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1 INK~-JET RECORDING APPARATUS AND

METHOD FOR PRODUCING THE HEAD THEREOF

BACKGROUND OF THE INVENTION
5 Field of the Invention |
The present -inventicn relates to an ink-jet
recording apparatus in which ink drops are ejected sé as

to be deposited on a surface of recording paper only

i ; when recording is required. In particular, -the
‘ 10 present invention relates to a small-sized high-density
i ink-jet recording apparatus produced through application

of a micro-machining technique, and relates to a method
for producing an ink-jet head as a main part of such an

ink-jet recording apparatus.

i5

- ememmarsmte S

Description of the Prior Art
Ink~-jet recording apparatuses are advantageous in
many points that noise is extremely low at the time of
5 recording, high-speed printing can be made, the degree
20 of freedom of ink is so high that inexpensive ordinary
paper can be used, and so on. Among tho$e ink-jet
recording apparatuses, an ink-on-demand type épparatus
in which ink drops are ejected only when recording is
required has been the focus of attention because it
25 is not necessary to recover ink drops unnecessary for

recording.

In such an ink-on-demand type apparatus, as
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to be deposited on a surface of recording paper only when recording is

requi r ed. In particular, the present invention relates to a
smal | -si zed high-density ink-jet recording apparatus pr oduced ough
appFication of a mcro-nmachining technique, and &< 1.Q pEENE} hod  for
producing an ink-jet head as a main part of suc S Ik Aéﬁb recojdi ng
appar at us. Description of the Prior Arg - ; ]

apparatuses are advantageous in many.points that noise is extrenely | ow at
the timejof deecvidedg, fdi ghxspedd, primt Tagacanebdatmey, Phetdegmés.

Publication No. Hei-2-51734, a print head is constituted
by: a plurality of nozzle openings arranged in parallel
to each other to eject ink drops therefrom; a plurality
5 of independent ejection chambers respectively
communicated with the corresponding nozzle openings and
each having walls one of which is paftly formed to serve
as a diaphragm; a plurality of piezoelectric elements

respectively attached on the corresponding diaphragms so

10 as to serve as electromechanical transducers; and a
! common ink cavity for supplying ink to the each of the
ejection chambers. In such a print head, upon

application of a printing pulse voltage to any one of
the piezo electric elements, the diaphragm corresponding
15 to the one piezoelectric element is mechanically
distorted so that the volume of the ejection chamber
corresponding {o the diaphragm is reduced and the

pressure in the chamber is increased instantaneously.

%. As a result, an ink drop is ejected from the
20 corresponding one of the nozzle openings toward
recording paper.

In the aforementioned structure of the conventional
ink-jet recording apparatus, however, much labor as well
as much time are required for mounting such

25 piezoelectric elements on the ejection chambers because
the piezoelectric elements must be stuck onto the

outside of the ejection chambers through glass or resin
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and so on. Anmong those ink-jet recording apparatuses
i nk-on-demand type apparatus in which ink drops ar etetd Ofk:
recording is required has been the focus of al tets PO beg, j t
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I nk- on- demand type apparqt%sL as

plates forming the diaphfagms or must be arranged in
the inside of the ejection chambers. Particular in the
latest printers, both a high speed and a high printing
quality are required so that there is a tendency that
the number of the nozzle openings for ejecting ink drops
are increased. Piezoelectric elements <corresponding to
the nozzle openings are machinea by dicing or by means
of a wire saw and then placed in predetermined positions
through an adhesive agent or the like. In the case of
a high-density ink-jet recording apparatus having a
large number of nozzle openings, if machining is
required to provide the piezoelectric elements, there
is a limitation from the ‘viewpoints of machining
capability, mechanical accuracy and dimensional
accuracy.

Further, there have been distortion errors of the
piezoelectric elements due to scattering in production
of piezoelectric elements per se, and in some cases,
there have been occurrence of variations in ink
ejection speed from the respective nozzle openings.

Further, electrodes for driving the piezoelectric
elements are respectively formed in the piezoelectric
elements per se and then the piézoelectric elements are
stuck onto a substrate through an adhesive agent.
Accordingly, not only the electrodes must be formed
individually in the respective piezoelectric elements

but the driving efficiency of the ink-jet recording
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-2- described, for exanple, in Japanese Patent Postexam n. Publication No.

Hek-2-51734, a print head is constituted by: a plurality of nozzle
openings arranged in parallel to each other to eject ink drops therefrom

a plurality

of i ndependent ej ection chanbers

corfmuni cated with the correspondi ng nozzl e opept ﬁimﬂ)q~Hé)§ﬁnhlVing wal | s

one of which is partly forned to serve_ as_a d
pi ezoel ectric el enments respectively att ached
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is interposed between the substrate and the

piezoelectric elements so that it is made difficult to

elongate the lifetime of the ink-jet recording
apparatus.
Other than the  above system in which the

diaphragms are driven by the piezoelectric elements,

there is a  system in which the ink in the ejection

chambers is heated (Japanese Patent Postexamin.
Publication No. Sho-61-59911). In this system,
specifically, the ink in +the ejection chambers is

heated by a heater so that the pressure in the ejection
chambers is increased by the generation of bubbles
caused by evaporation of the ink to thereby eject ink
drops from the chambers. This heating system has an
advantage in that heating resistors can be formed of
thin-film resistors of TaSiOz, NiWP or the like by
sputtering, CVD, evaporating deposition, plating, or
the like. The system, however, has a problem in that
the lifetime of the head itself is short because the
heating resistors are injured Dby repetition of
heating/quenching and shock at the time of the breaklng

of bubbles in the ink.

LA

It is therefore an object of the present invention

SUMMARY OF THE INVENTION

to provide an ink-jet recording apparatus which is

Sep! uralji ty of

a

respectively
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common ink cavity for supplying ink to the each of the ejection chanbers.

In:=

such

the. one

a print head, upon application of a printing pul se voltage
to any one of the piezo electric elenents, the diaphragmcorresponding to
pi ezoel ectric el enent is mechanically distorted so that the

vol une of the ejection chamber corresponding
and the pressure in the chawber-is i crea§gﬁjun§ianta eousl y.

reduced

As
one

a

resul t, an ink drop is ejected
tbmallnanﬂsazeunnnrgﬁ intésws tity r ecbgldi by papering speebn the

oh

af orenentioned structure of the conventi onal
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high in printing quality, long in 1life and high in
reliability, by emploving a driving system using electro
static force instead of +the aforementioned system
using piezoelectric elements or heating elements as
means for driving diaphragms or vibration plates of
ejection chambers.

It is another object of the present invention =zo
provide an ink-jet recording apparatus having. a
structure which is formed by application of a micro-
machining technique and which is suitable for mass-
production thereof.

It is a further object of the present invention to
provide a method suitable for production of an ink-jet
head as a main part of the ink-jet recording apparatus
which can attain the foregoing objects.

To attain the foregoing objects, according to the

present invention, the ink-jet recording apparatué'

comprises an ink-jet head including a plurality of
nozzle openings, a plurality of independent ejection
chambers respectively correspondingly communicated with
the nozzle openings, diaphragms respectively
correspondingiy formed in the ejection chambers partly
on af least one side walls of the ejection chambers, a
plurality of driving means for respectively
correspondingly driving the diaphragms, and a common

ink cavity for supplying ink to the plurality of

[m:,[‘d’/@mg S

cor respondi ng
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I nk-j et recordi ng apparatus, however, nuch |abor as well as nuch tinme
are required for nmounting such piezoelectric elenments on the

ej ection chanbers because the piezoelectric elenents nust be stuck
onto the outside of the ejection chanbers throug%ﬁg'“iﬁeﬁﬁhéﬁﬁﬁém

-32 plates formng the diaphragns or nust be arr REPLAC

._6;.

