1 INICJET PRINTHEAD WITH TITANIUM ALUMINIUM ALLOY HEATER FIELD OF THE INVENTION
The invention relates to MEMS devices and in particular MEMS devices that vaporize 5liquid to
generate a vapor bubble during operation. BACKGROUND OF THE INVENTION: Some
micro-mechanical systems (MEMS) devices process, or use liquids to operate. In one class of these
liquid-containing devices, resistive heaters are used to heat the liquid to 10 the liquid's superheat limit,

resulting in the formation of a rapidly expanding vapor bubble. The impulse provided by the bubble
expansion can be usa 4T EENEREAPTY R KA AT ACHRIN I bO YT HEM B case in
thermal inkjet printheads where each nozzle has a heater that generates a bubble to eject a drop of ink

onto the print medﬁgl{lwgtyig#m&wghespread use of inkjet printers, the present invention will be
described with particular 15reference to its use in this application. However, it will be appreciated that

the invention is nof Titrifedtien ks b M a d6viise aedde ey deitd 8 denisedbeidaroiirévhich vapor
bubbles formegl byifagistvenbaateksRiowsadiigpeyadigrid through the device (e.g. some
‘Lab-on-a-chip' devices). 20The 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 soRIEGRRYNHOE BEJEMREIINNIt of approximately 300C. Under these conditions of

- cyclic stress, in thgpresapeenRthgidnkyNaleNVaRES, JissQlYREXI8R aRdRessHivether corrosive
species, the heaters will incfrt(fasel.in.resisttance ndnultim.atteg/ go Qépen cirtftui'ﬁ’vi? 51? combination of
oxidation and fatigth¥, AEE QIdPRS A B T BEURSIRLHS AEESI S IEHRE Ha ket B PIDIEEHVE oxide layers
(chemical cort®siofcimiidastatibre comiosiow)irg dphotevtdgainst thedsffectmdhoxigatiorborrosion and
- cavitation on the heglermatesiali kS timamiRCWRR RS Hackad or Q%&%QH%HX‘?E?@JM?CNW made

from Si3N4, SiC and Ta. 30In certain prior art devices, the protective layers are relatively thick, US
6,786,575 to Ander8ti BruELagIIm Y (O ek AR TOT BRARPRIBRLE 214 MIGHSHSIRAFAE layers for a

-0.1nm thick heatéras 2 heater that generates a bubble to gject a drop of ink onto the print media. In light of
the widespread use of inkjet printers, the present invention will be described with particular
15 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” devices).

20 The resistive heaters in inkjet printheads operate in an extremely harsh environment, They
must beat and cool in rapid succession to form bubbles in the ejectable liquid - usually a
water soluble 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
corrosive species, the heaters will increase in resistance and ultimately go open circuit via

25 acombination of oxidation and fatigue, accelerated by mechanisms that corrode the heater

or its protective oxide layers (chemical corrosion and cavitation corrosion).

To protect against the effects of oxidation, corrosion and cavitation on the heater material,

inkjet manufacturers use stacked protective layers, typically made from SisN,, SiC and Ta.
30 In certain prior art devices, the protective lavers are relatively thick, US 6,786,575 to

Anderson et al (assigned to Lexmark) for example, has 0.7um of protective layers fora

~(. 1pm thick heater,



To form a vapor bubble in the bubble forming liquid, the surface of the protective layers in contact with
the bubble forming liquid must be heated to the superheat limit of the liquid (-300C 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 5volume decreases the efficiency of the device and
significantly increases the level of residual heat present after firing. If this additional heat cannot be
removed between successive firings of the nozzle, the?ink in the nozzles will boil continuously, causing

the nozzles to ceaseiej@ctir Urdpiestibauthte aetalgnide haorhe pfifranpeddifigyaieéhanism of
printheads on the soaslselis: eurpapbly thenmalaonsuatiomnawihtexisingpentheadsiapiementing a large
beat sink to dissipat absor from the printhead chip, The ability of this heatsink to cool the
i n the norsies L IEtEd By oo tharia, Sa s chirp o o e e AR i and by
the heat flux genebatsd 1y ahie fitingcass 2heseitke tiplie xteedaaryitefoiiag toshdationel 15protective

layers of a coated:heaieaeapisiouies ivia/RERagacthaal AL PRNe SOVRNR GRNSERHtS are imposed
on the density of the. oFﬁles on the pri theacil nd t(nie.no le firing rate. This ig turn has an impact on
lé]ua r{]h f? otﬁ;‘

. . TeES cag pres arier Tirng, 118 acicitiona at can ¢ removed betwee
the print resolutlon,qt e prln{IJi)ea Size, the prin spee& and the manutac uring 208720 SUMMARY OF

THE INVENTION sieessetintitinghefithe serrldrive mion heowidss ailibijepiintvehidefosiegdbting drops of

liquid on to a medigsuhstaife.thecin etprinthaadirenRtising.a chamber for holding liquid; a nozzle in
fluid communication with the chamber; 25a heater positioned in the chamber for thermal contact with

the liquid such that resistive heating of the heater generates a vapour bubble that ejects a drop of the
liquid through®he Azplenanherding mechatirnivé atsfticaforméd frereaisKikiatdtdyrahiere Ti contributes

more than 40% by, waightnAl SRBIIRKIGSMALE,RANRABYeRY WeRiOALAdConthLIRS less than 5% by
weight 30 and comprises zero or more.of Ag, Cr, Mg, Nb, Si, Ta and W. Titanium aluminium (TiAl)

alloys exhibit sup 6?%‘??&%’?@?6\5?’@?3@6@%%%‘?%@f@fﬁ}l’lb‘i‘ﬁaﬁ%ﬁlﬁé%‘iﬂfﬂ|€’ﬁ Fanidindin these alloys

widely used in thenaeronauticaldndizutometivesiacheditieseiHbrvenelssthe Applasnt' sndork has revealed
that TiAl is also W%lk%@ﬁ%%%&é@atcd by the firing nozzles. As the extra energy required to heat the
15  protective layers of a coated heater contributes to an increased heat flux, more severe
constraints are imposed on the density of the nozzles on the printhead and the nozzle firing
rate. This in turn has an impact on the print resolution, the printhead size, the print speed

and the manufacturing costs.

20 SUMMARY OF THE INVENTION
Accordingly the present invention provides an inkjet printhead for ejecting drops of liquid
on to a media substrate, the inlget pﬁnthéad comprising:

a chamber for holding liquid,
a nozzle in fluid communication with the chamber;

25 a heater positioned in the chamber for thermal contact with the liquid such that
resistive heating of the heater generates a vapour bubble that ejects a drop of the liquid
through the nozzie; wherein,

the heater is formed from a TiAIX alloy where Ti contributes more than 40% by
weight, Al contributes more than 40% by weight and X contributes Iess than 5% by weight

30 and comprises zero or more of Ag, Cr, Mo, Nb, Si, Ta and W.

Titantum aluminium (TiAl) alloys exhibit superior strength, low creep and light weight;
properties which have seen these alloys widely used in the aeronautical and automotive

industries. However, the Applicant’s work has revealed that TiAl is also well suited to use



3 as a heater material in inkjet printheads. The alloy can provide surface oxide that is a uniform, thin
and dense coating of predominantly Al203, which has very low oxygen diffusivity. Accordingly, the
native (i.e. naturally forming) oxide layer passivates the heater to guard against oxidative failure while
remaining thin enough not thermally 5 insulate the heater from the ink. This preserves the low energy
ejection of drops that is necessary for large (pagewidth), high density nozzle arrays, without
compromising the operational life of the heater. Furthér improvement in oxidation resistance can be
obtained with addAhe"EshiBFESR! HonkisteR Hae e dheraliic-ts BRI4RSE H5e WRa &Nty ©f aluminium,
thereby encouragingrthe, formaiiammef AlZO3 ovhitabsippre sy, theidp rnatian ef 3102 has much
higher oxygen diffysjvity. thap Al203. sqQ suppressing.its formation relative to Al203 provides improved
oxidation resistan(%:fg.hl Iléllgbf?gﬁg&/n%éwgﬁi Sﬁlﬁbﬁ%t éasl, X/\ﬁ]\%ﬂm %)Sgefrill tes’be %gélﬁ 1.7% and 4.5%
by weight. Option&H§ierite stntidgtans rayrettraiimgorily werjhnshongishies thsorelthan 48% by weight
and X is 0% by weighk20Qtiariall theTiAtpopReRentetdeeaIohas aapmAghase stiucture.
Optionally the heater has icrostructu it rain size less than, 100 nanometres. 250ptionally
the TIALY. lloy fol e S AL HACe AL e G, Eonx L i SR g oo, Gptionally
the TIAIX alloy is depessd s of thg/keatess than 2 microns thick. Preferably the layer is less than 0.5
microns thick. 30 Optionally the heater further comprises a protective coating, the protective coating
having a total thickness less than 0.5 microns. Optionally,the protective ¢oating is a single layer of
material. OptionalE/gﬁ%rr})?1 R 64 ’l‘ﬁ%atfgl%ﬁe e A et %‘oar%&)g“é?ﬁ%%ﬂe%%e, nitride or
carbide. 10 which has been found to enhance the diffusivity of aluminium, thereby encouraging the

formation of Al,O3 whilst suppressing the formation of TiO,, TiO; has much higher
oxygen diffustvity than AJ;O4, 80 suppressing its formation relative to AL Oy provides

improved oxidation resistance.

15
Optionally X is W, or X includes W which contributes between 1.7% and 4.5% by weight.
Optionally Tt contributes more than 48% by weight, Al contributes more than 48% by
weight and X is 0% by weight.

20

Optionally the TiAl component of the heater has a gamma phase structure.
Optionally the heater has a microstructure with a grain size less than 100 nanometres.

25  Opticnally the TiAIX alloy forms an ALOs surface oxide which directly contacts the liquid

during use.

Optionally the TIAIX alloy is deposited as a layer less than 2 microns thick. Preferably the
layer is less than 0.5 microns thick.

30
Optionally the heater further comprises a protective coating, the protective coating having
a total thickness less than 0.5 microns. Optionally the protective coating is & single layer
of material. Optionally the protective coating is at least partially formed from a silicon

oxide, nitride or carbide,



4 In a second aspect the present invention provides a MEMS device for generating a bubble, the
MEMS device comprising: a chamber for holding liquid; 5a heater positioned in the chamber for
thermal contact with the liquid; wherein, the heater has a microstructure with a grain size less than
100 nanometres and configured to received an actuation signal from associated drive circuitry such
that upon 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 pufse through the liquid. 10 A grain size less than
100nm (a "nanocrystalline" microstructure) is beneficial in that it provides good material strength yet
has a high densityiof grain hguadatipsséaoimpates pa-ddnaterliyvith inuchdargeingrystalgeand a lower

density of grain bqﬁgm é\blger&%ﬁ? qu'yl;stalline structure provides higher diffusivity for the protective
scale forming 15 elements g?r and 5o§m0%é rapid formation of the scale) and a more even growth of

the scale over the heatet SipitelosbotHB PSSt ion is provided more rapidly and more effectively. The

protective scales adhere, beftepieithe.aannerystabin e stkteidr coddichEaswligui; reabigad spatting.

Further improvement in the mechanical stability and adherence of the scale is possible using additives
of reactive metal from e~ 8L ARG o1 AT bk Th s SR AL S stoment. .
The primary advarta§evstianTesdedsacielariansamshimpsnsiped i koitramoves tihtuwpeed for

additional protectiveucoalinghedbisdmpraves el Gane asthsiads 1B GReKDL vasiesdm heating the
coatings. As a resulé,ethe input enerhg%lrheé*{J ired to form a bubble Witnrgu 58’?rtic%ar impulse is
a 0 S

reduced, Iowering(%’herlté)\?é3 S residnal nea eiﬁl?h%’llbsﬁsh%l%eﬁ%}r ?H‘gs&tajorﬁy tlh uremaining heat can be
removed via e ejected drops, a mode of operation known as "self cooling”. The primary advantage of

this mode of operafigniisithat {hg.Hedemns.rakisliaalion cardustie.roN NG 80 AR aalsink is not
required and the nozzle density and firing rate onslté inés impoqsed, by conductive cooling are

removed, allowing?30iHET 84¥E AT YELHiSh 4hd G&Séﬁéi&%f&t?c%%mﬁﬁﬁ?ﬁ-e‘&a%%d&ﬁa cost. 5

material with much larger crystals and a lower density of grain boundaries, the
nanocrystailine structure provides higher diffusivity for the protective scale forming

15 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 rapidiy and more
effectively. The protective scales adhere betier fo the nanocrystalline structure, which
results in reduced spalling. Further improvement in the mechanical stability and adherence
of the scale is possible using additives of reactive mcial from the group consisiing of

20 yubrium, lenthanom awd other rare canth elements,

The primary advantage of an oxide scale that passivates the heater is it removes the need
for additional protective coatings. This improves efficiency as there is no energy wasted in
heating the coatings. As aresult, the input energy required to form a bubble with a

25 particular impulse is reduced, lowering the leve! of residual heat in the printhead. The
majority of the remaining heat can be removed via the sjected drops, a mode of operation
known as “seif 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 are removed, allowing

30  increased print resolution and speed and reduced printhead size and cost.

