines to the printhead. This is due to outgassi ng where

di ssol ved gasses cone out of solution and collect as bubbles. If the
15bubbl es are fed into the chanbers 7 with the ink, they can prevent ink
ejection fromthe nozzles. The conpresgi bl e bubbl es absorb the pressure

gener ated by i§gucleat|%$%% b%%%(xg% &?eﬁggql . ﬁgﬁﬁﬁﬁﬁalépm@aﬂm§9 t he

pressure pul sé fREFReP perture 3. i nk
prines the chapbehisg. TIhe&Mr ©nd maskrvecqshbwinhi Bgureb)lis mcsmldnetd@nfthﬂ Haghpsidevd

col umar features on e sid f th n n owar d

t he bubbl e 20 %ﬁ?ﬁ%@eaﬁtg Flapment; e?%}f?gg{eiﬁéﬂét at t gmgﬂﬁggggEtenS|on

of the ink wilgh mrensémnthe emkodimedk algmn) bTlite charmply 82| ang len sighés with laARlByent . Each

heater elenent_10_is .en on thr
additionalgEoﬁBﬁW£$w¥%%ﬁﬂ?§§38%W?ﬁ2m$%ﬁ%¥%6?beXmﬁﬁﬁggé& h%§§?ﬂ$%g¥ures

di ffuse the radi @id phgtome&suh@bq@kdlwznﬂhémmd acwamwh@lplésrb@lav@@ﬁwéﬂq’aﬁber S
7. 25 Superall gygflléﬁ%-% [ SerigP t%r t%Yd% adhirt Btcetifd od%Pc%QM@héth@'?ééﬁtI@ped for

use at elevat ratures ar e sua ased on el enents fron1C?oup
VI TA of the Pehétaesis 3srahge~eamjanpr7@dmw mamm;yet@dsm cglhi nWappFieeist’ érfs

requiring high,t eap t%?keld{u es %&cﬁﬁeh %#' AR AR ¥erSH6Wn BSruil Ghe RPGE @rﬁ@sepower

station turbi AES and r surtability in the thermal i nkjet
real m has 1ant if illngmatigone unr ecogni zed. Superal | oys can of fer high
tenperature strength, corrosion and oxidation resistance far exceedi ng that

of conventional thin filmheaters (such as tantal um al um ni um  tantal um
nitride or halmisaridisfurfaethe badkeide 7 iivsbirehemst Heandihig fredropr S driHerds
The primary ag‘: ?ﬂ;bgggargtproﬁy REbA [nQYSink &pbmﬁlegthﬂié ﬁﬁfhem\’ﬁlssycﬁtfeltéil ent

a

strength oXl tron corrosion resistance to allo operatlon
wi t hout pr ot eevtgaﬁemz:wb%rp ﬁlg%blveé GaeFrome R of prlytipy G etietf & “‘1‘? St ﬁ t he

coatings i§ I GiENL grefféﬁmottﬁ@cﬁﬁﬁérgﬂ with &% i}, ey smaflevient ihinEedliaf &6k the
speci T Cat Hon nénglsesN The compres31ble bubbles absorb the pressure generated by the nucleating
bubbles on the heater elements 10 and so the pressure pulse is insufficient to eject ink from
the aperture 3. As the ink primes the chambers 7, any entrained bubbles will tend to follow
the columnar features on either side of the ink inlet 31 and be pushed toward the bubble
20 vent 66. Bubble vent 66 is sized such that the surface tension of the ink will prevent ink
leakage, but trapped gas bubbles can vent. Bach heater element 10 is enclosed on three
sides by chamber walls and by additional columnar features on the fourth side. These
columnar features diffuse the radiating pressure pulse to lower cross-talk between
chambers 7.
- 25
Superalloy Heaters

Superalloys are a class of materials developed for use at elevated temperatures. They are
usually based on elements from Group VIIA of the Periodic Table and predominartly used
30  in applications requiring high temperature material stability such as jet engines, pdwer
station turbines and the like. Their suitability in the thermal inkjet realm has until now
gone unrecognized. Superalloys can offer high temperature strength, corrosion and
oxidation resistance far exceeding that of conventional thin film heaters (such as tantalum
aluminium, tantalum nitride or hafnium diboride) used in known thermal inkjet printheads.