1 ejection chambers, so that upon application of electric
pulses to the plurality of driving means, the driving
means respectively correspondingly distort the
diaphragms in the direction of increasing the

5 respectively pressures in the ejection chambers to

eject ink drops form the nozzle openings onto recording

paper, wherein the respective driving means are
constituted by electrodes for respectively
correspondingly distorting the diaphragms " by

" 10 electrostatic force, the electrodes being formed on a
substrate.

The operatlo :al principle of the ink-jet recording
apparatus is as follows. When a pulse voltage is
applied to one electrode, the corresponding diaphragm

15 is attracted and distorted by the negative or positive
charge on the surface of the diaphragm and the positive
or negative charge on the surface of the electrode

corresponding the diaphragm. Then, the volume of the

* _ corresponding ejection chamber is reduced by the
20 restoring force of the diaphragm when the electrode is
made off. As a result, the pressure in the ejection
chamber is increased instantaneously to thereby eject
an ink drop from the corresponding nozzle opening.
Because the driving of the diaphragms is controlled by
25 such an .electrostatic action, not only this apparatus
can be produced by a micro—-machining technique but the

apparatus . can be made small in size, high in dens:ty,
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the inside of the ejection chanbers. Particular in the [latest printers,

both a high speed and a high printing quality

is a tendency that the nunber of the nozzle openings for ejecting ink

dr ops

are increased. Piezoelectric elenments cor
operii ngs are machined by dicing or by nmeans of a WS SEETaHG nirsn|
in predeterm ned positions through an adhesive

case of a
number  ;of _
pi ezoel ectric elenents, there is a limtation from the viewpoints
machi ni dgng in lifetime.
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are required so that there

the nozzl e

hi gh-density ink-jet recording apparatus havi ng a |arge

hi@2z| en @RAMItAgS, spded MGRIGHI NOn pF inkeyl r@thlDcPf Ovinde

According to the present invention, preferably,
the ink-jet head has a lamination structure formed by
bonding at least three substrates stacked one on
another, the ejection chambers respectively having
bottom portions used as the diaphragms are provided on
an intermediate one or the substrates, and the
electrodes are provided on a lowermost one of the
substrates so that the electrodes are closely opposite
to the diaphragms respectively and correspondingly.
Although the respective rear walls of the ejection
chambers can be used as the diaphragnms, the
respectively bottom walls of the ejection chambers are
used as the diaphragms through a lamination structure
formed by bonding at least three substrates in order to
make the apparatus thinner. It is preferable that the
electrodes are coated with an insulating film not only
to protect the electrodes but to prevent the electrodes
from short-circuiting with the diaphragms.

To increase the pressure in each of the ejection
chambers, the upper and lower walls of the ejection
chamber may be consticuted by diaphragms. In this
case, the electrodes are provided cbrrespondingly to
the respective diaphragms so as to synchronously drive
the corresponding diaphragms. Accordingly, the driving

voltages of the electrodes can be set to lower values.

t he
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capability, mechani cal accuracy and di mensi onal accuracy.
Further, there have been distortion errors of the piezoelectric elenents
due to scattering in production of piezoelectric elenments per se, and

in some cases, there have been occurrengE DI EVARiAERRS] in  ink
efection speed fromthe respective nozzl e openi NgS.pep acepFurt her,
el ectrodes for driving the piezoel ectri& - el en % ely forned

in the piezoelectric elenents per se and then the piezoelectric elenents
are stuck ontfrgher supiefar@blhr oggleh ancofadhlesi véiaphyeagms is

Accordingly, not onpl the electrodes nust be fQrned
(Jgkapeg to gey a rectangle or a sgquare an8 each of the

diaphragms is supported through bellows-like grooves

formed on two opposite sides of or on four sides of

5 the.rectangle or sqQuare, or alternétively, supported by

one side of the rectangle or square in the form of a

cantilever, so that the quantity of displacement of the

diaphragm is made large. In the case of the cantilever

type diaphragm, insulating ink is used because there is

10 a possibility that ink becomes intce contact with the

electrode portion to make the electrodes shorted to make
power supply possibie.

Further, preferably, a pair of, first and

second, electrodes may be provided for each diaphragm

15 in order to increase the electrostatic action more

effectively. In this case, the two electrodes may be

arranged so that the first electrode is provided

inside a vibration chamber just under the diaphragnm

S while the second electrode is provided outside the
29 vibration chamber, or, alternatively, both the two
electrodes may be arranged inside the vibration chamber
the two electrodes being connected to an oscillation
circuit so that electric pulses opposite to each other
in polarity are respectively alternately applied to the
25 twWo electrodesﬂ Further, by providing a metal
electrode opposite to the electrode in the diaphragm,

the speed of injection/disappearance of charge can be
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s~=tTidi vidual ly in the respective piezoelectric elenments but the driving

efficiency

of the I nk-jet recording

~4- apparatus is |owered -because an adhesive agent layer s

I nt er posed
so that it
i nk-j et
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bet ween t he substrate and %h ~—01
Is made difficult to elongate the Hﬁﬁﬁ%ﬁ
recordi ng L

_9_.
made high so that it lis made possible to realize
driving by higher-frequency pulses to thereby obtain a
performance of high speed printing.

Further, it is preferable that each vibration
chamber is made to communicate with the air through an
air passage. ‘The electrodes <can be respectively
correspondingly disposed in concave portions formed in
the substrate.

The nozzle openings may be arranged at eqgual
intervals in an end portion of the intermediate one of
the stacked substrates in the form of a so-called edge
ink-jet type. Alternatively, the nozzle openings may be
arranged at equal intervals in the upper one of the
stacked substrates just above the ejection chambers in
the form of a so-called face ink-jet type.

The method for producing the ink-jet according to
the present invention comprises: a step in which a
nozzle substrate {the above-mentioned intermediate
substrate or upper substrate) is prepared by
anisotropic etching a silicon monocrystél substrate t=Ye)
as to form important portions of the substrate; another
step in which an electrode substrate (the above-
mentionéd lower substrate) is . prepared by forming
electrodes only or electrodes and an insulating film on
a substrate; and a further step in which the nozzle

substrate and the electrode substrate are bonded with

each other through anodic¢ treatment. —

7>oeteetr4.Cc el enents

<.
T HAS BEEN
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appar at us. O her than the above system in which t he
diaphragns are driven by the piezoelectric elenents, there is a system
in which the ink in the ejection chanbers is heated (Japanese

Pat ent Post exam n. Publication No. Sho- 61-59911). In this
syStem specifically, the ink in the ejection peharbers--is. hegted
by a heater so that the pressure in the ejection chdibesBEfTsHATBERGded by
the generation of bubbles caused by evagoration of the i fEPE4CEhereb

ej ect ink drops fromthe chanbers. This heating system has an

advant age in t haBebhagt iidg v1RS| 5684 Sof£aB henber@d=0f, silicon can be

subjected to anisotropic etching. For example, the
(100) face can be etched regularly in the direction of
55°. The (111) face can be etched in the direction of
5 90°. By using this property of silicon, it is ﬁossiblé
to form the respective important parts, such as nozzle
openings, ejection chambers, orifices, an ink cavity,
etc., with high accuracy; Finally, the silicon nozzle
substrate and the electrode substrate (constituted by a
10 glass or insulating plate which is near in thermal
expansion coefficient to silicon) in which electrodes
and an insulating film are formed are put on each
other and heated at a temperature of 300°C to 500°¢.
At the same time, a voltage of the order of hundreds of
15 volts is applied- between the silicon side as an anode

and the electrode_substrate side as a cathode to stick

the substrate to each other through anodic bonding.

; Thus, an ink-jet head being high in airtightness can be
produced.