Optionally, the chamber has a nozzle opening such that the pressure pulse ejects a drop of

the liquid through the nozzle opening.



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. 50ptionally the heater is deposited by a super alloy deposited by a sputtering process.
‘Optionally the heater element deposited as a layer of the superalloy less than 2 microns thick. 10
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 SPERRHE & ey Akt A8y By wgrorsvedhtismaiy dHadigsétalloy has a Nb
and/or Ta content safiailingibedviesn. 2ARRvioweigh tant8:080 biepleight Qptiemiallidthe superalloy
has a Ti content of. Q.1% ight and 5.0% by weight Optionally the superalloy has up to
5% by weight of regé%%év\@éﬁra%%l Fonr%%ge% &?r%g%éting of yttrium, lanthanum and other rare earth elements
Optionally the superalloy has a Fe content of up to 60% by weight. Optionally the superalloy has a Ni
content of betweenAbYaiRymyaight andpeeitédty weaightiOpiiensiya theaspaesalloyhes.a Co content of
between 35% by weight and 65% by weight. 30 Optionally the superalloy is MCrAIX, 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 contfimtitirdhnierecarisloaes i ddessichantdorbyl feiyherdisy hecbatrbimiless than
25% by weight, witlxo¢ 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. 6 Optionally 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, RuiioTilIT the sl h#ra Br @niSit etper £% 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 2 Mo content of between 1% by weight and 17.0% by weight

15
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.
20 '
Optionally the superalioy has up t0 %6 by weight of resctive metal from the group
consisting of yurium, lanthemmm and other rare earth cloreents
Optionally the superalloy has a Fe content of up to 60% by weight.
25

Optiocnally 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.

30 Optionally the superalloy is MCrA1X, where M is one or more 0f 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 iess than 8% by weight, and X coniributing less than 25%
by weight, with X consisting of zero or more other elements, preferably including but not
Iimited to Mo, Re, Ru, Ty, Ta, V, W, Nb, Zr, B, C, S, Y, Hf.



5 Optionally the superalloy is selected from: INCONELTM Alloy 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; 10 INCOLOYTM Alloy 330, Alloy 800, Alloy 800H, Alloy
800HT, Alloy MA956, Alloy A286, or Alloy DS; NIMONICTm Alloy 75, Alloy 80A, or Alloy 90;
BR1GHTRAY(r) Alloy B. Alloy C, Alloy F, Alloy S, or Alloy 35; or, FERRY(r) Alloy or Therrno-Span(r)
Alloy 15 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 schematig4rpss-spetibioatyigw kgt @h, an dnk chageherwattisetdiiteelokiaia@pfinthead
with a suspended heater, clement.at,a parichlar S0 AWNG 15 ARETRIVErEHelerEigrp,2)s
schematic cross-sectional view trhroug the ink chamber igure 1, at anothér stage of operation.
25Figure 3 is a scHenriBit#r PoSsSettidritl view through the ink chamber Figure 1, at yet another stage
of operation. Kgure 4 is a schematic cross-sectional view through the ink chamber Figure 1, at yet a
further stage of op r?gz?a'?l' ?ﬁelsz}%gggﬁ; iss%tedci?:gfrgrpnmatic cross-sectional view through a unit cell of a
printhead in accor a8 with an embodiment of e invention showing the collapse of a vapor bubble.
INCONEL™ Alloy 600, Alloy 601, Alloy 617, Alloy 625, Allay 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;
10 INCOLOY™ Alloy 330, Alloy 800, Alloy 800H, Alloy 800HT, Alloy MAS56, Alloy A-
286, or Alloy DS;
NIMONIC™ Alloy 75, Alloy 80A, or Alloy 90;
BRIGHTRAY® Alloy B, Alloy C, Alloy F, Alloy S, or Alloy 35; or,
FERRY® Alloy or Thermo-Span® Alloy
15
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

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

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

stage of operation.

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

another stage of operation.

Figure 4 is a schematic cross-sectional view through the ink chamber Figure 1, at yeta
further stage of operation.

30
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.



7 Figure 6 is a schematic cross-sectional view through an ink chamber of a unit cell of a printhead with
a floor bonded heater element, at a particular stage during its operative cycle. 5Figure 7 is a schematic
cross-sectional view through the ink chamber of Figure 6, at another stage of operation. Figure 8 is a
schematic cross-sectional view through an ink chamber of a unit cell of a printhead with a roof bonded
heater element, at a particular stage during its operative 10cycle. Figure 9 is a schematic
cross-sectional view through the ink chamber of Figur€ 8, at another stage of operation; 15Figures 10,
12, 14, 15, 17, 18 Figyro8isimchematig copgs-gstigngperdbregh sennshtiebserspastivel\abivs of a unit cell
of a printhead in aggatdancenitive busieneee bieatat, ambadicarnteidbe-inentiemiat various
successive stagescilglghhe production process of the printhead; 20Figures 11, 13, 16, 19, 21, 24, 26, 28,
31, 33 and 35 are gach 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; Figures 37

and 38 are a schematic SRGHRAMIEN G0d-RRIGREGCHYR WRwLHasPRGivebef & 2opartally complete

second embodimer}lt femt% ig\éﬁr}]tgr)g 0\rllvherein the passivation layer has been deposited on the CMOS;
Figures 39, 40 and'1'are’a peréjpecitlv'e, mask and section view respectively showing the etch through
the passivation layer to the top layer of the CMOS of the second embodiment; 30 Figures 42 and 43

are a perspective apd:sQGliQRNigIME kosRastivaly showina:the depesitine: of theibeatsr material of the
second embodiment; . . o .
printhead with a roof bonded heater element, at a parficular stage during its operative

10 cycle.

Figure 9 is a schematic cross-sectional view through the ink chamber of Figare 8, at

another stage of operation;

15 Figures 10, 12, 14, 15,17, 1§, 20, 23, 25, 27, 28, 30, 32, 34 and 36 are schematic
perspective views of a unit celi of a printhead in accordance with a suspended heater
embodiment of the invention, at various successive stages in the production process of the

printhead;

20 Figures 11, 13, 16, 19,21, 24, 26, 28, 31, 33 and 35 are cach 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;

Figures 37 and 38 are a schematic section view and perspective view respectively of a
25  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

etch through the passivation layer to the top layer of the CMOS of the second embodiment;
30

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

of the heater material of the second embodiment;



8 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 5deposition of a photoresist layer and subsequent
etch for the dielectric etch of the front ink hole; Figures 50 and 51 are a perspective and section view
respectively showing the dielectric etch into the wafer for the front ink hole; 10 Figures 52 and 53 are a
perspective and section view respectively showing thegdeposi'tion_of a new photoresist layer;

Figures 54, 55 and5@r o patd JE AR RPHIRGH Hin O1E A8 AR YE§TSRvEL ERbATIigG the 15patterning
of the photoresist ¢ayaritkiglikedHHicandnaBralefahpetspeciivecantigection view respectively showing
the deposition of the roof layer; 20 Figures 59, 60 and 61 are a perspective, mask and section view
respectively showing the etch of the nozzle rims into the roof layer; Figures 62, 63 and 64 are a
perspective, mask EHESEOHTFRAY vi8 spsraveiyes maity fretefchof inacrbzielsparsbts; 25 Figures

65 and 66 aresa peepRessiver apEseatiamyiew desnesibe icahordrgithesie prsitionefthe piotective
photoresist overc %E', Figures 67 and 68 are a perspective and section view respectively showing
the back etch of 3 Ffe wafer;

Figures 50 and 51 are a perspective and section view respectively showing the dielectric
~etch into the wafer for the front ink hole;
10
Figures 52 and 53 are a perspective and section view respectively showing the deposition

of & new photoresist layer;

Figures 54, 55 and 56 are a perspective, mask and section view respectively showing the

15 patieming of the photoresist layer;

Figures 57 and 58 are a perspective and section view respectively showing the deposition

of the roof layer;

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

etch of the nozzle rims into the roof fayer;

Figures 62, 63 and 64 are a perspective, mask and section view respectively showing the
etch of the nozzle openings;

25
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

30 the wafer;
Figare 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,



Figure 69 is a section view showing the release etch removing the remaining photoresist; 9 Figure 71
is a Weibull chart showing the reliability of a InconelTM 718 heater element with nanocrystalline
microstructure compared to a TiAIN heater. 5 DETAILED DESCRIPTION In the description that
follows, corresponding reference numerals, or corresponding prefixes of reference numerals (i.e. the
parts of the reference numerals appearing before a point mark) which are used in different figures
relate to corresponding parts. Where there 10are corr@sponding prefixes and differing suffixes to the
reference numerals, these indicate different specific embodiments of corresponding parts. Overview of

the invention and ggagral discussignairopekationeyifiefeienapdorFiguresd: Wedethemnit cell 1 of a
printhead accordirglqlto ans?arﬁlbodime t of the invenctli _Onaclogm&rh%% a nozzle plate 2 with nozzles 3

. 110C ¢ MICEOSHUCIUre Compare T,
therein, the nozzles having nozzle rims 4, and appertures extencﬁng through the nozzle plate. The

nozzle plate 2 is plasma etched from a silicon nitride structure which is deposited, by way of chemical
vapor deposition (M over@smerdicial material which is subsequently etched. 20 The printhead
also includes, with respect to each nozzle 3, side walls 6 on which the nozzle plate is supported, a
chamber 7 defined by the walls and the nozzle plate 2, a multi-layer substrate 8 and an inlet passage 9
extending throughteHke drsitipéipe thatfsdirasector tirofdngiéenst showaly.of thesspistingte. A looped,

elongate heater elgmggt JQdasHanandedwithinthe 25 ehambiercl SR dhatd4hrsiementds in the form of

a suspended beam. . The ?n helaq ass 0\\% is a microelectromechanical sla/stem EMEMS) structure,
which is formed b &"ifh 3’&%&%%‘3@ & AP S A R TS R B R PR S oW &R the printhead
is in use, ink 10 frermcarresendoig indbshawd)Bntersifhisce hatinbefeenia 80tTelindes padsage 9, so that

the chamber fills tq;Hac.level a8 ShaWRIBRIGHG L bRGRS AR, the beater element 10 is heated for
somewhat less than | microsecond (us), so that the heating is in the form of a thermal pulse. It will be

appreciated that the heater clement 10 is in thermal contact with the ink 11 in the chamber 7 so that

when the element is heated,
Overview of the invention and general discussion of operation

15 With reference to Figures 1 to 4, the unit cell 1 of a printhead according to an embodiment
of the invention comprises a nozzle plate 2 with nozzles 3 therein, the nozzles having
nozzle rims 4, and apertures 5 extending through the nozzle plate. The nozzle plate 2 is
plasma etched from a silicon nitride structure which is deposited, by way of chemical
vapor deposition (CVD), over a sacrificial material which is subsequently etched.