35  The primary advantage of superalloys is that they can have sufficient strength, oxidation



5Testing has indicated that superalloys can in sone cases have far superior
lifetimes conpared to conventional thin filmmaterials when tested w thout
protective layers. Figure 71 is a Weibull Plot of heater reliability for
two different heater nmaterials tested in open pool boiling (the heaters are
sinply actuated in an open pool of water i.e. not within a nozzle). Skilled
artisans will appreciate that Wibull ,gharts are a well recogni zed neasure

10o0f heater r el fai
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treatment) and also greatly 1ncreased heater lifetime. The Al diffused to the surface of the

heater and formed a thin oxide scale with a very low diffusivity for further penetration of
25  oxygen. It is this oxide scale which passivates the heater, protecting it from further attack
by an oxidative or corrosive environment, permitting operation without protective layers.
Sputtered Inconel 718 also exhibits this form of protection and also contains Al, but has
two other advantageous properties that further enhance oxidation resistance; the presence
of Cr, and a nanocrystalline structure.
30
Chromium behaves in a similar fashion to aluminium as an additi‘ve, in that it provides self
passivating properties by forming a protective scale of chromium oxide. The combination
of Cr and Al in a material is thought to be better than either in isolation because the
alumina scale grows more slowly than the chromia scale, but ultimately provides better

35  protection The Cr addition is beneficial because the chromia scale provides short term -



5 X-ray diffraction and el ectron m croscope studies of the sputtered

I nconel 718 showed a crystalline mcrostructure, with a grain size |less
than 100nm (a "nanocrystalline"” mcrostructure). The nanocrystalline

m crostructure of Inconel 718 is beneficial in that it provides good
material strength yet has a high density of grain boundaries. Conpared to a
10material wth much larger crystals ghd a | ower density of grain
boundari es, the _nanocrystal,line_str. Vi i E gl jvity for
he. pr ot ect i verSRare pis i sy BF Rl B, iR et W AT Y o
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It should be noted that superalloys are typically cast or wrought and this does not yield a
20  nanocrystalline microstructure: the benefits provided by the nanocrystalline structure are

specific to the sputtering technique used in the MEMS heater fabrication of this

application. It should also be noted that the benefits of superalloys as heater materials are

not solely related to oxidation resistance: their microstructure is carefully engineered with

additives to encourage the formation of phases that impart high temperature strength and
25  fatigue resistance. Potential additions comprise the addition of aluminium, titanium,

_ nivovbiurn,r tantalum, hafiium or vandium to form the gamma prime phase of Ni based

superalloys; the addition of iron, cobalt, chrome, tungsten, molybdenum, rhenium or



10 of materials fromwhich selection of heater material candi dates may be
made, since considerably nore effort has been put into designing themfor
hi gh tenperature strength, oxidation and corrosion resistance than has been
put into inproving the conventional thin filmheater materials used in
MEMS. 15The Applicant's results indicate that superalloYs : a O content
between 2% by wei ght and 35% by weighty a Al content of between 0.1% by

wei ght and 8%y, yei.g &mﬁfegg&w&&g@gg@g&gﬁgﬁﬁ@oyw ghir; a0l 7% by

wei ght; a No+Ta content o t and 8. 0% by wei ght ;

Ti content of Jgiugee Qo Ybiiabel SR iyt biscl) Gl ndy Fgy cont ent. of up

to 60% by wei content of betwee y wel ght 70% by wei ght;

and or, a Co §ng53§«‘1@§ C%Etlr&?ﬁc%&@ aédt}t%epxsn 59@%@%}@%&%%&@@ Ghbiso act

arellkelyto e suita use asa eater elenent wthin a

MEMS bubbl e %égﬁﬂ(}%s?ﬁrfa% i2bd ag@{nd\‘}%g 1 e}gﬁ iy &B%Pd@gec{ml’?%ﬁakegasg% A thin the

speci fic devi ce design sus eater el enent ded heat er

Shore 20 Shghhn mF BRGSO MMt ST N
wei ght; G C%h rdhcgﬂllttyj Jfghet}ﬁét%?%uﬁ%lﬁ&g ax%_gv/&@éﬁ a‘é\@{eg IMay also act to consume
elements that would otherwise be available for the favoured gamma and gamma prime
phase formation. Thﬁs, while the presence of Cr and Al to provide oxidation protection is
preferred for the heater materials, superalloys in general can be considered a superior class
10  of materials from which selection of heater material candidates may be made, since
considerably more effort has been put into designing them for high temperature strength,

oxidation and corrosion resistance than has been put into improving the conventional thin

film heater materials used in MEMS.