20

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an exploded perspective view partly in
section, showing main barts of a first embodiment of the

25 present invention;
Fig. 2 is a sectional side view of the first

embodiment of Fig. 1 after assembly;
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thin-film resistors of
CVD evaporating deposition,

NNWP or the |Ilike
the |like. The

TaSiJerr],
pl ati ng, or

by sputtering,

system

however, has a problem in that

short because the heating

: i the lifetine OZ;:E:; A5 enNf
' resistors are injuretsS EPQﬁgetltl
heati ng/ quenchi ng and shock at the tine of the br

Pn

is
of
n the

i nk.- SUMVARY OF THE-I BWVENTI ON ‘It is therefore an

obj ect of the present invention to provide an ink-jet
apparatua which Figg 3 is a view taken on line A - A of Fig.

recordi ng
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Figs. 4A and 4B show explanatory views concerning

the design of a diaphragm, Fig. 4A being an explanatory

view showing the size of a rectangular diaphragm, Fig.
4B being an explanatory view for calculating ejection
pressure and ejection quantity;

Fig. 5A is a graph showing the relationship between
the length of the short side of the diaphragm and the

driving wvoltage and Fig. 5B is shown a detail of the
diaphragm portion;
embodiment

Fig. 6 is a sectional view of a second

of the present invention;

Fig. 7 is a sectional view of a third embodiment of
the present invention;

Fig. 8 is a sectional view of a fourth embodiment
of the present invention;

Figs. 9A and 9B are views taken on line B - B of
Fig. 8 and showing the case where bellows grooves are
formed on the two opposite sides of the diaphragm and
the case where bellows grooves are formed on all the
four sides of the diaphragm;

Fig. 10 is a sectional view of a fifth embodiment
of the present invention;

Fig. 11 is a sectional view of a sixth embodiment
of the present invention;

Fig. 12 is a sectional view of a seventh embodiment

of the present invention;
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-5- small in size, high in density, high in printing speed, high in
printing quality, long in life and high in reliability, by enploylng a

driving systemusing electro static force I nst eapt EEN
af orenenti oned system using pirezoel ectric eIenents‘gﬁﬁhﬁgﬁgigg ? menfts as
means for driving diaphragns or vibratibh plates of g,

1 Fig. 13 is a sectional view of an eighth embodiment

of the present invention:

Fig. 14 is a sectional view of a ninth embodiment
of the present invention;

5 Fig. 15 is a sectional view of a tenth embodiment
of the present invention;

Fig. 16 shows views of the steps of producing the
nozzle substrate according to the present inventicn:
and

10 Fig. 17 shows views of the steps of producing the

electrode substrate according to the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
15 Embodiments of the present invention will be

described hereunder with reference to the drawings.

Embodiment 1

Fig. 1 1is a . partly exploded perspective view
20 partly in section, of an ink-jet recording apparatus
according to a first embodimenf of the present
invention. The illustrated embodiment relates to an
edge ink-jet type apparatus in which ink drops are
ejected from nozzle openings formed in an end portion
25 of a substrate. Fig. 2 is a sectional side view of the
whole apparatus after assembly. Fig. 3 is a view taken

on line A - A of Fig. 2.
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It is another object of the present invention.to provide an I nk-j et
recordi ng apparatus having a structure which is forned by application
of a mcro- nachining technique and which is suitable for nass-
production thereof. It is a further object of |theispeEeMAs dBE]Nf1 ON
to -provide a nethod suitable for praduetion of an ink-RetLadeead as| a
mai n part of the ink-jet recording apparatus which Tamartarmtte
foregohng obj ecs. shown iko ¢ adhawhegéomegdinkg jelyj edctessd arZoadimg to the
present invention, the ink-jet recording apparatus conprises an
ink-jet hesadn dondigf ref an phlrdkitt yecgirding apparatus 10 has a

lamination structure in which three substrate 1, 2 and 3
are stuck to one another as will be described
5 hereunder.

An intermediate substrate 2 such as a silicon
substrate has: a plurality of nozzle grooves 21
arranged at equal intervals on a surface of the
substrate and extending in parallel to each other from

10 an end thereof to form nozzle openings; concave
portions 22 respectively communicated with the nozzle
grooves 21 to form ejection chambers 6 respectively
having bottom walls serving as diaphragms 5; fine
grooves 23 respectively provided in the rear of the

15 concave portions 22 and serving as ink inlets to form
orifices 7; and a concave portion 24 +to form a common
ink cavity 8 for supplying in to +the respective

ejection chambers 6. Further, concave portions 25 are

respectively provided under the diaphragms 5 to form
20 vibration chambers 9 so as to mount electrodes as will
be described later. The nozzle grooves 21 are arranged
at intervals of the pitch of about 2mm. The width of
each nozzle groovs 21 is selected to be about 40 um.
For example, the uppér substrate 1 stuck onto the
25 upper surface the intermediate substrate 2 is made by
glass or resin. The nozzle openings 4, the ejection

chambers 6, the orifices 7 and the ink «cavity 8 are
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nozzl e openi ngs, a plurality of independent ejection chanbers
respectively correspondi ngly comunicated with the nozzl e openi ngs,
di aphr agns respectively correspondingly forned in the ejection
chanmbers partly on at |east one side walls of the ejection chanbers, a
plurality of driving means for respectiv ndi ngly

driving the diaphragns, and a common ink cavit

to the plurality of REPLACED

THISTSHESUPISYRERY | | Nk

1 h:

E: Y '
oung’s modulus (N/m®, silicon 11 x 1910 N/m?)

"5 The pressure of
attraction by el
ectrostatic for
ce can

be expressed by the following formula

P=1/2 xe x (V/t)2

P In the formula,
10 €:

t N 3 -
he dielectric constant (F/m the dielectrj
. ric

constant in vacuum: §.g x 10712 F/m)

V: the voltage (V)

t: th i
e distance (m) between the diaphragm and th
e

electrode
15
Accordi ivi
rdingly, the dr1v1ng voltage V required f
- - Or
acquirin j i
q g necessary €Jection pressure can be exp
: resse
by the following formula. :
20 V = t(2pse)1/2 . (2)
In the Ff
ollowing, the volume of g3 Semicylindricaj
shape as sho i i
wn in  Fig. 4(B) is Calculated to therep
calculate the quantity of ejection '
25

T g

AR

. W = 4/3 X abw is Valid . et e e et it e e et
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mnamers, so that upon application of electric pulses to the !5
plurality of driwving—neans, the driving neans respectively e

correspondi ngly %?éh@éthasgeeﬁmlawéll aphragms in the direction of
increasing the essures in the ejection chanbers to
eject ink drops for peni ngs onto re | erein
the respective %mg “EEEI\ are constitut ¢drHIS SBEET H Sgf:ré%trodes
for respectively correspondingly distorting r agns
by electrostatic force, the electroggs_being formed on a
1 w = 3/4 x Aw/ab B {3)
When the formula ({3) is substituted into the
equation P = 2w X Eh3/a4 obtained by rearranging the
5 formula (1), the following formula(4) can be obtained.
P =3/2x 2Eh%/a% ........... (4)
i When the formula (4) is substituted into the
? 10 formula (2}, the following formula can be obtained.
v = t x (3en° awseb) /% x (1785172 ... (5)
That is, the driving voltage required for acquiring
15 the quantity of ejection of ink is expressed by the
formula (5). |
The allowable region of ink ejection as shown in
Fig. 5A can be calculated on the basis of the formulae
*’ (2) and (5). Fig. 5A shows the relationship between the
‘ 20 short side length 2a{mm) and the driving voltage (V) in
the case where the long side length b of the silicon
diaphragm, the thickness h thereof 'and the distance ¢
betwe«n 'the diéphragm and the electrode are s=2lected t§
be 5Smm, 80 wum and 1 um respectively. The ejection
25 allowable region 30 is shown by the oblique lines in
Fig. 5A when the jet (ejection) pressure P is 0.3 atm.
Although it is more advantageous for the diaphragm




Substrate. The operational principle of the ink-jet recording
apparatus is as follows. When a pul se vol t age Is applied to one
el ectrode, t he correspondi ng di aphragm is attracted and distorted by the
negative or positive charge on the surface of the djapRE@aonnandst e
positive or negative charge on the surface | of gddpeacEbectr
correspondi ng the diaphragm Then, - tge vol ume &Ftfie~™=¢01 ng
ej ection chanber is reduced by fh 4 restoring force of the di aphragm
when the el e i ff. aresult, .the pressure in_the
%%%&gg 'é?"n@ggdgn% iﬁ@?an?gﬁggusﬁfq%}ﬁ Y&t eb e?%ctthe

ejectioﬁ cha I'S 1 nCrease
intermediate substrate 2. An ink supply port 14

communicated with the ink cavity 8 is formed in the
upper substrate 1. The ink supply port 14 is connected

5 to an ink tank not shown, through a connection pipe 14
and a tube 17.