20
The printhead also includes, with respect to each nozzle 3, side walls 6 on which the nozzle
plate is supported, a chamber 7 defined by the walls and the nozzle plate 2, a multi-layer
substrate § and an inlet passage 9 extending through the multi-layer substrate to the far side
(not shown) of the substrate. A looped, elongate heater element 10 is suspended within the

25 chamber 7, so that the ¢lement is in the form of a suspended beam. The printhead as
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
30 the inlet passage 9, so that the chamber fills to the level as shown in Figure 1. Thereafter,

the heater element 10 is heated for somewhat less than 1 microsccond (ps), so that the

heating is in the form of a thermal pulse. [t 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,



10 this causes the generation of vapor bubbles 12 in the ink. Accordingly, the ink 11 constitutes a
bubble forming liquid. Figure 1 shows the formation of a bubble 12 approximately 1 us 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 5form of a pulse, all the energy necessary to generate
the bubble 12 is to be supplied within that short time. Turning briefly to Figure 35, there is shown a
mask 13 for forming a heater 14 (as shown in Figure 34) of the printhead (which heater includes the
element 10 referrdti162a156 ) sAOEIAR G A MY PRIHIL PR doelsl; dAvesdiealeddkndre detail below. As

the mask 13 is useghta:iaxa thebheateinkdigihe shapes abseveralahilsspadswsiaspond to the shape

of the element 10. Thex%%% g 3 gha re%foere ‘8?1/'%@!?(& lélsn?if-" £E£e{ﬁr,g%ew whi hultagl'qlent'f?/ various parts

of the heater 14. ThE heater-14as eleéctrodes c_orrespd)nc_ilrig {othe parts 'e5|ger)3%é%it15.34 of the
mask 13 and a hesiteleasté niche hercortespontindt wilihe parisidedignatedha begdspapfaha ivask. In

- operation, voltagefisriapplipglaCines iRrejariiases & 2thease susrant 1, flovs thresahshg.element 10.

The electrodes 1511?3§%hm#(:h§hi0ker than the element 10 so that most of the electrical resistance is
provided by the elemént, 'Fﬁ’u's, nearly all of the power consumed in operating the heater 14 is

dissipated via the element 10, in creating the thermal pulse referred to above. 20 When the element 10

is heated as dtiscri*aﬁ@hglagyﬁy I&}ﬁ@ybbfd}&éwmw?ﬁgﬂgeﬂEtlr}qmlf;iﬁgfa@l&k@mgms mjﬁ"p??r?le | t
appearing, in the cross-sectional view.o re 1, as four bubble portions, one for each of the elemen
portions shown in18%%%%&&’?@(’2%%%3&%%@ %‘“z”t‘%h‘@i“&%sn PR 404655 1R eP8%Ye in pressure
within the chafhbetuRipgvhichograpnn wacses tdesajbotiomofaddralbd6vof Maehinkatl throwgh the nozzle 3.
The rim 4 assists in,diseeting.ia FHomifas Lis SieeiRGR0 A3IGMINIMIZSIR SharseRlgrop

misdirection. 30The reason that there is only one nozzle 3 and chamber 7 per inlet passage 9 is so

that the pressure WavE'g RS A THARPIRE IR A6 TR HSS iR g BIetHE WRIATRE NI Y orming of a
bubble 12, does not taffectadiacent lchamiddrs aladtheirl éemesponidimgonbe giess dbdgwaser, it is possible

to feed ink to seveyak ghamhers via a SiNQIG IR RASRAGE A5 JONGLAS RLSRY L RUIRE Jiffusing

structures are positioned between chambers. The embodiment shown in 11 Figures 37 to 70
incorporates {ReséSttiBttitedTOPIHEBLIBESE Sravdetacy tyBesaoBat e capraplaRvel.

flow through the element 10. The electrodes 15 are much thicker than the clement 10 so
that most of the electrical resistance is provided by the element. Thus, nearly all of the
power consumed in operating the heater 14 is dissipated via the clement 10, in creating the
thermal pulse referred o above.

20
When the element 10 is heated as described above, the bubble 12 forms along the length of
the element, this bubble appearing, in the cross-sectional view of Figure 1, as four bubble

portions, one for each of the element portions shown in cross section.

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

misdirection.

30 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
& bubble 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



The advantages of the heater element 10 being suspended rather than embedded in any 5 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.
Figures 2 and 3 show the unit cell 1 at two successive later stages of operation of the 10printhead. It
can be seen that the bubble 12 generates further, and hence grows, with the resultant advancement of
ink 11 through the nozzle 3. The shape of the bubble 12 as it grows, as shown in Figure 3, is
determined by a cBigisHatich BitpanpaRidh ey TSRS SIb N @ EDria 8 teheircBF N k1. The
surface tension teggsgaumiimize the surface area of the bubble 12 so that, by the time a certain
amount of liquid has evaporated, the bubble is 15essentialiy, disk-shaped. The increase in pressure
within the chamber 7 not only pushes ink 11 out through the nozzle 3, but also pushes some ink back
through the inlet pabisedyentaepichidodeattie insnipddsitse onsndphrekenibtagrboditd BEOYmicrons in

length, and is gnly;alRouikifaMiks eRsuRedBeiamaterctiensadherads Avubstantisbiongiacaand viscous
drag limiting back flow. Al\s a res%!t,.thenpa[ed%mlna ectbof thﬁF]Qress re rise in the chamber 7 is to

e
force ink out throuléef?tfﬁg HE2L18 BREER ejsélcr: aecasé)répef %n}acf ' ian rﬁaéﬁ%‘iﬁreougﬁ\%h“é@nlet passage 9.

Turning now to Figefiesercethel prirsgtheidPis shown at a still further successive stage of 25operation, 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 maximum size and has then begun to collapse
towards the point gfg(%ﬁfgp%g]i%oévst Sﬁ’&htt%% ﬁ&ﬁ%‘ﬁg%‘é‘iﬁﬁﬁﬁ?‘iﬁ?éf}?&%@ rge ?(I?Qle

€ collapSing of the bubble
12 towards thi poinindfeadl&pse it Zecatise $rsbnhelink dantatoefuithevrrideneritinytheithickele 3 (from the

sides 18 of the drop)yand.someteRerdRWnfrom e iletrassags.2. iawrrdsthe paint of collapse.

Most of the ink 11 drawn in this manner is drawn from the nozzle 3, forming an annular neck 19 at the

base of the drop 18 PHoP S REbIEERING bif 498 ieddrop 18 HRalored DeBREiH SHBTRt ¥momentum
to overcome surfade terigionifdanaes fin iokdar tthhredhcoftnAsiittkd loisioiaven tromriive mezele 3 by the

collapse of the bubblg 16,.the diameferotine nerkd AeAHGER IREREDY feduRn g R@Raunt of total
surface 5tension holding the drop, so that the momentum of the drop as it is ejected out of the
15 essentially disk-shaped. _

The increase in pressure within the chamber 7 not only pushes ink 11 out through the
nozzie 3, but also pushes some ink back through the inlet passage 9. However, the inlet
passage 9 is approximately 200 to 300 microns in length, and is only about 16 microns in
20 diameter. Hence there is a substantial inertia and viscous drag limiting back flow. Asa
result, the predominant effect of the pressure rise in the chamber 7 is to force ink out

through the nozzle 3 as an ejected drop 16, rather than back through the inlet passage 9.

Tuming now to Figure 4, the printhead is shown at a still further successive stage of

25  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
maximum size and has then begun to collapse towards the point of collapse 17, as reflected

in more detail in Figure 5.

30  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
is drawn from the nozzle 3, forming an annular neck 19 at the base of the drop 16 prior to

its breaking off.



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 the bubble 12 collapses to the point of collapse 17. It will be
noted that there are no solid 10surfaces in the vicinity of the point of collapse 17 on which the
cavitation can have an effect. Manufacturing process for suspended heater element embodiments.
15Relevant parts of the manufacturing process of a printhead according to embodiments of the
invention are now described with reference to Figures!20 to 33. Referring to Figure 10, there is shown
a cross-section through a silicon substrate portion 21, being a portion of a MemjetTM printhead, at an

intermediate stagerip thepnrodyation 29piwesassdhgrachddisfigutercalaiestadhat partian:of the

printhead corresponding to a unit.cell 1. The description of the ufacturing process that follows will
be in relation to a tnit %‘%ﬁofr%#fﬁtépud)fﬁq it }\5V|I ge‘%%ﬁé%%%%ntﬁéﬁggyp%ggg?gvsi f%%eeﬁg%%}%d toa
multitude of adjacéat hnitisatisrof hhrdsithe Rdvete hrinthieaiiaedmposed o BIRGUFEE0 represents the

next successive stepsigiing hadanpuiaciuringriecess aftes thg somplgtian ofa standard CMOS
fabrication process, including the fab{icat'on of Cl\ﬂ%i %{tive transistors (not shown) in the region 22 in
ar

the substrate porti?)?l 1540 't fatd %B%flgndlgp 400 CMOS interconnect layers 23 and passivation

layer 24. Wiring indicated by the dashed lines 25 electrically interconnects the transistors and other

drive 30circuitry (4$R-Rat.ShQR)-ARsthe BRAIRLE BRRRILCANRINORIIRI0hENRZAIe 2013 be formed,
through the substrate portion 21 to the region cotnt 1ining the Wililrg%ZS, and corrodin% the CMOS

circuitry disposed fethPPEgiofodBSGAaBars T of FaMrdY sthiE! SR HEEL RSO 52 e CMOS
fabrication pré¢esswinsisistefvatiohing &Spontiofcofdhe Passivatiothdayer@ditoafdrametre passivation
recesses 29. Figurgy12 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.

Manufacturing process for suspended heater element embodiments,

15 Relevamt parts of the manufacturing process of 2 printhead according to embodiments of

the invention are now described with reference to Figures 10 to 33.

Referring to Figure 10, there is shown a cross-section through a silicon substrate portion
21, being a portion of @ Memjet™ printhead, at an intermediate stage in the production

20 process thereof This figure relates to that portion of the printhead corresponding to a unit
cell 1. The description of the manunfacturing process that follows will be in relation to a
unit cell 1, although it will be appreciated that the process will be applied to a multitude of

adjacent unit cells of which the whole printhead is composed.

25 Figure 10 represents the next successive step, during the manufacturing process, after the
completion of a standard CMOS fabrication process, including the fabrication of CMOS
drive transistors (not shown) in the region 22 in the substrate portion 21, and the
completion of standard CMOS interconnect layers 23 and passivation layer 24. Wiring
indicated by the dashed lines 25 electrically interconnects the transistors and other drive

30 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 nozzie of the unit cell 1 will



10 Figure 14 shows the stage of production after the etching of a hole 31 in the substrate portion 21 at
a position where the nozzle 3 is to be formed. Later in the production process, a further hole (indicated
by the dashed line 32) will be etched from the other side (not shown) of the substrate portion 21 to join
up with the hole 31, to complete the inlet 15passage to the chamber. Thus, the hole 32 will not have to
be etched all the way from the other side of the substrate portion 21 to the level of the interconnect
layers 23. If, instead, the hole 32 were to be etched allihe way to the interconnect layers 23, then to
avoid the hole 32 befatretchee st tbstastpelfitie trarkisrsien poriuniag tbh aangre lsfe 32 20 would

have to be etched3gyaaterdisacarawaydipiethatre sigoseamiedeave a suitable margin (indicated
by the arrow 34) for etching inaccuracies. But the etching of the hole 31 from the top of the substrate

portion 21, and the resultant shortened depth of the hole 32, means that a lesser margin 34 need be
left, and that a subdtafitialipdsighesthsackiplgtive nsie 61O FesearmthusbewashievédcPBeRigure 15

shows the stage of preduetirpalissrRdeyemictoniRialk lAvardnokaaacsdicial resist has been
deposited on the layer 24. This layer 35 fills the hole 31 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 18)dedd?rhresdssas:36f andwisiot BT BOTHigprdidedefortimstfopmaiibioof contacts

for the electrodes 4,0Lip.AAARY SifMBAIY RE fumAdHaeHn e RIGEUCION AGRRB.T e slot 37

will provide, later in the process, for the formation of the nozzle walls 6 that will define part of the
chamber?. 14 Fighife"¥ RhiRetHa S RdRe BFY5fSHuction after the deposition, on the layer 35, of a 0.5
micron thick l&yer 38 of heater material, which, in the present embodiment, is of titanium aluminium

nitride. 5Figure 1%@9@&%‘8&&%‘%@%&6 HelGinAllRE RRURIHSANG etohinag O ihig-heater layer 38 to

form the heater 14, including the heater element 10 and electrodes 15.,Fig§yre 20 shows the stage of
production after aRSthet SatiRasiiPadlererseiabst befrersh titk hie Hediritided.
process, 4 further hole (indicated by the dashed line 32) will be etched from the other side

(not shown) of the substrate portion 21 to join up with the hole 31, to complete the inlet
15 pagsage tothe chamber. Thus, the hole 32 will net have to be etched all the way from the

other side of the substrate portion 21 to the level of the interconnect layers 23.

if, instead, the hole 32 were to be etched all the way to the interconnect layers 23, then to
avoid the hole 32 being etched so as to destroy the transistors in the region 22, the hole 32

20 would have to be etched a greater distance away from that region so as to leave a suitable
margin (indicated by the arrow 34) for etching inaccuracies. But the etching of the hole 31
from the top of the substrate porticn 21, and the resultant shortened depth of the hole 32,
means that a lesser margin 34 need be left, and that a substantially higher packing density
of nozzles can thus be achieved.