15  The Applicant’s results indicate that superalloys :

a Cr content between 2% by weight and 35% by weight;

a Al content of I?e’cween 0.1% by weight and 8% by weight;

a Mo content of between 1% by weight and 17% by weight;

a Nb+Ta content of between 0.25% by weight and 8.0% by weight;
20 a Ti content of between 0.1% by weight and 5.0% iay weight;

a Fe content of up to 60% by weight;

a Ni content of between 26% by weight and 70% by weight; and or,

a Co content of betweeﬁ 35% by weight and 65% by weight;

are likely to be suitable for use as a thin film heater element within a MEMS bubble
25  generator and warrant further testing for efficacy within the specific device design (e.g.

suspended heater element, bonded heater element and so on).



5AI contributing nore than zero but |ess than 8% by wei ght; and, X
contributing | ess than 25% by weight, with X consisting of zero or nore of
M, Re, Ru, Ti, Ta, V, W No, Zr, B, C, Si, Y, Hf; provide good results in
open pool testing (described above). 10In particular, superalloys with N,
Fe, C and Al together wth additives conprising zero or nore of M), Re,
Ru, Ti, Ta, V, W Nb, Zr, B, C Si, Yz or Hf, show superior results. Using
these criteria, suitable superalloy material for thermal inkjet printhead
heaters may be selected from 15 [ NCONBLTM Al |l oy 600, Alloy 601, Alloy 617,

Al'l oy 625, Alloy 625LCF, Alloy 718, Alloy X-750,
AHoy 725, Al ﬁwr#@lshw"}g% %%&?’B%g%ﬁ?w&f&g%ﬁw | gy 783, All gy 925, or
L5 P8 Dol R T R T,
90; BRI GHTRAY(r) Al S, or AIIo 35; or,
FERRY(r) Alloy or GF}‘? tHE“tgAéﬁ?’%?nNIaﬁé'%\%Eywﬁg ftoht r ay, Ferryyand Ni noni ¢

are the registered trad marks of Spec t W Ltd 25 Hol ner Road
HEREFORD P4 9FL UN RPREREND1 270 Li‘%éﬁﬁ% @%}%Hy“%%h{‘r e&gu stered trademark

of CRS hol di ngs | Th
present inventi onrsg&‘gmﬁ’é@ %@fgh %epé%‘@?% %1%5\%%1)/ ot (Jéf%g%rrpf:&ng%?%l on e
Grdinary Re, Ru, T, Ta, V, W, Nb, Zr, B, C, Si, Y, HE,

provide good results in open pool testing (described above).

10 In particular, superalloys with Ni, Fe, Cr and Al together with additives comprising zero or

more of Mo, Re, Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, or Hf, show superior results.

Using these criteria, suitable superalloy material for thermal inkjet printhead heaters may
be selected from:

15 INCONEL™ Alloy 600, Alloy 601, Alloy 617, Alloy 625, Alloy 625L.CF, Alloy 690,
Alloy 693, Alloy 718, Alloy X-750, Alloy 725, Alloy 751, Alloy MA754, Alloy MA758,
Alloy 783, Alloy 925, or Alloy HX;
INCOLO_YTM Alloy 330, Alloy 800, Alloy 800H, Alloy 800HT, Alloy MA956, Alloy A-
286, or Alloy DS;

20 NIMONIC™ Alloy 75, Alloy 80A, or Alloy 90;
BRIGHTRAY® Alloy B, Alloy C, Alloy F, Alloy S, or Alloy 35; or,

FERRY® Ailoy or Thermo-Span® Alloy

Brightray, Ferry and Nimonic are the registered trademarks of Special Metals Wiggin Ltd
25 Holmer Road HEREFORD HR4 9FL UNITED KINGDOM.