For Example, the lower substrate 3 to be bonded
on the lower surface of the intermediate substrate 2 is
made by glass or resin. The vibration chambers 9 are

190 formed by Dbonding the lower substrate 3 on the
intermediate substrate 2. At the same time, electrodes
31 are formed on a surface of the lower substrate 3
and in positione corresponding to the respective
diaphragms 5. Each of the electrodes 31 has a lead

15 portion 32 and a terminal portion 33. The electrodes 31
and the lead portions 32 .e#cept the terminal portions
33 are covered with an insulating film 34. The terminal

portions 33 are respectively correspondingly bonded to

lead wires 35.

20 The substrates 1, 2 and 3 are assembled to
constitute an ink-jet head 12 as shown in Fig. 2.
Further, oscillation circuits 26  are respectively
correspondingly connect«d between the terminal portions
33 of the electrodes 31 and the intermediate substrate 2

25 to thereby constitute the ink:jet recording apparatus 10
having a lamination structure according to the present

invention. Ink 11 is supplied from the ink tank (not
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an ink drop from the corresponding nozzle openi ng. Because the
driving of the diaphragns is controlled by such an electrostatic action,

not only this apparatus can be produced by a m cro-machining techni que but

the apparatus can be made snall in size, high hﬁpd%ﬁitE%ASBEFN
-7~ high in printing speed, high in printing qugl Ty tahl ‘®
- 15 -

1 shown} to .the inside of. the intermediate substrate 2

through the ink supply port 14, so that the ink cavity

8, the ejection chambers 6 and the like are filled with

the ink. The distance ¢ between the electrode 31 and

5 the corresponding diaphragm 5 is kept to be about 1 um.

In Fig. 2, the reference numeral 13 designates an ink

drop ejectéd designates from the nozzle opening 4, and

15 designates recording paper. The ink used is prepared

by dissolving/dispersing a surface active agent such

~ 10 as ethylene g¢glycol and a dye (or a pigment) into a

main solvent such as water, alcohol, toluene, etc.

Alternatively, hot-melt ink may be used if a heater or
the like is provided in this apparatus.

In the following, the operation of this embodiment

15 is described. For example, a positive pulse voltage

generated by one of the oscillation circuits 26 is
applied to the corresponding electrode 31. When the

surface of the electrode 31 is charged with electricity

to a positive potential, the lower surface of <the
20 corresponding diaphragm 5 1is charged with electricity
to a negative potential. Accordingly, the diaphragm
5 is distorted downward by theé action of the
electrostatic attracfion. I'hen the electrode 31 is then
made off, the diaphragm 5 is restored. Accordingly,
25 the pressure in the ejection chamber 6 increases
rapidly, so that the ink drop 13 ié ejected.from the

nozzle opening 4 onto the recording paper 15. Further,
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long in lifetine. According to the present invention,
preferably, the ink-jet head has a | am nation structure formed by
at | east three substrates stacked one on nother, the ejection
respectively having bottom portions (selsasethaadigaphriagns are
previded on an internedi ate one or the substratm®iLAcepnd tihe

chanbers

el ectrodes are provided on a |lowernost one 0Of (the SuUbSTT

bondi ng

S SO

that the el ectrodes are closely oppoesitee -to the diaphragns respectively

and correspondi ngly.

chanber s

10

15

20

25

wWwn inke lluseds sawpplikde f rok asivea ghmls cavhday 8 to the
ejection chamber 6 through the orifice 7 by thé
downward distortion of the diaphragm 5. As the
oscillation «circuit 26, a circuit for alternately
generating a zero voltage and a positive voltage, an AC
electric source, or the like, may be used. Recording
can be made by controlling the electric pulses to be
applied to the electrodes 31 of the respective nozzle
openings 4.

Here, ”the gquantity of displacement, the driving
voltage and the quantity of ejection of the diaphragm 5
are calculated in the case where the diaphragm 5 is
driven as described above.

The diaphragm 5 is shaped like a rectangle with
short side length 2a and long side length b. The four
sides of the rectangle are supported by surrounding
walls. When the aspect ratio (b/2a) is large, the
coefficient approaches to 0.5, and the quantity of
displacement of the thin plate (diaphragm) subjected to
pressure P can be expressed by the following formula
because the quantity of displacement depends on a.

w=0.5xpa*/End ... .. (1)

In the formula,
w: ‘the quantity of displacement {(m)

p: pressure (N/mz)

a: a .half length(m) of the short side N

Al t hough the respective rear walls of the ejection

o Replaced
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respectively bottomwalls of the ejection chanbers are wused as the

di aphragns through a lam nation structure forned by bonding at |east three

substrates in order to nake the apparatus thinner. It is preferable that
the electrodes are coated with an insulating fj{ Rot—eRt-y—toor ot ect
the el ectrodes but to prevent the el ectrodes f&t;%§ﬁ8?¥Léﬁ$@5F&ikg with

t he di aphragns. To increase the pressure i eac RFEALHR o 31 0n
chanbers, the upper and lower walls &P rhe ejection chanber may be
constituted by diaphragns. In this case, the electrodes are

provi ded cofPespbHif ngltPe t Sidthe PEspetts vediBPAPRAPEgNE &P t othe

SynChronousggpggb¥§ate width of the nozzle in the direction of <the

pitch is within a range of from about 0.5mm to about
4.0mm in order to make the nozzle small in size and high
5 in density.

The length of the diaphragm is determined
according to the formula (4) on the basis of the
quantity of ejection of ink as a target, the TYoung's

[ modulus of the silicon substrate, the ejection pressure
+ 10 thereof and the thickneés thereof.

When the width is selected to be about 2mm, it is
necessary to select the thickness of the diaphragm to be
about 50 um or more on the consideration of the ejection
rate. If the diaphragm is extremely thicker than the

15 above value, the driving voltage increases abnormally as
obvious from the formula (5). If the diaphragm is too
thin, the ink-jet ejection frequency cannot be

obtained. That is, a large lag occurs in the

1*! frequency of the ldiaphragm relative to the applied
20 pulses for ink jetting.

After the ink-jet head 12 in this embodiment was
assembled into a printer, ink drops were flown in the
rate of "m/sec by applying a voltage of 150 V w.ith SKHz;

When printing was tried at a rate of 300 dpi, a good
25 result of printing was obtained.
Though not shown, the rear wall of the ejéction

chamber may be used as a diaphragm. The head itself,
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l!He correspondi ng di aphragns. Accordingly, the driving voltages of the
el eetrodes can be set to | ower val ues. Furt her,
preferably, each of the diaphragns is shaped to be a rectangle or
square and each of the diaphragns is supported through bellows-1ike

gr odves

15

20

25

REPLACED

_20_
however, can be more thinned by using the bottom wall of
the ejection chamber 6 as a diaphragm as shown in this

embodiment.

Embodiment 2

Fig. 6 is a sectional view of a second embodiment
of the present invention showing an edge ink-jet type
apparatus similarly to the first embodiment.