25
Figure 15 shows the stage of production after a four micron thick layer 35 of a sacrificial
resist has been deposited on the layer 24. This layer 35 fills the hole 31 and now forms
part of the structure of the printhead. The resist fayer 35 is then exposed with certain
patterns (as represented by the mask shown in Figure 16) to form recesses 36 and a slot 37.

30 This provides for the formation of contacts for the electrodes 15 of the heater element fo 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.



10 Figure 22 shows the stage of production after a second layer 40 of heater material has been
deposited. In a preferred embodiment, this layer 40, like the first heater layer 38, is of 0.5 micron thick
titanium aluminium nitride. 15Figure 23 then shows this second layer 40 of heater material after it has
been etched to form the pattern as shown, indicated by reference numeral 41. In this illustration, this
patterned layer does not include a heater layer element 10, and in this sense has no heater

functionality. However, this layer of heater material dokb assist in reducing the resistance of the
electrodes 15 of tHegeatersthestageipf oppdrationafesedmygyiin.coribeited By the®0electrodes

which allows greaigi-enerek GROsHRPHNPMeBRS theraforagraalal: efisstivenessoelihpheater
elements 10. In the dual heater,embodiment illustrated in Figure 42, the corresponding layer 40 does

contain a heater 1%?&?8{% Iﬁglg(hows the stage of production after a third layer 42, of sacrificial resist,
has been 25deposited. The uppermost level of this layer will constitute the inner surface of the nozzle

plate 2 to be farmedglaters isimalspdieinarexiant ofdhs:slesicnRreritig Ratthghazzle. The
height of this layer 42 must pe su{[{cje%#}(ﬁgllog for the formation of a hubble 12 in the region

designated 43 durfidCEPEFAEIED S5 A ER WSS SSRESERYer 42 determines the mass

of ink that the bubble must move in order to eject a 30droplet. In light of this, the printhead structure of

the present inventigpis siesignedisieh m&&m&maﬁ&%%a%&%mw;Q&A@ﬁgélt@gt,@@o%ﬁcﬂOn aperture

than in prior art printheads. The mass of ink moved by the bubble is reduced. The generation of a
bubble sufficient fSPHEE &b BithE¥sired droplet will require less energy, thereby improving
efficiency. 13®&igure 27 shows the stage of production after the roof layer 44 has been deposited, that

s, the layer which il cansityte dhe.ozle. pale 2. Hiplad of belbadormed arm AR, jeton thick

polyimide film, the nozzle plate 2 is formed of silicon nitride, just'2 microns thick. 5 Figure 28 shows
the stage of produttrsiiafertherekerieablipshiabidesoiP (ke brshicsh Aivids fsrhiny the layer
44, has been parthyetchedcatitheypositisnicesignated 45, so as to form the outside part of the nozzle
rim 4, this outside part being designated 4.1 ' '
15 Figure 23 then shows this second layer 40 of heater material afier it has been etched to
form the pattern as shown, indicated by reference numeral 41, In this illustration, this
patterned layer does not include a heater layer element 10, and in this sense has no heater
functionality. However, this layer of heater material does assist in reducing the resistance
of the electrodes 15 of the heater 14 so that, in operation, less energy is consumed by the
20 clectrodes which allows greaier energy consumption by, and therefore greater effectivencss
of, the heater clements 10. In the dual heater embodiment Hlustrated in Figure 42, the

corresponding layer 40 does contain a heater 14,

Figure 25 shows the stage of production after a third layer 42, of sacrificial resist, has been
25 deposited. The uppermost level of this layer will constitute the inner surface Of the nozzie
plate 2 to be formed later. This is also the inner extent of the gjection aperture 5 of the
nozzie. The height of this layer 42 must be sufficient to allow for the formation of a
bubble 12 in the region designated 43 during operation of the printhead. However, the
height of layer 42 determines the mass of ink that the bubble must move in order to ¢ject a
30 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 aperture 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.



10Figure 30 shows the stage of production after the CVD of silicon nitride has been etched all the way
through at 46, to complete the formation of the nozzle rim 4 and to form the ejection aperture 5, and
after the CVD silicon nitride has been removed at the position designated 47 where it is not required.
15Figure 32 shows the stage of production after a protective layer 48 of resist has been applied. After
this stage, the substrate portion 21 is then ground from its other side (not shown) to reduce the

substrate portion from its nominal thickness of about 880 microns to about 200 microns, and then, as
foreshadowed abd\gured efbvthBhittec3s Podechena s ke sachddaota e pensigessithéttienieets the hole

31. 20 Then, the sagrificlalirsistntarcholibe repishlayennshd3o it antda dsHanpoved using
oxygen plasma, to form thekstr&lctureqi own lj|]nz|;]|ec;|ﬁt)éira 6%4 ¥vith aﬂgsihﬁ@co%nd npzzle glate 2 which

together define thé SHBa B B S F e e KR o3 I ST b g R B i TR iy ™it will be

noted that this alséhs&rves to remove the resist filling the hole 31 so that 25 this hole, together with the
hole 32 (not skown in Figure 34), define a passage extending from the lower 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. Figuré=§ %%8&?@ f%%eﬁﬁ?ﬁ?ﬁggﬁ%f%ﬁoﬂw ‘ﬁ&g%é‘edﬁﬁ‘f’gvgﬁd %‘?8%‘8&(9@%0 emoved to
clearly 30illustratestheweittidalfyr siag ed arraddgemnaet pbthechbater blemmeiits dBigmddHs etectrodes 15.
Bonded Heater Elgment. & mbosimepis &%&m%@ﬁmh@gim%ﬂ@;&ﬂ%&&g&g@&@&%ts are bonded to

the internal walls of the chamber. 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@edilitg:thétatficiericyeithépmnakelesefthabitiy Dolsiiger igelfdaohng! cThetrefore, in

sembodiments whers, heheateisendedinisoled surfasssIinhR AhAMRET, jisjecessary to take

steps to thermally isolate the heater from the substrate. = One way of improving the thermal isolation
between the heat&ieaHR RETREH AR TETS HiRY R Histamir drte bRt remeriiat BswrstiSfoperties than

silicon dioxide, whiekidsatbil Giraditionadhragseelithermal 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
thermal product; (%_Ck). The energy lost into a solid underlayer in contact with the beater is proportional
to the thermalprodigot sk ndiEriapecTaRIRaIon &R WM HialpI5e 48 of resist has been
applied. After this stage, the substrate portion 21 is then ground from its other side {(not
shown) to reduce the substrate portion from its nominal thickness of about 800 microns to
about 200 microns, and then, as foreshadowed above, 10 eich the hole 32, The hole 32 is
etched to a depth such that it meets the hole 31,
20
Then, the sacrificial resist of cach of the resist layers 35, 39, 42 and 48, is removed using
oxygen plasma, to form the structure shown in Figure 34, with walls 6 and nozzle plate 2
which together define the chamber 7 (part of the walls and nozzle plate being shown cut-
away). [t will be noted that this also serves to remove the resist filling the hole 31 so that
25  this hole, together with the hole 32 (n0t shown in Figure 34), define a passage extending

from the lower 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
30 illustrate the vertically stacked arrangement of the heater elements 10 and the electrodes

15

Bonded Heater Element Embodiments



derived by considering the length scale for thermal diffusion and the thermal energy 15absorbed over
that length scale. Given that proportionality, it can be seen that a thermal barrier layer with reduced
density and thermal conductivity will absorb less energy from the heater. This aspect of the invention
focuses on the use of materials with reduced density and thermal conductivity as thermal barrier layers
inserted underneath the heater layer, replacing the traditional silicon dioxide layer. In particular, this

aspect of the 20invention focuses on the use of low-kidielectrics as thermal barriers Low-k dielectrics
have recently beefydetcahetiangterthn dtater dmentcarst wogpélodbzsteheaiitetffatcddoheuit

technology. Whengserlagandniat-tatakdigiaciizntie ieuced onsiy-anthin.s0mR6ases porosity of
the low-k dielectrics helg reduce the 25diel inter-metal_dielectric, the capacitance

X  the, c}acari constalpt of thg ,
between metal lindS AR B BE 81X BRRRESthte GPatsl CTPEGRAIHCHRR edPpubeta AR pplication,
an undesirable corseepbnctiofitheaidbivned dieldetriasdensityeis ssbopdhegmAhosfiduativity, which limits

heat flow fromsthe.ghips#tae.thermakbasrignarRlicatan savdharmal epndustivity s ideal, as it limits

the energy absorbed from the heater. 30 Two exampbes of low-k dielectrics suitable for application as

thermal barriers aPSASBIEA RFSEMAIS BIERRHIHREHOTIELR F NbUS e EEralT™, both of which are
CVD deposited SiOCH films. These films have lower density than SiO2 (-1340kgm-3 vs -2200kgm-3)

and lower thermal condisiiiy, (B AMMAKh B4 DR L TR RLAIGCIS for these
materials are thus around 600Jm-2K-1s4/2, compared to 1495 Jm' 2K-1s-1/2 for Si02 i.e. a 60%

reduction in therm&I BrOHEEH Eaite ta H SRBIT HiaRerS) B dUPEdBYreplidiiythe
Si02underlay#rs witliithesiéy matahialsaihadel sapsiRigsedudtioy S 415 thedBetadedhfeaartption can be used

to show that -35%,01 i1, SNGIGYIAVIEEHIADUTIERIRARNLIE 595! B hsimaldfusion into the

underlayer when SiOZunderlayers are used. The benefit of the replacement is’therefore 60% of 35%
i.e. a 21% reductidfridatrdution ehergyheTHid Bydpraitih asobd spdcmfrieBictHataBplicant by
comparing the enexgir BguiiesitaNuctBaiBeabilacOsr the underlayer, a relationship which may be

derived by considering the 1ength scale for thermal diffusion and the thermal energy

15" absorbed over that length scale. Given that proportionality, it can be seen that a thermal
barrier layer with reduced density and thermal conductivity will absorb less energy from
the heater. This aspect of the invention focuses on the use of materials with reduced |
density and thermal conductivity as thermal barrier layers inserted underneath the heater
layer, replacing the traditional silicon dioxide layer. In particular, this aspect of the

20 invention focuses on the use of low-k dielectrics as thermal barriers

Low-k dielectrics have recently been used as the inter-metal dielectric of copper
damascene integrated circuit technology. When used as an inter-metal dielectric, the
reduced density and in some cases porosity of the low-k dielectrics help reduce the

25 dielectric constant of the inter-metal dielectric, the capacitance between metal lines and the
RC delay of the integrated circoit. In the copper damascene application, an undesirable
consequence of the reduced dielectric density is poor thermal conductivity, which limits
heat flow from the chip. In the thermal barrier application, low thermal conductivity is
ideal, as it limits the energy absorbed from the heater,

30

Two examples of low-k dielectrics suitable for application as thermal barriers are
Applied Material’s Black Diamond™ and Novellus® Coral™, both of which are CVD
deposited SIOCH films. These filns have lower density than Si0, (~1340kgm™ vs
~2200kgm™) and lower thermal conductivity (~0.4Wm K ' vs ~1.46Wm'K™). The



1. heaters deposited directly onto Si02 and 102. heaters deposited directly onto Black DiarnondTM.
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 water as a test fluid. The
open pool boiling was run for over 1 billion actuations, without any shift in nucleation energy or
degradation of the bubble, indicating the underlayer is 15 thermally stable up to the superheat limit of
the water i.e. -100C. Indeed, such layers can be therrhally stable up to 550C, as described in work
related to the use Getagactilvis fas DsediFEsBh e RSSOy KCal ararparite P8bEHies of
Arr]norﬁhous Shilicoﬁﬁ?sx%ﬁér-ts’fdﬁ Rep@@%eégwiB’xEQMaDniwﬁﬁo@@tamlé)Bwlgy@Eﬁérr}aesjéﬂmeﬂ&'miourrr]lal of |
The Electrochemical Society, 151 (20 Chiu-Chili Chiang et. al). 20 Further reductjon in therma
conductviy. thermaEHBEL AL S e e T e AT S Er B TS R o e by
introducing porositiciPwetivé Gietciotiin, cas rasddde shelathy Tfikd hTechoksyited twcleith their
ORIONTM 2.25porpwipisp@Gdst Bl WRich ek RifeIRiMnad 144 Qkgrid anahssmakeraductivity of

---0.16WMIK4 (see, 1ST 2000 30043, 25"Final report on thermal moo\{min ", from the 1ST project "Ultra
ow K Dielectrics £ AL RHEEHBEN b GO EL L Sbhah S ST St o
-334IM2K'1s-1/2, ¢hisgyn dtiesibbnwbiies dbsorim 189¢1Ibs § e hepjyath n cgidlna tiemanger, resulting in a
78*35% = 27% redugtion inthef0LHayyiegnired to nucleate a bubble. It is possible however that the
introduction of porosity may compromise the moisture resistance of the material, which 30 would
compromise the thermal prop&faEs SRMESTAEFhaLy t?'@?riﬁgl product of 1579 Jul 21C1s-1/2, close to
that of Si02. Almoisture bafriehaauididpesintdailacbdhetRlesnthexhe®er and the thermal barrier, but the

heat absorption in-#Qis JayeryoudJikely.degrads: avaial HiGIRNC Y It PIeleis emRodiment the

thermal barrier is directly in contact with the underside of the heater. If it is not in direct Contact, the
thermal barrier lay8f18rEfrENN AapERGROEARTEN BiagPrd R thRe s P e Bs R have little
effect otherwise (thatte agihesciliel forhbeptitfoidiomiip sheruith tine sdalidoohihatheatirigq@ulse in e.g.