Sworkers in this field will readily recogni ze many vari ati ons and
nodi fi cati ons which do not depart fromthe spirit and scope of the broad
inventive concept. 32 CLAIMS: 1. A MEMS vapor bubbl e generator
conprising: 5a chanmber for holding liquid; a heater positioned in the
chanber for thermal contact with the liquid; wherein, the heater is fornmed
froma superalloy and configured to regceived an actuation signal from

associ ated drjve circuitry su ha act i 0 . ts sone
of the liqui &l R W&f’?ﬁéf’%ﬁt ?‘gg%ldtﬁg’\"}%‘ ()lltli:eg‘gtg’ﬁ@g’l%ginﬁﬁgF%g%llagﬁ&tggfpﬁ%{&?n or der
to generate vapor éObubee that causes a pressure pul se through the
liquid 2. ewgw%gy B8P Ibbl e generator according to claim1 wherein the
chanber has a nozzl e opening such that the pressure pul se ejects a drop of
the liquid through the nozzle opening. 15 3. A MEMS vapor bubbl e generator

accordi ng t o Tk gicsanRinvdigibehds bedredestribab Bareih &g wanof exkreple poly. Ofdiiacy

comuni cation with a.s |y, of .the li.quid such. I {EHUL supply
Flows i nio ¢ RE hngu Mobvstalaeruttgy Wbt fgtafont VAR BEE " P
nozzl e openi ’dgpartZtbrdthé\spuiiMbd vape bt thelbiokdingemes etnospt.according to claim |

wherein the heater is deposited by a sputtering process such that the
superal l oy has a nanocrystalline mcrostructure.



5. A MEM5 vapor bubbl e generator according to claim1l wherein the heater

el ement 25is deposited as a |ayer of the superalloy |ess than 2 m crons
thick. 33 6. A MEMS vapor bubble generator according to claim1 wherein
the superalloy has a C content between 2.0% by wei ght and 35. 0% by wei ght.
7. A MEMS vapor bubbl e generator according to claiml wherein the

superal l oy has a 5 Al content of betwggn 0.1% by wei ght and 8. 0% by wei ght.
8. A MEMS vapor bubbl e generator according to claim1l wherein the

superal l oy has a Mo content of between 1.0% by wei ght and 17. 0% by wei ght
10 9. A MEMS vapmxubbl e generator according to claim 1l wherein the

superal l oy has a Nb and/or Ta content totalling between 0.25% by wei ght and
8.0% by weight. 10. A MEMS vapor bubbl e generator according to claim1
wherei n the super ahl\yMBagpd biliblEg@ntrent cofprisiag:ween 0. 1% by wei ght and 5. 0%
by weight. 15 11. A MEMS vapor bubbl e generator according to claimk
wher ei n thg super aj tiRybbas: kiMdii®lidlie; by wei ght of reactive nmetal fromthe
group consisting of yttrium [|anthanum and other rare earth el enments 20

12. A MEMS vapor bubidaergenemnad @rthadhenbdifighdraalchabhenwith viediqeidnwhdien,

superal l oy has a Fe content of up to 60% by wei ght. 13. A MEMS vapor bubble
gener at or accor di nge heat&livformell fnles siperalidyens opdigatel oyredeinsd an Mtuagomt ent  of
bet ween 25% by wei ght and 70% by wei ght.

signal from associated drive circuitry such that upon actuation the heater heats some of the
liquid to a temperature above its bubble nucleation point in order to generate a vapor

10  bubble that causes a pressure pulse through the liquid.

2. A MEMS vapor bubble generator according to claim 1 wherein the chamber has a

nozzle opening such that the pressure pulse ejects a drop of the liquid through the nozzle

opening.

15
3. A MEMS vapor bubble generator according to claim 2 wherein the chamber has an
inlet for fluid communication with a supply of the liquid such that liquid from the supply
flows into the chamber to replace the drop of liquid ejected through the nozzle opening.

20 4. A MEMS vapor bubble generator according to claim 1 wherein the heater is

deposited by a sputtering process such that the superalloy has a nanocrystalline

microstructure.