In this embodiment, the upper and lower walls. of
the ejection chamber 6 are used as diaphragms 5a and
5b. Therefore, two intermediate substrates 2a and 2b
are used and stuck to each other through the ejection
chamber 6. The diaphragms 5a and 5b and wvibration
chambers 9a and 9b are respectively férmed in the
substrates 2a and 2b. The substrates 2a and 2b are
arranged symmetrically with respect to a horizontal
plane so that the diaphragms 5a and 5b form the upper
and lower walls of the ejection chamber 6. The nozzle
opening 4 is formed in an edge junction surface between
the two substrates 2a and 2b. Further, electrodes 31la
and Bib are respectively provided on the lower surface
of the upper substrate 1 and on the upper surface of the
lower substrate 3 and respectively mounted into the
vibration chambers 9a and 9b. 'Oscillation circuits 26a
and 26b connected respectively between the electrode
31a and the intermediate substrate 2a and between the

electrode 31b and the intermediate substrate 2b.

formed on two opposite sides of or on fOU'1$ﬂﬂ§ﬁEHﬁHASBEEij

a
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the rectangle or square, or alternatively, supported by one side of the
rectangle or square in the form of a cantilever, so that the quantity of
di spl acenent of the diaphragmis nade large. In the case of the cantilever
type di aphragm insulating ink is used because there is a possibility that
I nk *beconmes into contact with the electrode portion r odes
shorted to make power supply possible. Fur t her], THIS SHEERHABIBFEN | 3
pair .of, first and second, electroaés may be prdvi ded #%ACERChH
diaphra3n1 in der .ncyease the | ectrostatic action nore

ely

ef fecti f’hltgléas@’b e o éﬂee& S9Rs, 3R and 5b can be

driven by a lower voltage because_an ink drop 13 can be

ejected from the nozzle opening 4 by symmetrically
vibrating the upper and lower diaphragms 5a and 5b of
5 the ejection chamber 6 through the electrodes 31a and
31b. The pressure in the ejection chamber 6 is
increased by the diaphragms 5a and 5b wvibrating
symmetrically with respect to a horizontal plane, so

that the printing speed is improved.

Embodiment 3

The following embodiments show face ink-jet type
apparatus in which ink drops are ejected from nozzle

openings provided in a surface of a substrate. The

% 15 object of the embodiments is to drive diaphragms by a
lower voltage. The embodiments can be applied to the
aforementioned edge ink jet type apparatus.

Fig. 7 shows a thifd embodiment of the present
invention in which each circular nozzle opening 4 is

20 formed in an upper substrate 1 just above an ejection

e

chamber 6. The bottom wall of the ejection chamber 6 is
used as a diaphragm 5. The diaphragm 5 is formed on
an intermediate substrate 2. Further, an electrode 31
is formed on a lower substrate 3 and in a vibration
25 chamber 9 under the diaphragm 5. An ink supply port 14
% is provided in the lower substrate 3.

In this embodiment, an ink drop 13 is ejected from
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arranged
vi brati on
el ectrode

so that the first electrode is provided inside a

chanber just wunder the diaphragm while the second
is provided outside the vibration chanber, or,

alternatively, both the two electrodes may be arranged inside the

vi brati on chanber

the two el ectrodes being connected to an oscillation

circuit so that electric pulses opposit® to each other in-polarity are
respectively alternately applied to the two el ectrodes. Furt her,

provi di ng
t he speed
5

15

20

25

by

the M2t le €l €M DG OPPOSréeidedt be ehecuppde isuHstaaticgphr agm

of injection/disappearance of charge can be
through the vibration of the diaphragm 5. Accordingly,

a large number of nozzle openings 4 can be provided in

one head, so that high-density recording can be made.

Embodiment 4

In this embodiment, as shown in Figs.8, 94 and
9B, each diaphgragm 5 is supported by at least one
bellows-shaped groove 27 provided on the two opposite
sides (see Fig. 9A) or four sides (see Fig.BB) of a
rectangular diaphragm 5 to thereby make it possible to
increase the gquantity of displacement of the diaphragnm
5. Ink in the ejection chamber 6 can be pressed by a
surface of the diaphragm 5 perpendicular to the
direction of ejection of ink, so that the ink drop 13

can be flown straight.

Embodiment 5

In this embodiment, the rectangular diaphragm 5 is
formed as a cantilever type diaphragm supported by one
short side thereof. By making the diaphragm 5 be of
the cantilever type, the quantity of displacement of the

diaphragm 5 can be increased without making the

driving wvoltage high. Because the ejection chamber 6

becomes communicated with the vibration chamber,
however, it is necessary that insulating ink is used as

the ink 1; to secure electrical insulation of the ink

aaVIdiy
4 N23€ SVH LHIHE SIHJ. “Il

L
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-9- mde high so that it is nade possible to realize driving by
hi gher-frequency pul ses to thereby obtain a perfornmance of high speed
printing. Further, it 1is preferable that each vibration

chanber is nade to communicate with the air through an air passage.

The electrodes can be respectively correspondingly disposed in concave
portions formed in - 23 -

1 from the electrode 31.

Embodiment 6

In this embodiment, two electrodes 31c and 314 are
5 provided for each diaphragm 5 as shown in Fig. 11 so
that the two electrodes 31¢ and 31d drive the diaphragm
. _

In this embodiment, the first electrode 31c is
arranged inside a vibration chamber 9, and, on the other
..? 10 hand, the second electrode 314 is arranged outside the
vibration chamber 9 and under an intermediate substrate
2. An oscillation circuit 26 is connected between the
two electrodes 3l1lc and 31d, and ON-OFF of the wvoltage
application to the electrodes 31c and 31d is repeated to

15 thereby drive the diaphragm 5.
According to this structure, the driving portion is
electrically independent because the silicon substrate 2
i is not used as a common electrode unlike the previous
embodiment. Accordingly, ejection of ink from an
i 20 unexpected nozzle opening can be prevented when a nozzle
head adjacent thereto is driven. Further, in the case of
using a high resistance silicon substrate, or in the

case where a high resistancaz layer is formed, though

not shown n Fig. 11, on the surface of the silicon
25 substrate 2, pulse voltages opposite to each other in
polarity may be alternately applied to the two

electrodes 31c and 31d to thereby drive the'diaphragm 5.
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t he substrate. The nozzle openings may be arranged at equal
intervals in an end portion of the internediate one of the stacked
substrates in the formof a so-called edge ink-jet type. Alternatively,

t he nozzl e openings may be arranged at equal intervals in the upper one of
the stacked substrates just above the %Megtion chanmbers in the formof a
so-called face ink-jet type. The method for producing the ink-jet
acoordiag an R eSSl | INEN ! QRIGOTRILERR0 Ba Bl ED 1L U BR77) €

substrate (the ~above-nentioned ernedi ate substrate or upper
substrate) describe®Paisbhe BYit repulsion act on the diaphragm 5.

Accordingly, ejection preséure can be increased by a

lower voltage.

Embodiment 7

In this embodiment, as shown in Fig. 12, both of
the electrode 31c and 31d are arranged inside the
vibration chamber 9 so that the diaphragm 5 is driven by

‘Iwy 10 surface polarization of silicon. That is, in the same
manner as in the embodiment of Fig. 11, ON-OFF of the
voltage application to the electrodes 31c and 31d is
repeated to thereby drive the diaphragm 5. Further, in
the same manner as in the Embodiment 6, in the case of

15 using a high resistance silicon substrate, or in the
case where a high resistance layer is formed, though
not shown in Fig. 12, on the surface of the silicon
substrate 2, pulse voltages opposite to each other in

‘k polarity may be alternately applied +to the two

% 20 electrodes 31c and 31d to thereby drive the diaphragm
5. This embodiment is however different from the
embodiment of Fig. 11 in that there 'is no projection of
i the electrodes between the intermediate substrate 2 and
the lower substrate 3. Accordingly, in this embodiment,

25 the two substrates can be bonded with each other easily.
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’gaisotropic etching a silicon nonocrystal substrate so as to form

| mportant portions of the substrate; another step in which an

el ectrode substrate (the above- nentioned |ower substrate) is prepared
by formng electrodes only or electrodes and an insulating filmon a
substrate; and a further step in which the nozzle substrate and the

el ectrode substrate are bonded wth %%ch otherthrough anodi c treatnent.