Si02 is -Lpm). SAN, GRS L e IW ARG IEIAL AN HMIRULLRRGRGIOSIY is to Use

the spin-on dielectrics, such as Dow Corhing's >ILKIm, which has a thermal conductivity of
0.18WMIK4. the dprrvafmabl saedhssmerhsaideng ofstr Vet s Wil thdidsrd MeRditiatihay
compromise moistyy e¢éesiftantts §lkdshas tharmaibstahibitivR]ted BOGe (e printhcancern
regarding the spin-on dielectrics is that they generally have 10large coefficients of thermal expansion
(CTEs) Indeed. 1t SEHE Ao T PR e e, Sy o

Current Multilevel RixéshheEEFEEh Ao gk o0 A Nderas AnthBedfehdhe ByeqEkagmicrDhba,

Fujitsu magazine, ¥Rlumes382bopanarmd-Shtcinngxanmple, has a CTE of -70ppm.KIl. This is likely to
be much larg 5than the CTE of the overlying heater material, so large stresses and 15delamination

are likely to result from heating to the -300C superheat limit of water based ink. SIOCH films, on the
other hand, have & rebgardistipton (BTRIsoontigp . KLErwhietedpctradApptnesgit saepibies, matches the

CTE of the TIAIN hegiermaisrirppwiglamirationebihanestsnasahseuadi iha.dpplicant's open
pool testing after Ir?cjrlllslz rj} gfggll%echnoiogies, Inc. with their ORION™ 2.2 porous SiOCH film, which has
a density of ~1040kgm™ and therrnal conductivity of ~0. 16Wm 'K (see IST 2000 30043,
25  “Final report on thermal modeting”, from the IST project “Ultra Low K Dielectrics For
Damascene Copper Interconnect Schemes™), With a thermal product of ~334Im K s,
this material would absorb 78% less energy than a Si0O, underlayer, resulting in a 78%35%
= 27% reduction in the energy required to nucleate a bubble. Tt is possible however that
the introduction of porosily may compromise the moisture resistance of the material, which
30 would compromise the thermal properties, since water has a thermal product of 1579 Jmy’
K 2, close to that of 510;. A moisture barrier could be infroduced between the heater
and the thermal barrier, but the heat absorption in this tayer would likelv degrade overall
efficiency: in the preferred embodiment the thermal barrier is directly in contact with the

underside of the heater. If it is not in direct contact, the thermal barrier layer is preferably



nucleations. Since the heater materials used in the inkjet application are likely to have 20 CTEs around
-10ppm.K.'1, the CVD depasited films are preferred over the spin-on films. One final point of
interest relating to this application relates to the lateral definition of the thermal barrier. In US
5,861,902 the thermal barrier layer is modified after deposition so that a region of low thermal
diffusivity exists immediately underneath the 25heater, while further out a region of high thermal
diffusivity exists. The arrangement is designed to resol¥e two conflicting requirements: 1. that the
heater be thermallyiswratdnfiom aiey Stissthatecatsrisgerces the 8ergyiof efesctiohcanie (the 2. that

the printhead chipjbg.gaeledihwihenmal sondiction oMt thadepniacent 3RthechipsBysch an

arrangement is unnecessary in the Applicant's nozzles, which are designed to be self cooling, in the
sense that the onlj/”]%%?t removal required by the chip is the heat 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 afthe gieCiaRlesligiid J% A dens AN lEMAF MEm.ANRLpLafthgrmal energy

that can be removed by the drop, being the enerﬁy required to heat a volume of the ejectable fluid

equivalent to the dropVBRINE Protiv fel earsh ey & Ger aieSuic Bistes thilbshitthead to the
heterogeneous boilingupdiig of 8HE Wielkabl&tuisinionthiscase]dhe stedoy statchtempétatisre of the

printhead chip Swighpg jg53 thanihe HEiRIagenRuz RoLRgRAINSRiihe. cieGiabledlvid fegardless of

nozzle density, firing rates or the presence or otherwise of a conductive heatsink. If a nozzle is self
cooling, the heat iég@r@ro@éﬁlﬂ‘fﬂ’ttr?fﬁ%“ﬁ%ﬁfﬁé@%ﬁ%é%?rﬁ%ﬂ%i%ﬁfﬁ@@jg%ﬁmﬁﬁ&@and does not
need to be transpastesctefiverear taaemdfctpamchip ((THs theddemabbantetiayag deesnll need to be
patterned to confine | jo I th eaters. This simplifies.the processing of the
device. In fact, a é\gfﬁgg?é%H@r%a Q‘ﬁ%@?ﬁf ?r}ge%e%cl% g%?\?&é%%%%%% HtI§|§[P‘fteofffclaér%Jioassivation and
the heater layer. Tﬁélw}?éiﬁﬁé%@é/% WBetcridtrondtebedak et ighved Bitsr onaRedicBonded and Floor
Bonded Heater Elemiamts3 29, paper 3. SiLK, for example, has a CTE of ~70ppm. K™, This is likely to be

much larger than the CTE of the overlying heater material, so large siresses and

15 - ‘delamination are tikely o result from heating to the ~300°C superheat limit of water based
ink. SiOCH films, on the other hand, have a reasonably low CTE of ~10ppm.K™', which in
the Applicant’s devices, maiches the CTE of the TIAIN heater material: no delamination of
the heater was observed in the Applicant’s open pool testing after 1 biflion bubble
nucleations. Since the heater materials used in the inkjet application are likely to have

20 CTEsarcund ~10ppm.K™*, the CVD deposited films are preferred over the spin-on films.

One final point of interest relating to this application relates to the lateral definition
of the thermal barrier. Tn US 5,861,902 the thermal barrier layer is modified after
deposition so that a region of low thermal diffusivity exists immediately underneath the

25 Theater, while further out a region of high thermal diffusivity exists. The arrangement is
designed to resolve two conflicting requirements:
1. that the heater be thermally isolated from the substrate to reduce the energy
of gjection and
2. that the printhead chip be cooled by thermal conduction out the rear face of
30 the chip.
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
removed by ejected droplets. Formally, ‘self cooled’ or ‘self cooling’ nozzles can be

defined to be nozzles in which the energy required to gject a drop of the cjectable liquid is



- -without an intervenin

Figures 6 to 9 schematically show two bonded heater embodiments; in Figures 6 and 7 the heater 10
is bonded to the floor of the chamber 7, and Figures 8 and 9 bonded the heater to the roof of the
chamber. These figures generally correspond with Figures | and 2 in that they show bubble 12
nucleation and the early stages of growth. In the interests of brevity, 20figures corresponding to
Figures 3 to 5 showing continued growth and drop ejection have been omitted. Referring firstly to
Figures 6 and 7, the heater element 10 is bonded to thé floor of the ink chamber 7. In this case the
heater layer 38 is depthsitde ousinamp assivitd Hhiayerparaftbei2stie wohing thtpdssivatian recesses

29 (best shown in frigueed g beloreneiching. ot hennk inlsihales.30and: 31 @ng gerasition of the
sacrificial layer SSéshot%vn inpoléiégur_est 14.aln%61€%, Th%s_rt-arra%??er]t of the manuf%c_turing sequence
prevents the heatel MAtSFATSEHER BAIRY P oditBE T HE HETRA Sols g SPETRCMISPALE the heater
layer 38 lies undenrresithf theesattificialdayeth85.aThibealicads the rogfdayer S0lopbetiegobited on the
30sacrificial layer 33y iRsteaglAftRRNSUGLRIRNIRS eaﬂ%%%&%ﬂ&%@%}%&@%@%f

embodiments. No other zgs}crificial aﬁ%rs are required if the heater element 10 is bonded to the

I .
chamber floor, wh8FBLE JTUSIAGEY HEATEERBOOMRRNES HeyWhe HepseiiEh Fhetsiquent etching
of the second sacnrfi¢ialdéns it 2abeverdestfibedwithnidfecerde toiltigudies AR t9ed6d To maintain the

efficiency of the printhead, A 10w fermal PROdUELIAVE" AR 72.CAR.Re HERRS e ORING. g Sivation

layer 24 so that it lies between the heater element 10 and the rest of the substrate 8. The thermal
product of a matePAEAEYE S5HRYRFtASRRRRIENA LR s ipR Ll ssentadsiedistgssed above and
in greater detil belewwithhiefenghie to: eeeation 3f thotveier lintesarcp Ricetluaas themmal loss into

the passivation Slaygr 24 durinadgecing uise, FawssSance sevie hegter glgment 10s

) sho .
bonded to the roof of the ink chamber?. In terms of the suspende ﬁegaeter fabrication BXFocess

described with reféfgnestosnyural efeaes6 Heredtbriayer 38 is deposited on top of the sacrificial
layer 35, so the manufacturing 10sequence is unchanged until after the heater layer 38 is patterned

~ and etched. At thakg(g/i% ﬁl}%rgno_ ﬁ%gr 44 Jgdt e{g}eg%?g’ggieg on top of the etched heater layer 38,
sacri

B . .
‘ icial layer. R1ow therma product layer 25 can be included in the roof layer
44 so that thetheater layer 38 is in contact with the low thermal product layer, thereby reducing thermal

loss into the roof SOgkaimgdhehaatirgiPulasy & bondad heater embodiments: in Figures 6 and 7 the
heater 10 is bonded to the floor of the chamber 7, and Figures 8 and 9 bonded the heater to

the reof of the chamber, These figures generally correspond with Figures 1 and 2 in that
they show bubble 12 nucleation and the early stages of growth. In the interests of brevity,

20 figures corresponding to Figures 3 to 5 showing continued growth and drop ejection have

been omitted.

Referring firsetly to Figures 6 and 7, the heater clement 10 is bonded to the floor of the ink
chamber 7. In this case the heater layer 38 is deposited on the passivation layer 24 afier

25  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 layer 35 (shown in Figures 14 and
15). This re-arrangement of the manufacturing sequence prevents the heater material 38
from being deposited in the holes 30 and 31. In this case the heater layer 38 lies
underneath the sacrificial layer 35. This allows the roof layer 50 to be deposited on the

30 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 fo
the chamber floor, whereas suspended heater embodiments need the deposition and
subsequent etching of the second sacrificial layer 42 above described with reference to

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



Bonded Heater Element Manufacturing Process 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 20 between bonded and suspended heater elements, Figures 37 to 70 show
the fabrication steps of a more detailed and complex bonded heater embodiment. In this embodiment,
the unit cell 21 has four nozzles, four heater elements and one ink inlet. This design increases the
nozzle packing density by supplying a plurality of noz2& chambers from a single ink inlet, using
elliptical nozzle opervitiges dhapisd ke drepastermiantrmdsaguehtigsthrewondoh@Bnekales. The greater

nozzle density affqidsgreaiar prind feseldionTRigres3faned 36 showdhapartiglyygemplete unit cell

1. In the interests of breyity, this description begins at the completion of the standard CMOS
fabrication on theg‘vg%?l%.yﬁg%eéﬁ%@gﬁlg%%ﬁ e&%‘ff Srséegz%gn%%%a%[ﬁ RLetaT AR ilterlayer
dielectric in 30 betwlernceTthedqspmdst inetakiayerssvdelayauts (shoaitors dottbddiseydias been

patterned to foym heater glecl adecaniasis.covered by the passivation layer 24. M4 layer is in fact
made up of three layers; a layer if TN, a layer of Al/Cu (>98% Al) and another layer of TiN which acts

as an anti-reflective coating (ARC). The ARC stops light from scattering 21 during subsequent
exposure steps. AFTgN=ARQdasavr ésibtivityctunitadd [ fo bthdet eaterrmaté ial :ikdiscuissad helow). The

passivation layer may:be a.single silisan.Aissidaiavanis.danesited XeLhe 2 dntsrGanaest lavers 23.