5. A MEMS vapor bubble generator according to claim 1 wherein the heater element

25 is deposited as a layer of the superalloy less than 2 microns thick.



34 14. A MEMS vapor bubbl e generator according to claiml wherein the
superal l oy has a Co content of between 35% by wei ght and 65% by wei ght.
15. A MEMS vapor bubbl e generator according to claiml| wherein the
superalloy is 5 MCrAl X, where Mis one or nore of Ni,Co,Fe with M
contributing at | east 50% by weight, C contributing 8% and 35% by wei ght,
Al contributing nore than zero but |esgs than 8% by weight, and X

contributing g ess, »?ﬁvf ?%r%quwtéaqasmgba%@mgt c&ana'x e% &E siffafloyas D7 €

ot her el emsnts prefe Iimte Ta,

V, W Nb, Zr, 0 A vapor bubble generat or
accordi ng tocélcont&’%é{” eenrze(l)}r;|fb e%étuag)’g?%@/é’y"% nmprises Ni, Fe, O and Al

together with additives consisting of zero or nore other el enents,
preferably including but not limted to Mo, Re, Ru, Ti, Ta, V, W Nb, Zr,

B, C Si, Y, or M b to
claim| Wnergi n t e supera Ibf(i}i/b eryt eag%‘ggﬂ‘f’ Eo%lﬂqwﬁ%{hﬁT gﬁlnwo}gg% 0,

Al | oy 6014 All E%‘télﬂfbe@v%gé l@ZAﬁ,I éa‘éll}%d 86@% iy 10y 690, Alloy 693, Alloy

718, All oy X 7’51 Al'l oy MA754, 20 All oy
MA758, Al l oy 925, or AI | oy HX; |1 NCO_OYTM AI I oy 330, Alloy 800, Alloy 800H,
Al | oy 800HT, Alloy MA956, Alloy A286, or Alloy DS, NI MONI CTm Al |l oy 75,

Al oy 80A, All toekNinBto i ellloyAlas Y S,
1 3% 5 A1 Bl Aoty Ao i sl 5. o

Mo content of between 1.0% by weight and 17.0% by weight

10 9. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has a

Nb and/or Ta content totalling between 0.25% by weight and 8.0% by weight.

10. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has a
Ti content of between 0.1% by weight and 5.0% by weight.

15

11. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has
up to 5% by weight of reactive metal from the group consisting of ytirium, lanthanum and

other rare earth elements

20 12. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has a

Fe content of up to 60% by weight.

13. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has a
Ni content of between 25% by weight and 70% by weight.

25
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34
14. A MEMS vapor bubble generator according to claim 1 wherein the superalloy has a

Co content of between 35% by weight and 65% by weight.

15. A MEMS vapor bubble generator according to claim 1 wherein the superalloy is
MCrAlIX, where M is one or more of Ni,Co,Fe with M contributing at least 50% by weight,
Cr contributing 8% and 35% by weight, Al contributing more than zero but less than 8%
by weight, and X contributing less than 25% by weight, with X consisting of zero or more

other elements, preferably including but not limited to Mo, Re, Ru, Ti, Ta, V, W, Nb, Zr,

B,C, Si, Y, Hf.

16. A MEMS vapor bubble generator according to claim 1 wherein the superalloy
comprises Ni, Fe, Cr and Al together with additives consisting of zero or more other

elements, preferably including but not limited to

Mo, Re, Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, or Hf.

17. A MEMS vapor bubble generator acc;)rding to claim 1 wherein the superalloy is -
selected from:

INCONEL™ Alloy 600, Alloy 601, Alloy 617, Alloy 625, Alloy 625LCF, AHO}; 690,
Alloy 693, Alloy 718, Alloy X-750, Alloy 783, Alloy 725, Alloy 751, Alloy MA754,
Alloy MA758, Alloy 925, or Alloy HX;

INCOLOY™ Alloy 330, Alloy 800, Alloy 800H, Alloy 800HT, Alloy MA956, Alloy A-
286, or Alloy DS;

NIMONIC™ Alloy 75, Alloy 80A, or Alloy 90;

BRIGHTRAY® Alloy B, Ailoy C, Alloy F, Alloy S, or Alloy 35; or,

FERRY® Alloy or Therrno-Span® Alloy