TH‘N SHEET HAS BEEN
REPLACED

Embodiment 8

In this embodiment, as shown in F1g 13, a metal

electrode 3le is provided on the lower surface of the

5 diaphragm § so as to be opposite to the electrode 31.

Because electric charge is not supplied to the diaphragm

5 through the silicon substrate 2 but supplied to the
metal electrode 3le formed on the diaphragm 5 through i

metal patterned lines, the charge supply rate can be to

increased to thereby make high—frequency' driving

possible.

Embodiment 9

In thie embodiment, as shown in Fig. 14, an air

15 vent er passage 28 is provided to well vent air in the
vibration chamber 9. Because the diaphragm 5 cannot be
vibrated easily when the vibration chamber 9 just

under the diaphragm 5 is high in air tightness, the air

1! vent 28 is provided between the intermediate substrate 2
20 and the lower substrate 3 in order to release the

pressure in the vibration chamber 9.

Enbodiment 10

In this embodiment, as shown in Fig. 15, the

25 electrode 31 for driving the diaphragm 5 is formed in a
concave portion 29 provided in the lower substrate 3.

The short circuit of electrodes caused by the vibration
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- 10 - Being in the formof a nonocrystal, silicon can
to "ani sotropic etching. For exanpl e, the (100) fa
regularly in the direction of 55[err]. The (111) @
the direction of 90[err]. By using this property
possible to formthe respective inportant parts, ) _ _
openi ngs, ejection chanbers, orifices, gn Ink cavity, etc., wth high
accuracy. Finally, the silicon nozzle gubstrate and the el ectrode
substrabe (genstid UbedpR¥agn ¥ 288n0%hd "SHLOLLDGAPI A GO °B-03:10835 11

any insulating film for the electrode 31.
In the following, an embodiment of a method for
producing the aforementioned ink-jet head 12 is
5 described. Description will be made with respect to
the structure of Fig. 1 as the central subject. The
nozzle grooves 4, the diaphragm 5, the ejection
chambers 6, the orifices 7, the 1ink cavity 8, the
vibration chambers 9, etc., are formed in the
1 10 intermediate substrate (which is also called ‘'nozzle

substrate") 2 through the following steps.

(1) Silicon Thermally Oxidizing Step (Diagram of Fig.
164)
15 A silicon monocrystal substrate 2A of face
orientation (100) was used. Both the opposite surfaces
of the substrate 2A were polished to a thickness of 280

um. Silicon was thermally oxidized by heating the Si

" substrate 2A in the air at 1100°Cc for an hour to
20 thereby form a 1 um-thick oxide film 2B of SiO2 on the

whole surface thereof.

(2) Patterning Step (Diagram of Fig.16B)
A resist pattern 2C was formed through the steps of:
25 successively coating the two surfaces of the Si
substrate 2A with a resist (OMR-83 made by TOKYO OHKA)

by a spin _ coating method to form a resist film having a
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expansi on coefficient to silicon) in which electrodes and an

insulating film are forned are put on each other and heated at a
tenperature of 300[err]C to 500[err]C. At the sane tine, a voltage of the
order of hundreds of volts is applied between the silicon side as an

anode and the electrode substrate side as a cath
substrate to each other through anodi c bondi ng. H@%SsﬂﬁfrﬁmﬁﬁéﬁN ead
being high in airtightness can be prodited. ACED " BRI BF

DESCRIPTICN OF THE DRAW NGS
thickness of about 1 um; and making the resist film

subject to exposure and development to form a
predetermined pattern. The pattern determining the form
of the diaphragm 5 was a rectangle with a width of imm

5 and with a length of S5mm. In the embodiment of Fig.7,
the form of the diaphragm was a square having an each
side length of S5mm.

Then, the Si0 film 2B was etched wunder the

2
. following etching condition as shown in the drawing.
q 10 While a mixture solution contai'ning six parts by volume
of 40 wt% ammonium fluoride solution to one of 50 wt%
hydrofluoric acid was kept at 20°C, the aforementioned
substrate was immersed in the mixture solution for 10
minutes.
15
(3) Etching Step (Diagram of Fig. 16)

The resist 2C was separated under the following
etching condition. While a mixture solution containing
four parts by volume of 98 wt% sulfuric acid +to

20 one of 30 wt% hydrogen peroxide was heated to 90°% or
higher, the substrate was immersed in the mixture
solution for 20 minutes to separdte the resist 2€.
Then, the "i substrate 2A was immersed in a soluticn of
20 wt% KOH at 80°C for a minute to perform etching by a

25 depth of 1 um. A concave portion 25 constituting a

vibration chamber 9 was formed by the etching.
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Fr& 1is an exploded perspective view partly in section, show ng nmain
parts of a first enbodi nent of the present invention; Fig. 2 is a
sectional side view of the first enbodinent of Fig. 1 after assenbly;

THIS SHEET HAS BERN
8 - REPLACED

(4) Opposite Surface Patterning Step (Diagram of Fig.
16D)

The Si0O, film remaining in the Si substrate 24 was

2
5 completely etched in the same condition as in the step
(2). Then, a 1 um-thick 5102 film was formed over the
whole surface of the §Si substrate 2A by thermal
oxidization through the same process as shown in the
steps (1) and (2). Then, the 5102 film 2B on -the
‘* 10 opbosite surface (the lower surface in the drawing) of
. the Si substrate 2A was etched into a predetermined
pattern through a photolithographic process. The
pattern determined the form of the ejection chamber 6
and the form of the ink cavity 8.
15
({5) Etching Step (Diagram of Fig. 16E)
The Si substrate 2A was etched by using the SiO2
film as a resis; through the same process in the step
‘ (3} to thereby form concave portions 22 and 24 for the
20 ejection chamber 6 and the ink cavity 8. At the same
time, a groove 21 for the nozzle opening 4 and the
groove 23 of an orifice 7 were formed. The thickness
of the diaphragm 5 was 100 um,.
In respect to the nozzle groove and the orifice
25 groove, the etching rate in the KOH solution became

very slow when the (111) face of the Si substrate

appeared in the direction of efching. Accordingly, the
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Fig. 3is aviewtaken on line A- Aof Fig 2; Fi gs. 4A and AB=STTOW
expl anatory views concerning the design of a dlaphragn1 Fig. 4A being an
expl anatory view showi ng the size of a rectangul a ig. 4B
bei ng an expl anatory view for calcul ating ejection & @@ﬁéHamdrﬁm ction
quantity; . Fig. 5A is a graph show ng the rel a+
| ength of the short side of the diaphragmand the driving vo
Fig. 5B is shown a detail of the digghragm portion; Fig. 6 is a
sectional view of a second enbodi rent of the present invention;

1 etching progressed no more, so that the etching was

stopped with the shallow depth. When, for example, the
width of the nozzle groove is 40 um, the etching is
stopped with the depth of about 28 um. In the case of
.5 the ejection chamber or the ink cavity, it can be
.formed sufficiently deeply Dbecause the width is
sufficiently larger than the etching depth. That is,
portions different in depth can be formed at once by

an etching process.