Optionally, the passivation layer 24 can be a silicon nitride layer between two silicon dioxide layers

| . : ! )
(referred to as an *ONBIRFRy T HsRL5tion PR s PidARmSs d sae i eHierhess on the
M4 layers 5018 preferatlyiQubchicransul ffephsdhsatidrytayeissepamtes dre 2N QStlaygsmifrom the

MEMS structures gnd i al3Q Mﬁ%%ﬁ%@%@d%‘é [ha Rk %‘é%&%%q F&Y@P@Eéﬂe'o""- 10 Figures 39

§
and 41 show the windows 54 etched into the passivation layer 24 using the mask 52 shown in Figure

40. As usual, a phiBteresaiae rgei(RorERonmy Vsl sFd pdesivatient Reyaraded thidctedl tone mask
52 - the dark areag;jntlicaterh@eenddiv light paBsesdhwoughithie maskmis expasasyanciheresist

developed in a positive dq}\l/elo ip% 13 %i)lutio lpsremoye the.expgsed photoresist. The passivation
. 55 g S5Ud T1he | Se.

layer 24 is then _eti:%é’wf{ ro(I'Jﬂglfl%2 U%Inlél %nlo%g%g etchef 8}{‘&’*8?(5%%5?&% Centura DPS (Decoupled )
Plasma Souré&) Etcher by Applied Materials). The etch needs to stop on the top, or partly into the TiN

ARC layer but not gheaingiR i A MaygtcAher hedRotoresist layer (not shown) is stripped with
02 plasma in a standard CMOS asher. 20

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 pqssible s0 as to highlight the differences

20 between bonded and suspended heater elements. Figures 37 to 70 show the fabrication

steps of a more detailed and complex bonded heater embodiment. In this embodiment, the

unit cell 21 has four nozzles, four heater elements and one ink inlet. This design increases

the nozzle packing density by supplying a plurality of nozzle chambers from a single ink

inlet, using elliptical nozzle openings, thinner heater elements and staggering the rows of

25 nozzles. The greater nozzle density affords greater print resolution.

Figures 37 and 38 show the partially complete unit ¢cell 1. In the interests of brevity, this
description begins at the completion of the standard CMOS fabrication on the wafer 8,
The CMOS interconnect layers 23 are four metal layers with interlayer dielectric in

3¢ between. The topmost metal layer, M4 laver 50 (shown in dotted line) has been patterned
to form heater electrode contacts covered by the passivation layer 24, M4 layer is in fact
made up of three layers; a layer if TiN, a layer of Al/Cu (>98% Al} and another layer of
TiN which acts as an anti-reflective coating (ARC). The ARC stops light from scattering



Figures 42 and 43 show the deposition of a 0.2 micron layer of heater material 56. Suitable heater
materials, such as TiAl, TiAIN and InconelTM 718, are discussed elsewhere in the specification. As
shown in Figures 44 and 46, the heater material layer 56 is patterned using the mask 58 shown in
Figure 45. As with the previous step, a photoresist 25layer (not shown) is exposed through the mask
58 and developed. It will be appreciated that mask 58 is a clear tone mask, in that the clear areas
indicate where the underlying material is exposed to BV light and removed with developing solution.
Then the unneceséayerubtetuanacapizshiayepsehis dtdRddhasvaredietivin guitaie thie thelees. Again, the
remaining photoregigtisiaghediihQaplasma. 30 After this, a layer photoresist 42 is again spun onto
the wafer 8 as shown in Figure 47. The dark tone mask 60 (dark areas block the UV light) shown in
Figure 48, exposes the resist which is then developed and removed to define the position of the ink
inlet 31 on the 22Tassivattom|Eyer 24, s showslicoEifjurelei®yths dgrmdwdlofitthe resist 42 at the site

of the ink inlet31 expESERNG RASSVIARIRYCME 443 PIRRAECH Ion e, BRlGCHiR Rlgh Figures S0

and 51 shows the dielectric etch through the passivation layer 24, the CMOS 5interconnect layers 23

and into the undemyH§IHEFE S BoTHIPIdS asspdarel e isiettNtD B udifP sy 2iehiasst cmos
etcher (e.g. Applield Matensls Geriitira DRSDacoupletiPlasmaSoprdeptiohenjand. eRtends about

20 microns to 30 microns.intg, the. wale! &, 1188 ARRAAIMaRLIRANN, e fontsldsinkdaigt etch is

about 25 microns deep. The accuracy of the front Side etch is important as the backside etch
(described below) Mt sk dheiehbstigphieeeihad Relibrder to establish an ink flow path to the

nozzle chamhér. After the front side etch of the ink inlet 31, the photomsist 42 is ashed away with 02

plasma (not shown resist:laver 42 is;ref y ql\3 n‘}a%rlaL iy f 1hn resist 35 is spun
onto the 15wafer gigg %ﬁ%&gégﬁgsﬁgzﬁar% %%%rﬁ%eﬂ%e icce n%lsg%??th?s Pa%% izs%égre%%ﬁ/ controlled as it

forms a scaffold foPife>Subeertichiede fdsitio i thaheHaHBd I CRthRRTI{degEpiBed below). In the

present embodimeinisithgphsteresistiayes-3omisnBymirons taitk(exorpiwhereiUMugs:the ink inlet 31

as best shown in Figuie,53), NexLing Photaresisthiaver 35 ispatiemed acserding jo (he mask 62
shown in Figure 55. The mask-Is a clear tone mask in 50'that the dark areas indicate the areas of

exposure to UY lighttine texgiasedhsisaeredpbpigresist. The passivation layer 24 is then etched

through using an oxide etcher (for example, a Centura DPS (Decoupled Plasma Source)
Etcher by Applied Materials). The etch needs to stop on the top, or partly into the TiN
ARC layer but not the underlying Ai/Cu layer. Then the photoresist layer (not shown) is
stripped with O plasma in a standard CMOS asher.

20 |

| Figures 42 and 43 show the deposition of a 0.2 micron layer of heater material 56.
Suitable heater materials, such as TiAlL TiAIN and Tnconel™ T18, are discussed elsewhere
in the specification. As shown in Figures 44 and 46, the heater material layer 56 is
pat‘témed using the mask 58 shown in Figure 45. As with the previous step, a photoresist

25 layer (not shown) is exposed through the mask 58 and developed. It will be appreciated
that mask 58 is a clear tone mask, in that the clear areas indicate where the underlying
material is exposed to UV light and removed with developing solution. Then the.
unnecessary heater material layer 56 is etched away leaving only the heaters. Again, the
remaining photoresist is ashed with O, plasma.

30
After this; a layer photoresist 42 is.again spun onto the wafer 8 as shown in Figure 47, The
dark tone mask 60 {dark areas block the UV light} shown in Figure 48, exposes the resist

which is then developed and removed to define the position of the ink inlet 31 on the



developed and removed so that the layer 35 is patterned in accordance with Figure 54. Figure 56 is a
section view of the patterned photoresist layer 35. With the photoresist 35 defining the chamber roof
and support walls, a layer of roof 25material, such as silicon nitride, is deposited onto the sacrificial
scaffolding. In the embodiment shown in Figures 57 and 58, the layer of roof material 44 is 3 microns
thick (except at the walls or column features). Figure 59, 60 and 61 show the etching of the nozzle
rims 4. A layer of photoresist (not 30 shown) spun onf#the roof layer 44 and expose under the clear
tone mask 64 (thepdsikativedeyeiretepoberity Bwyre Thaosmays ol ddgets d2achedttoobtitepth of 2

microns leaving thgy aigedinegale: i s4anhing hubhieventfeatarentidhefamaining photoresist is
then ashed away. 23 Figures 62, 63 and 64 show the nozzle aperture etch through the roof layer 44.

Again, a layer of photoresist (not shown) is spun onto the roof layer 44. It the then patterned with the
dark tone mask 6§ @leadtreds leshpwsde) daic et dvelah det toserrordatve B fosdd P8sist. The

underlying SiNslaygrisdhea sirhesk withiastiandacd GMOS eichardown.ip the:Supdeying layer of

photoresist 35. This forms the nozzle apertures 3. The bubhle vent hole 66 is also etched during this

step. Again the refraitinG PRETE-E&dETE (RS R T iteooPBlisd Y Rt rsliwa Bhu BESHI the

application of a prétecii/eophotdrdsist overcosl Fdoul PisriggpraveéitsithenslzlicdtewhMiE M Sistructures
from being damaggd i B haRCHOR: Jlksuing e Sealigld PhRtalesiey 35y stil n place to

provide the roof layer 44 with support. The wafer 8 is then turned over so that the 'backside’ 70 (see
Figure 67) can be &S T e HE AE LT BPIRE frdhsPactsionfirh psehr R W &BhBtoresist
overcoat 74) i$ stuttkrionanglass-duaindle waderwitib thie maltfpe witisiotianci-ivithinebappséetated that

waters are inially abut 50 ANEIR0S INSkeTa UGS NG, eSS, a0d (heisfors, e depth of etch

needed to establish fluild communication between the front and the back of the watfer, the reverse side
70 of the wafer is &?%‘tili‘?d down until the wafer is about 160 20 microns thick and then DRIE etched to
remove any pitting in the ground surface. The backside is then coated with a photoresist layer (not

shown) in preparagion for the channel 32.etching. The clear tone. mask 7.2 (shown in Figure 68) is
oationetton the Dok R st e R RIS wac of the
channel 32 (d5out'géensiciisiarim s emboahintsp BuFmessiod Bisdriseis B ffly erafoledsed with a
DRIE 25 (Deep Regetives eniiahihdevuieqas asginal i beyendthepiugged frentside ink inlets 31.
The photoresist on the backside 72 is then ash with 02 plasma,. and the wafer 8 is again
turned over for theb t!:%‘ﬁ}; g?jléﬁ%% E’fre]rét.%?] Oéﬂ %?3%5@%%%%%&%9%&?3%%??Iif%r%n(?a Slf(\;z/eﬁ(ﬁ%?oresist 35.
Figures 69 and 70%distswt tHege dihppleteldt Ghasdeit shophifet Rigars 7 ONiexcaisl akoiiehist thectéatares

obscured by the rogfiiaue.beenshows idulling fanthe.MerPOSER mask is a clear tone mask in

20 that the dark areas indicate the areas of exposure to UV light. The exposed photoresist is
developed and removed so that the layer 35 is patterned in accordance with Figure 54,

Figure 56 is a section view of the patterned photoresist laver 35,

With the photoresist 35 defining the chamber roof and support walls, a layer of roof
25 material, such as silicon nitride, is deposited onto the sacrificial scaffolding. In the
embodiment shown in Figures 57 and 58, the iayer of roof material 44 i8 3 microns thick

{(except at the walls or column features).

Figure 59, 60 and 61 show the etching of the nozzle rims 4. A layer of photoresist (not

30 shown) spun onto the roof layer 44 and expose under the ciear tone mask 64 (the dark
areas are exposed to UV). The roof layer 44 is then etched to a depth of 2 microns leaving
the raised nozzle rims 4 and the bubble vent feature 66. The remaining photoresist is then

ashed away.,



300f illustration. In use, ink is fed from the backside 70 into the channel 32 and into the front side inlet
31. Gas bubbles are prone to form in the ink supply lines to the printhead. This is due to outgassing
where dissolved gasses come out of solution and collect as bubbles. If the 24 bubbles are fed into the
chambers 7 with the ink, they can prevent ink ejection from the nozzles. The compressible 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 ape&tire 3. As the ink primes the chambers 7, any
entrained bubbleshiglirte g 3 folldw Berdhe ohummenefantgrdstonvgitier eidéepdrthe igeimlet 31 and be

pushed toward thapublzig,enkG6:BURbIR YRR, R issizadsrugh hat ihe.sHrfasadansion,of the ink wil
prevent ink leakage, ugrapped sft)fubbl_es can vgnt.fg ch e?;[)er element 10 is enclosed on three
sides by chamber‘%a tﬂﬁemggﬁﬁ R EBRPARIAP SR SRV BRI IR S RS olumnar
features diffuse thesviadidtingngedssuraplise totienecherogthtalitbdtw édMONtlemibersty thSup eralloy
Heaters Superalloyssaie:a tloss.ehmatetalssdeyelanad dorusaal elayalediempaiatugs. They are 15

usually based on elements from Group VIIA of the Periodic Table and predominantly used in
applications requiriity fighaeniiserddhernbiviia sLBifdPeen L shamgifeds Fowerstition turbines
and the like. TheirGutadaility in the thermal iinkjet 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 20aluminium, tantalum nitride or hafnium diboride)

used in known theFiREffiGaEbAhthesds appesinmealy RIBGEHia g Brsifperareys fs it they can have
sufficient strength pexigdation RkrTPSIOMiRisiance toiall evnhediarapesatiannihqut protective

coatings, so hat the eneray asied 1SRN e Graings. ' ISRk fram e design - as discussed

in the parent specification 973 esting has indicated that superalloys can in some
cases have far sup#itigitiifetimes compared to conventional thin film materials when tested without
protective layers. Figure 71 is a Weibull Plot of heater reliability for two different heater materials

et n oen ook (1, ets B S g R g ot i

F5.. 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

20 microns thick and then DRIE etched to remove any pitting in the eround surface. The
backside is then coated with a photoresist tayer (not shown) in preparation for the channel
32 etching. The clear tone mask 72 (shown in Figure 68) is positioned on the back side 70
for exposure and development. The resist then defines the width of the channel 32 (about
80 microns in the embodiment shown). The channels 32 are then etched with a DRIE

25  (Deep Reactive Ion Etch) down to and marginally beyond the plugged fromt side ink inlets
31. The photoresist on the backside 72 is then ashed away with O, plasma, and the wafer 8
is again turned over for the front side ashing of the protective overcoat 74 and the scaffold
photoresist 35. Figures 69 and 70 show the completed unit cell 1. While Figure 70 is a
plan view, the features obscured by the roof have been shown in full line for the purposes

30 of illustration.

In use, ink is fed from the backside 70 into the channel 32 and into the front side inlet 31.
Gas bubbles are prone to form in the ink supply lines to the printhead. This is due to

outgassing where dissolved gasses come out of solution and collect as bubbles. If the



of heater reliability. The chart plots the probability of failure, or unreliability, against a log scale of the
number of actuations. It should be noted that the Key shown in Figure 71 also indicates the number of
failed and suspended data points for each alloy. For example, F 8 below Inconel 718 in the key
indicates that eight of the heaters used in the test were 25 tested to the point of open circuit failure,
while S = 1 indicates that one of the test heaters was suspended or in other words, still operating when
the test was suspended. The known heater material, #HAIN is compared with the superalloy Inconel

718. The registercuithiiarn &k iMeBehrsnboime s Byt drt figtosrnnsyenCak aetiprdrond® Flavelle
Boulevard, 5 MissigsaugayiQaiafiteds it bddeanada mnEheannlicants-puoriwarkisagigates that oxidation
resistance is stro IM ?orrel ted with, heater, 'fetéme Addin}%

bles on the heater elemenis 10 and so the press éA\ luﬁge-;-q“i\l ;[t?f 1cr0dt g%l}'ﬁ%}'ﬁ% f%r%atly
increased the heaters oxidation resistance (measured By* uger dé‘p?h p‘rolﬁﬁng 8f oxygen content after

furnace 10 treatméntimrtraloi\grbatik moreatedahtey Tifetinvatraimd Mtdiffusdbitodthdadlorface of the

heater and formed;a fimexide.sealeeiba yanyiawi diffusivivaianitbruranst allanmeioxygen. Itis
this oxide scale which (Passiv‘%tes thggheater, prot ctipé; it from further attack %}éan oxidative or

corrosive environni&hEhetMRRing o ?51%?5?1‘1\7\}1%8%}%?0%‘@ Fpyer @51 FEUPREBHhEN718 also
exhibits this form dfaprgtcoticnmad @isoiddetaimsal, bathasttSkueotHers aghlasthgebus properties that

further enhance oxjgatingniesiiangs e Praseies QinhA1daBan0anRialingstigire. Chromium

behaves in a similar fashion to aluminium as an additive, in that it provides self passivating properties
by forming a protet VB NEBE BTN BURILS P U AIA G S CERELETEAFA a material is

thought to belbettehatwaer<ither in isolation because the alumina scale grows more slowly than the
chromia scale, but ultimately provides better protection The Cr addition is beneficial because the
chromia scale provides short term protection while the alumina scale is growing allowing the
concentration of AF#aEMMHESAT required for short term protection to be reduced. Reducing the Al
concentration is 25beneficial because high Al concentrations intended for enhanced oxidation

Chudies of the spURHE P Rshel T10 Shmeta el U A e oo than
100nm (a ThahocHpediNihereGohsiersa ey SyommE Hnpobe RuamireTierastivedorinarinesdel 718 is
beneficial in that itin applications requiring high temperature material stability such as jet engines, power
station turbines and the like. Their suitébility 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
20 aluminium, {antalum nitride or bafnium diboride) used in known thermal inkjet printheads.
The primary advantage of superalloys is that they can have sufficient strength, oxidation
and corrosion resistance to allow heater operation without protective coatings, so that the
energy wasted in heating the coatings is removed from the design - as discussed in the
parent specification USSN 11/097308.
25
Testing has indicated that superalloys can in some cases have far superior lifetimes
compared to conventional thin film materials when tested without protective layers. Figure
71 is a Weibull Plot of heater reliability for two different heater materials tested in open
pool boiling (the heaters are simply actuated in an open pool of water i.e. not within a
30 npozzle). Skilled artisans will appreciate that Weibuil charts are a well recognized measure
of heater reliability. The chart plots the probability of failure, or unreliability, against a log
scale of the number of actuations. It should be noted that the Key shown in Figure 71 also

indicates the number of failed and suspended data points for each alloy. For example, F =

8 below Inconel 718 in the key indicates that eight of the heaters used in the test were



provides good material strength yet has a high density of grain boundaries. Compared to a 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 26 scale over the heater surface, so the protection is
provided more rapidly and more effectively. The protective scales adhere better to the nanocrystalline
structure, which results in reduced spalling. Further in2drovement in the mechanical stability and
adherence of the sewdé isthopsible asingiaddifies.of réattiveimdstadsfiorotice {fhougstdemsisting of
Syttrium, lanthanugy, angd,ethes samoaarth &lerognty.#shaudhsnaismhhal sHparatoysaug typically

cast or wrought and this does not yield a nanocr;gtﬁlline microstructure; the benefits provided by the
[

nanocrystalline striGErE4FEpe et S MRRAESUHEHRG THERIGH BR8eY i tHANREMEHeater fabrication
of this 10applicationdirsHouitalise yenbted thatgive binefismeislupdeiolisaldigatevandaterials are

not solely related mi%%%g@@igtﬁﬁgggﬂ@ﬁ@prostructure is carefully engineered with additives to
encourage the formation of phases that impart high temperature strength and fatigue resistance.

Potential additions comprise the addition of aluminium, titanium, niobium, tantalum, hafnium or
vandium to form thigaminaprime phasedif:M: daseddisuperiliays;itheadditian:hiddorithcobalt,

chrome, tungsten b/peaRt R enivin AIRRNLA feURe AamARNaSR,A the addition of C,

Cr, Mo, W, Nb, Ta, Ti to form carbides at the grain boundaries. Zr and B may also be added to
strengthen grain bSHHEARES SERTSHBRITY AL BErdifRAEE PRfid el srassh sP R itltid 6 cess, can also
act to suppress uneasiablendgiedpeutethdopoidgieallyiGloseTRaskad (G R) phasese: sigh as 20sigma,
eta, mu phases which.can %%Hégeagﬂ?nb(ﬁ'tﬂ%rg‘c%@wﬁﬁqdél&'” e peshancal %P"!%e and ductility of the
material. Such phases are avoided as -t)ﬁey may also act to consume e ements that would otherwise be
available for the favéred bafihersadcgamhied privieishisdseemanstiThis SomHiebgietsebsence of Cr

and Al to provide xigatigproteetintsiscRirieseddopdhaieatpmieraisusyrialoysdn.general can
be considered a syperior lasR.P 7Y MSISHRR. oM iS SRlSRIPR PLRSAIRL Matp gl gandidates may
’ 15 two otlier advantageous properties that further enhance oxidation resistance; the presence

of Cr, and a nanccrystalline structure.

Chromium behaves in a similar fashion to aluminium as an additive, in that it provides self
passivating properties by forming a protective scale of chromium oxide. The combination
20 of Crand 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
protection The Cr addition is beneficial because the chromia scale provides short term
protection while the alumina scale is growing, allowing the concentration of Al in the
material required for short term protection to be reduced. Reducing the Al concentration is
25 beneficial because high Al concentrations intended for enhanced oxidation protection can

jeopardize the phase stability of the material,

X-ray diffraction and electron microscope studies of the sputtered Inconel 718 showed a
crystalling microstructure, with a grain size less than 100nm (a “nanocrystaliine™

30 microstructure). The nanocrystalline microstructure of Inconel 718 is beneficial in that it
provides good material strength vet has a high density of grain boundaries. Compared io a
material with much larger crystals and a lower density of grain boundaries, the
nanocrysialline 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



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. 30The Applicant's results indicate that superalloys : a Cr content between 2% by weight and
35% by weight; a Al content of between 0.1% by weight and 8% by weight; a Mo content of between
1% by weight and 17% by weight; Nb-ETa content of between 0.25% by weight and 8.0% by eight; 27
a Ti content of between 0.1% by weight and 5.0% by ®&feight; a Fe content of up 10 60% by weight; a
Ni content of betwgseit 26y6lisyheaightiansdsT O%opbyassaty kit pandlar rarCondntent ofbetween 35% by

v'\ggs'gﬂh; %n% S5% byrvaiaht, %@JM@J&;&&%&&@PA@%@&%@@&% hig Jiiﬁh@@@éﬁ@@kgmm \gith_in (a

u e gener tor and warrapt further testing for effic Cy within espechlc ‘eV|ce eslIp (e.q.
Ctreponded nerion ST AL BERHEA ALY O R AR Sl ahe PSRBS54 T Hare
formula MCrA1X whewe:cdloM fesobls wrimpeddiofehliCoFeavith-Micontkbuting-atleast50% by weight; Cr

contributing betwegn: 8% :ang.3n%0.byweight Al contrbuting more than zero but less than 8% by
weight and, X contributing less than 25% by weight, with X consisting of zero or more of Mo, Re,

Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, Hf;
It should be noted that superalloys are typically cast or wrought and this does not yield a

nanocrystalline microstructure: the benefits provided by the nanocrystalline structure are
specific to the sputtering technigue used in the MEMS beater fabrication of this

10 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
fatiguc resistance, Potential additions comprise the addition of aluminium, titanium,
niobium, tantalum, hafniom or vandium to form the gamma prime phase of Ni based

15 superalloys; the addition of iron, cobalt; chirome, tunigsten, molybdenum, rhenium or
ruthenium to form the gamma phase or the addition of C, Cr, Mo, W, Nb, Ta, Ti to form
carbides at the grain boundaries. Zr and B may also be added to strengthen grain
boundaries. Controlling these additives, and the material fabrication process, can also act
to suppress undesirable age-induced Topologically Close Packed (TCP) phases, such as

20 sigma, eta, mu phases which can cause embrittlement, reducing the mechanical stability
and ductihity of the material. Such phases are avoided as they may also act to consume
elements that would otherwise be available for the favoured gamma and gamma prime
phase formation. Thus, 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

25 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.