{6) SiO2 Film Removing Step (Diagram of Fig.16F)
Finally, a nozzle substrate having parts 21,.22, 23,
24, 25 and 5, or in other words, an intermediate
substrate 2, was prepared by removing the reméining SiO2

15 film by etching.
In the embodiment of Fig. 7, an intermediate
substrate having the aforementioned parts 22, 23, 24, 25

and 5 except the nozzle grooves 21 and a nozzle

‘ substrate (upper substrate 1) having nozzle cpenings 4

20 with the diameter 50um on a 280 um-thick Si substrate
were prepared in the same process as described above.
In the following, a method for forming an electrode

substrate (lower substrate 3) is described with

ig. 7.
reference to Fig. 1 ThlsSheetHasBeenR

. 1)

(1) Metal Film Forming Step (Diagram of Fig.
A 1000 A-thick Ni film 3B was formed on a surface of

a O0.7Tmm-thick Pyrex glass substrate 3A by a sputtering



Fig. 7 is a sectional view of a third enbodi nent of the present invention;
Fig: 8 is a sectional view of a fourth enmbodi ment of the present

i nventi on; Figs. 9A and 9B are views taken on line B - Bof Fig. 8
and showi ng the case where bellows grooves are forned on the two opposite
si des of the diaphragmand the case where bell ows grooves are formed on

all the four sides of the diaphragm Fig. 10 is t.ional view of a
fifth enbodi ment of the present inventign: Fig. IIII“& SHEETsE43 BBRM
view of a sixth enbodi nent _ REPLACED

1 method.

(2) Electrode Forming Step (Diagram of Fig. 17B)
The Ni film 3B was formed into a predetermined
5 pattern by a photolithographic etching technique. Thus,
the electrodes 31, the lead portions 32 and the terminal

portions 33 were formed.

(3) Insulating Film Forming Step (Diagram of Fig. 17C)
* 10 Finally, the electrodes 31 and the lead portions 32
(see Fig. 1)} except the terminal portions 33 were
| completely coated with an SiO2 film as an insulating
| film by a mask sputtering method to form a film

thickness of about 1 um to thereby prepare the electrode

15 substrate 3.

The nozzle substrate 2 and the electrode substrate

3 prepared as described above were stuck to each other

‘ through anodic bonding. That is after the Si substrate
20 2 and the glass substrate 3 were put on each other, the
substrates were put on a hot plate. While the
substrates were heated at 300°C, a DC voltage of 500 V

was applied to the substrates for 5 minutes with the Si
substrate side used as an anode and with the glass

25 substrate side used as a cathode to thereby stick the

substrates to each other. Then, 'the glass substrate

(upper substrate 1) having the ink supply port 14 formed
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of the present invention; Fig. 12 is a sectional view of a seventh

enbodi nent of the present invention; Fig. 13 is a
sectional view of an eighth enbodi nent of the present invention,
Fig. 14 is a sectional view of a ninth enbodi nent

- 31 -
1 therein was stuck onto the Si substrate 2 through the
same anadic treatment. |
In the embodiment of Fig. 7, the nozzle substrate 1 ;
and the Si substrate 2 were stuck on each other through i
5 thermal compression.
The ink-jet heads 12 respectively shown in Figs.

2 and 7 were produced through the aforementioned

process.

»
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Pof the present invention; Fig. 15is a secﬁl al_view of a tent

i enbodi nent
steps of producing the nozzle substrat e accord
i nventi on;

of the present invention; mmi{w@@f t he

pr esent
ucing

and Fig. 17 shows views of the

el ectrode substrate according to the present invention.
DESCRI PTI ON OF THE PREFERRED EMBODI MENT? - Enbodi nents of

pr esent

10

15

20

25

30

i nvention wll be

oeee UMY

1. An ink-jet recording apparatus comprising an
ink-jet head which includes a plurality of nozzle openings
(4), a corresponding plurality of independent ejection
chambers (6) respectively communicating therewith,
diaphragms (5) formed in said ejection chambers (6) on at
least one side wall thereof, a plurality of driving means
(31) for driving respective diaphragms, and a common ink
cavity (8) for supplying ink to said plurality of ejection
chambers (6), characterised in that said driving. means
(31) are electrodes for distorting a respective diaphragm
by electrostatic force, and in that said electrodes are
formed on a substrate, whereby upon application of an
electric pulse to one or more said electrodes distorts a
respective one or more diaphragms to increase the pressure
in respective ejection chambers (6) to eject ink drops

from said nozzle openings onto recording paper.

2. An ink-jet recording apparatus as claimed in Claim
1, characterised in that said ink-jet head has a laminated
structure formed by bonding at least three substrates (1,
2, 3) stacked one on another, said ejection chambers (6)
bottom portions used as respective diaphragms (5) being
provided on an intermediate one (2) of said substrates;
and said electrodes (31) being provided on a lowermost one
(3) of said substrates so that said electrodes (31) are

closely opposite to respective diapﬁragms (5).

3. An ink-jet recording apparatus as claimed in
either Claim 1 or claim 2, characterised in that sa_id

electrodes (31) are covered with an insulating film (34).

4. An ink-jet recording apparatus as claimed 1in any
one of the preceding claims, characterised in that upper

and lower walls in each of said ejection chambers (6) are

h
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descri bed hereunder with reference to the draw ngs. Enbodi ment 1

WWPTig 1 is a partly exploded —perspective "View partly in section,

of an ink-jet recordi ng apparatus Tﬁgg@&@&ﬂgmnMthﬂ first enbodi ment

of the present invention. The i nh¢hgteg to

an edge ink-jet type apparatus i H! l ?Bb Uﬂér@FDEJECtEd from
nozzl e openings forned in an-epg port tr 'S a
sectional side view of the whol e apparatus after assenbly Flg 3 is a
view taken op,lLin8g Ag é‘igfahfégms2 (5) and said electrodes (31) are

arranged to correspond with each said diaphragm.

S. An ink-jet recording apparatus as claimed in any
one of the preceding claims, characterised in that each of
5 said diaphragms (5) is shaped to be a rectangle or a
sguare and is supported through bellows-like grooves (27)
formed on two'opposite sides of or on four sides of said

rectangle or square.

6. An ink-jet recording apparatus as claimed in any

10 one of Claims 1 to 4, characterised in that each of said

diaphragms (5) is shaped to be a rectangle or a équare,

q.' one side of which is supported in the form of a
cantilever, énd insulating ink is used as said ink.

7. An ink-jet recording apparatus as claimed in any

15 one of the preceding claims, characterised in that said

electrodes (3l) are provided so that a pair of first and

second electrodes are formed for each of said diaphragms

(5), said first electrode (31) being disposed inside a

vibration chamber (9) provided just under said diaphragm

20 (5), said second electrode (33) being disposed outside

said vibration chamber (9), and in that an oscillation

circuit is provided so as to apply electric pulses

{ opposite in polarity to each other alternately to said two
electrodes (31, 33).

25 8. An ink-jet recording apparatus as claimed in any
one of Claims 1 to 6, characterised in that two electrodes
(31) are disposed within a vibration chamber (9) provided
adjacent each diaphragm (5).

9. An ink-jet recording apparatus as claimed in any
30 one of Claims 1 to 6, characterised in that metal
electrodes are respectively correspondingly provided 1in
said diaphragms so that said metal electrodes are opposite

co saia elscerodes (31 T



- 13 - As shown in the drawings an ink-jet head 12 as a nmain
portion of an ink-jet recording apparatus 10 has a l|amnation structure in
+2 Whi ch three substrate 1, 2 and 3 are stuck to one another as will be
VYdescri bed hereunder. An internediate substrate 2 such as a
si_licon '
- 34 -

10. An ink-jet recording apparatus as claimed in
either Claim 7 or Claim 8, characterised in that said
vibration chambers (9) communicate with the air through

air passages.

5 11. An ink-jet récording apparatus as claimed in any
one of the preceding claims, characterised in that said
nozzle openings (4) are arranged at equal intervals in an
end portion of said intermediate substrate (2).

12. An ink-jet recording apparatus as claimed in any
. 10 one of the Claims 1 to 10, characterised in that said
nozzle openings (4) are arranged at egual intervals in the

uppermost substrate (1), each above a respective ejection
chamber (6).