30  The Applicant’s results indicate that superalloys :
a Cr content between 2% by weight and 35% by weight,
a Al content of between 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,



15provide good results in open pool testing (described above). 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. 20Using these criteria, suitable superdlloy material for he al inkjet
printhead heaters may be selected from: INCONELTM Alloy 600, Alloy 601, Alloy 617, Alloy 625, Alloy
625LCF, Alloy 690, Alloy 693, Alloy 718, Alloy X-750, Alloy 725, Alloy 751, Alloy MA754, Alloy MA758,
Alloy 783, Alloy 925, or Alloy HX; 25 INCOLOYTM Aligy 330, Alloy 800, Alloy 800H, Alloy 800HT,
Alloy MA956, Alloy A286, Orcailiey &8st ORICFrwsgio pirs. 0kilby 862htor Alloy 90; BRIGHTRAY(r)

Alloy B, Alloy C, Alloy F ﬁu%,l%npgﬁgqy@% gfv}%ég{RY(r) Alloy or Thermo -Span(r) Alloy 30 Brightray,
Ferry and Nimonic are th ‘Tpglstere trade %9< eci e_Met Is Wi td Holmer Road
HEREFORD HR4 9FL uﬁf @B@% g W&%% éfdtrademark of CRS
holdings Inc., a subsidmﬂ;ﬁ@fcm@t@ﬁﬁeﬂ@&ﬁ%lbgyf@g%p@dﬁﬁ&nbﬂ'WmMm Aluminium Alloy Heaters
STitanium alurgunlum (T4 lﬁéé%yﬁy s&@%%%%ﬂamﬁm'%&r %B&PQ:HQE‘EW@%%@J&PGH'GS

which have seen these alloys Wldeg used in the aergnautical and automative industries. It's resistance

to oxidation at extEHERPHIGH YArBE LIRS g dREeISPaY HABIR e RRtSn  eustift B fbmaces, kilns
and the like (see "@xpdadidrhdesidtance ohiRélientoremchiAb/sCagtings”, L. Kaczmarck et al. Surface
& Coatings Technology 201 (2007)
Superalloy’s having the generic formula MCrAIX where:
10 M is one or more of Ni,Co.Fe with M contributing at least 50% by weight;
Cr contributing between 3% 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 of Mo,
Re, Ru, Ti, Ta, V, W, Nb, Zr, B, C, Si, Y, Hf;

15 " provide good resulfs in open pool testing (descriticd above),

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.

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

25  INCOLOY™ Alloy 330, Alloy 800, Alloy 800H, Alloy R00HT, Alloy MA956, Alloy A-
286, or Alloy DS;
NIMONIC™ Alloy 75, Alloy 80A, or Alioy 90;
BRIGHTRAY® Alloy B, Alloy C, Alloy F, Alloy S, or Alloy 35; or,
FERRY® Alloy or Thermo-Span® Alloy

30
Brightray, Ferry and Nimonic are the registered trademarks of Special Metals Wiggin Ltd
Holmer Road HEREFORD HR4 9FL UNITED KINGDOM.



106167-6170). The Applicant's work has revealed that TiAl is also well suited to use as heater material
in inkjet printhcads. The alloy can provide surface oxide that is a uniform, thin and dense coating of
predominantly Al203 and very little Ti02. Al203 has low oxygen diffusivity while TiO2 has a much
higher diffusivity. Accordingly, the native (i.e. naturally forming) oxide layer passivates the heater to
guard against oxidative failure while remaining thin enough not thermally insulate the heater from the
ink This preserves the low energy ejection of drops that is necessary for large (pagewidth), high
density nozzle arraermwithroniscowiirereisingg ke erlibvldingelet thaubéditer oTesrewising a 0.2 micron
thick 20 TiAl heaterhavg.achigyad:L80 millions ejections with good print quality. Other elements can
be added to the alloy to further suppress the formation of TiO, and/or increase Al diffusivity to the
heater surface (and therefore preferential formation of Al203). Ag, Cr, Mo, Nb, Si, Ta and W,
individually or in c@ipinatidhrennantéAIRE87and suppress 25 the less protective TiO,. The additives

should not exceedrihify m&gmﬁaf(ﬁhﬁlﬂﬂml@wt tofpliRlibese . W ryidesithe.alion with an oxide
scale having the best oxidatj !)ve resistanc ‘gEﬁﬁ@ﬁlW g Win the range 1.7 wt.% to 4.5 wt.% provides

superior results. ANGRARIELFVEARS SPR SR R & 8@%&%@&%@“ Rti4ted circuit
30fabrication. Theirdasgibrolighetanstan-tayértidislectriewiatealtbetwioen theemetablaplrs) of the

CMOS are typ'caméﬁ@ct&‘ﬂfﬁgn\ﬁ@@o?%ﬁ%%“ﬂﬂl@ﬁﬂtﬁ{éﬂﬁe' 265 ik AgnGaURE. e EimeRialaoNtamination

of other components in the mtegrated circuit or MEMS, The microstructure of the TiAl'is another
important aspect. A PAEE’ T{Aﬁﬁfé"\l}?(’]@%eéﬁllaﬁ%@@%&?QQ%E?CE@BWMQW to alpha

phase Al203 (knowhsas corundum). Hence the adherence of the oxide layer to the underlying metal is
strong. Also the grain size of the microstructure should be nanocrystaline range. The nanocrystalline

structure gives a 5 high density of %ram boundaries which promotes diffusivity of Al to the surface. This
further promotes a' HeAgRlsHY igehamcary tdbeToxldeckeats!! it Besppiseistedtthat g
nanocrystalline Stﬁﬂﬁjﬂl‘ﬁllﬁ ﬁﬁ&l%@hl&%@dﬂ@@n@ﬁmsww i therdieaien madigniad such that

grain sizes are beIO\évml%) -nano- nn%( A]].BT g \lﬁlin[is Algp% l?é’s ‘?lgxes tQﬁ eater an operational

life comparabl eX |st|ng| tprlnt ea t eo}ggen fUSIV |tyt rough the oxide is

low, some ox} nvvlm?&eﬂuweafwé\dwhc%fﬁéw tHespEraliorisnafy cas Bewxisfieddibeit with

some Compromlseoﬁlace@eﬂmse&t@m@yem @dedua@ a40iA prelectivelsealing endhadikhheater. A very
thin protective coatln ﬁ msu'lc{eo s (f‘l§)f|n C%I’g]{.illﬂctﬁn with the ﬂL115protect|on of the native

? 161’1’3‘1 115 Prescrves
oxide scale will grea ygen ance operatlon fite withou

ejection of drops that is necessary for large (pagewzdth), high density nozzle arrays,
without compromising the operational life of the heater. Tests using a 0.2 micron thick

20 TiAl heater have achieved 180 millions gjections with good print quality.

Other elements can be added to the alloy to further suppress the formation of’ TiO-g and/or
increase Al diffusivity to the heater surface (and therefore preferential formation of AL(s).
Ag, Cr, Mo, ND, Si, Taand W, individually or in combination, enhance Al;O; and suppress
25 the less protective Ti0,. The additives should not exceed 5% by weight of the TiAl alloy
intotal. Of these, W provides the alloy with an oxide scale having the best oxidative

resistance. Adding W in the range 1.7 wt.% to 4.5 wt.% provides superior results.

Another advantage of adding W is that it is already used during integrated circuit
30  fabrication. The vias through the inter-layer dielectric material (between the metal layers)
of the CMOS are typically W. Using W in the ¢jection heaters is less likely to cause

detrimental contamination of other components in the integrated circuit or MEMS.



substantially reducing the energy efficiency of droplet ejection. The protective coating can be a single
layer or a laminate of different materials. Silicon oxides, silicon nitrides and silicon carbides form
suitable protective coatings for inkjet heater elements. 20 The present invention has been described
herein by way of example only. Ordinary workers in this field will readily recognize many variations and
modifications which do not depart from the spirit and scope of the broad inventive concept. 30
CLAIMS: 1. An inkjet printhead for ejecting drops of liZfuid on to a media substrate, the inkjet printhead
comprising: 5a chdirbeicfertmeteding Hguidh lasnovizle imfduicdiconemubicatio phast thiepohadedoer; a
heater positioned igthechambanfey J&ﬁﬁmﬁérﬁﬂ?%(&%ﬂgﬁhﬁﬂg MQ@'P(% EQ%B&%;%‘&H)’%Q@&'”Q of the

heater generates vapour bub11{P e that ejects a drop of t UId through the nozzle; wherein, 10the
heater is formed ff Fna FIRE® ??ée‘ﬁloé EABTRELE RS %fﬁéﬁ%%m‘a‘f&&m*ﬂ% ntributes
more than 40% bwhmmginsandtxesbﬁuﬁmﬁtmmtmmﬁ%’@ byhaeightrandloemprisesgereor more of

Ag, Cr, Mo, Nk, Sip;Tagnd We g%ﬁ%ﬁﬁ'&h@%e%ﬂﬁi?ﬁ%%&%ﬁmﬂvﬁ%@% w@m&xﬁﬁlw 15 3. A

MEMS vapor bubble generator according to claim 1 wherein X includes W which contributes between

1.7% and 4.5% by WRRGRTomotes a dense, pdesqamadly Sebls/iidy terkralhvitlhsérerrcricddhtbutes more
than 48% by 20 weightiyéhiontriutes inmsdytheied8%y by weight spack X istibelygrweighil An inkjet

printhead accord|Qgcgpﬂg@épgﬂ}q\{meaﬁ%|gcm‘e A &omRepent of the heater has a gamma phase

structure. 256.An inkjet printhead according to claim 1 wherein the heater has a microstructure with a
grain size less than 100 nanometres.
10 The thin, dense Al:O; layer gives the heater an operational life comparable to that of

existing inkjet printheads. While the oxygen diffusivity through the oxide is low, some
oxygen will continue to reach. However, the operational life can be extended, albeit with
some compromise on cjection efficiency, by adding a thin protective coating on the TiAl
heater. A very thin protective coating (less than 0.5 microns thick) it conjunction with the
15 protection of the native oxide scale will greatly enhance the operation life without
substantially reducing the energy efficiency of droplet ejection. The protective coating can
be a single layer or a laminate of different materials. Silicon oxides, silicon nitrides and

silicon carbides form suitable protective coatings for inkjet heater elements.

20 The present invention has been described herein by way of example only, Ordinary
workers in this field will readily recognize many variations and modifications which do not

depart from the spirit and scope of the broad inventive concept.



7. An inkjet printhead according to claim 1 wherein during use, the TiAIX alloy forms an Al203 surface
oxide which directly contacts the liquid. 30 8. An inkjet printhead according to claim 1 wherein the
TiA1X alloy is deposited as a layer less than 2 microns thick. 31 9. An inkjet printhead according to
claim 8 wherein the layer is less than 0.5 microns thick. 10. An inkjet printhead according to claim |
wherein the healer further comprises a 5protective coating, the protective coating having a total
thickness less than 0.5 microns. 11. An inkjet printhe3# according to claim 10 wherein the protective
coating is a singleGay&dMB¥: material. 1012.An inkjet printhead according to claim 10 wherein the
protective coating is at least partially formed from a silicon oxide, nitride or carbide.

1. An inlgjet printhead for ejecting drops of liquid on to a media substrate, the inkjet
printhead comprising:
5 a chamber for holding liquid;

anozzle in fluid communication with the chamber;

a heater positioned in the chamber for thermal contact with the liquid such that
resistive heating of the heater generates a vapour bubble that ejects a drop of the liquid
through the nozzle; wherein,

10 the heater is formed from a TiAIX alloy where Ti contributes more than 40% by
weight, Al contributes more than 40% by weight and X contributes Iess than 5% by weight

and comprises zero or more of Ag, Cr, Mo, Nb, Si, Taand W.

2, An inkjet printhead according to clabm 1 wherein X is W,
15
3. A MEMS vapor bubble generator according to claim 1 wherein X includes W

which contributes between 1.7% and 4.5% by weight.

4, An inkjet printhead according to claim 1 wherein Ti contributes more than 48% by

20 weight, Al contributes more than 48% by weight and X is 0% by weight.

5. An inkjet printhead according to claim 1 wherein the TiAl component of the heater

has a gamma phase structure.

25 6. An inkjet printhead according to claim 1 wherein the heater has a microstructure

with a grain size less than 100 nanometres.

7. An inkjet printhead according to claim 1 wherein during use, the TiAIX alloy forms
an Al,Os surface oxide which directly contacts the liquid.

30
8. An inkjet printhead according to claim ! wherein the TiAIX alloy is deposited as a

layer less than 2 microns thick.



10

31
9. An inkjet printhead according to claim & wherein the layer is less than 0.5 microns

thick.

10. An inkjet printhead according to claim ! wherein the heater further comprises a

protective coating, the protective coating having a total thickness less than .5 microns,

11.  Aninkjet printhead according to claim 10 wherein the protective coating is a single

layer of material.

12. Aninkjet printhead according to claim 10 wherein the protective coating is at least

partially formed from a silicon oxide, nitride or carbide.