13. A method for producing an ink-jet head comprising
15 the steps of: preparing a nozzle substrate (2) by

anisotropic etching of a silicon monocrystal substrate;

preparing an electrode substrate by forming electrodes

(31) only or electrodes and an insulationg film (34) on a

substrate (3); and sticking said nozzle substrate and said
20 electrode substrate to each other by anodic bonding.
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—substrate has: a plurality of nozzle grooves 21 arranged at

parallel to each other from an end thereof to form nozzle openin
concave portions 22 respectively conmunicated with the nozzle grooves
to formejection chanbers 6 respectively having bottomwalls serving as
di aphragns 5; fine grooves 23 resppdtiively provided in the rear of the
concave portions 22 and serving as ink inlets to form orifices 7; and a
concave portion 24 to forma conmon ink cavity 8 for supplying in
to the respective -ejection chanberg?6. Further, concave portions 25

equal intervals on a surface of +the substrate and extending in (é;)
9
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"TeSpectiver provi ded under the diaphragns 5 to form vibration chanbers 9

so-as to nount electrodes as will be described |ater. The nozzle grooves
21 are arranged at intervals of the pitch of about 2mm The wi dth of
each nozzl e groove 221 is selected to be about 40 [err]m For

exanpl e, the upper substrate 1 stuck onto the wupper surface the
I nternmedi ate substrate 2 i s made by2’a|ass or resin. _The nozzle-epenifgs

4, the ejection chanbers 6, the orifices 7 and the | kIS &Rt A%EbF%
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W14 - fornmed by bondi ng the wpper substrate 1 on the

I nt*ermedi ate substrate 2. An ink supply port 14 comrunicated with
the ink cavity 8 is forned in the wupper substrate 1. The ink supply
port 14 is connected to an ink tank not shown, through a connection pipe
14 " and a tube 17. For Exanpl /llthe | ower substrate 3 to be bonded
on the | ower surface of the internedi ate substrate 2 is
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made by glass or resin. The vibration chanbers g are fornmed by bonding
the lower substrate 3 on the internediate substrate 2. At the sane
time, electrodes 31 are forned on a surface of the lewer_ substrate 3

and in positions corresponding to the respect i yeTHISlisapeF gaus—5.
Each of the electrodes 31 has a |1€4Hl portion 32 ang a t eBFLAGE, 6N ifon
33. The electrodes 31 and the lead portions 32 except & :
portions 33 are covered with an insulating film34, The term nal
portions 33 are respectively correspondi ngly bond i res 35.
The substrates 1, 2 and 3 are ass%r]__‘qgh,‘a‘ﬂ1 t Lt)ﬁPHF?R@'MM

c=lpm

\ m
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constitute an ink-jet head 12 as shown in Fig. 2. Further,
osCillation <circuits 26 are.  respectively correspondingly connected
between the term nal portions 33 of the electrodes 31 and the internedi ate
substrate 2 to thereby constitute the ink-jet recording apparatus 10
having a | am nation structure accordigyto the present invention. Ink 11
I's supplied fromthe ink tank (not
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shown) to the inside of the internedi ate substrate 2 through the ink
supply port 14, so that the ink cavity 8, the ejection chanbers 6 and the
like are filled with the ink. The distance c between the el ectrode 31 and
t he, correspondi ng di aphragm5 is kept to be about 1 [err]m In Fig. 2,
the reference nuneral 13 designates gn i nk drop ejected designates from .
the nozzl e opening 4, and 15 designates recording paper. The ink used is
prepared by dissolving/dispersing a surface active agent. such as
ethylene glycol and a dye (or a pignent) into a main solvent such as
wat er, al cohol, toluene, etc. 13
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Alternatively, hot-nelt ink may be used if a heater or the like is

provided in this apparatus. In the follow ng, the operation of this
enbodi ment is described. For exanple, a positive pulse vol t age
generated by one of the oscillation circuits 26 is applied to
the correspondi ng electrode 31. 7AMen the surface of the el ectrode 31
Is charged with electricity to a positive potential, the |ower

surface of the corresponding diaphragm 5 is charged with electricity
to a negative potential. Accordingly, the diaphragm 5 is di storted

downward by t he action of the electrostatic attraction. Wen the
el ectrode 31 is then
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made off, the diaphragm 5 is restored. Accordingly, the pressure

in- the ejection chanber 6 I ncreases rapidly, so that the ink drop
13 is ejected fromthe nozzle opening 4 onto the recording paper 15.
Furt her, - 16 - the ink 11 is

supplied fromthe ink cavity 8 to tH/Il
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g%ﬂeétion chanber 6 through the orifice 7 by the downward _
distortion of the diaphragm 5. As the oscillation circuit 26, a
ci-rcuit for alternately generating a zero voltage and a positive

voltage, an AC electric source, or the like, may be used. Recording can
be*made by controlling the electrlcEM%Hses to be applied to the
el ectrodes 31 of the respective nozzle openings 4. Here, the

gquantity of displacenent, the driving voltage and the quantity of
ej ection of the diaphragm5 are calculated in the case where the diaphragm
5 is driven as described above.
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The di aphragm 5 i s shaped like a rectangle with short side length 2a and

| ong side length b. The four sides of the rectangle are supported by
surrounding walls. Wen the aspect ratio (b/2a) is large, the
coefficient approaches to 0.5 and the quantity of displacenent of

the thin plate (diaphragm subj ecte pressure P carn —ﬁg Set—by f
followng formula because the quanﬁlo{$lof di spl acememi g%{ggﬂgﬁszﬁﬁﬁ
w=0.5x Pa[err]/Eh[err] ........ (1) In the“formtas
quantity of displacenment (m : °B
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p: pressure (Nnferr]) a: a half length(m of the short side
- 17 h: the thickness k(m of the plate (di aphragm E:
Young' s nodulus (N nferr], silicon 11 x 10[err] Nnjerr])
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ST

The pressure of attraction by electrostatic force can be expressed by the
ol owi ng fornul a. P=1/2 x [err] x (VIt)[e

I n the fornul a, [err]: the dielectric constant (F/m the
dielectric constant in vacuum 8.8 x 10[err] F/ m V: the vol tage—V)

t: the distance (n) between the diaphragm and the el ectrode
Accordingly, the driving voltage V_reguired for

10
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ABSTRACT

INK-JET RECORDING APPARATUS AND
METHOD FOR PRODUCING THE HEAD THEREOF

Disclosed is. an ink-jet recording apparatus comprising an
ink-jet head which includes a plurality of nozzle openings
(4), a plurality of independent ejection chambers (6)
respectively communicating with the nozzle openinés (4),
diaphragms (5) formed in the ejection chambers on at least
one side wall of each ejection chamber, a plurality of
driving means (31) for driving respective diaphragms (5),
and a common ink cavity (8) for supplying ink to the
plurality of ejection chambers. Upon application of
electric pulses to the driving means, the driving means
distort the respective diaphragm to increase the pressure
in that ejection'chamber (6) to eject ink drops from the
nozzle opening (4) Qnto recording paper. The driving
means (31) are cdnstituted by electrodes (31) to distort
the diaphragms by electrostatic force. The electrodes are
formed on a substrate.
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acquiring necessary ejection pressure can be expressed by the foll ow

formul a.
fol | ow ng,

i,s calculated to thereby calculate the quantity of ejeqcti
following formula can be obtai ned because the equation

is valid.

' ng

V =t(2P/[err])[err] ... (23— A
the volune of a semicylindrical shape as shoverEPhACHlYJlEg}iT SH{(@)
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INK-JET RECORDING APPARATUS AND

METHOD FOR PRODUCING THE HEAD THEREOF

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to an ink—je;
recording apparatus in which ink drops are ejected so as
to be deposited on a surface of fecording paper only
when recording is required. In particular, " -the
present invention relates to a small-sized high-density
ink-jet recerding apparatus produced through application
of a micro-machining technique, and relates to a method
for producing an ink-jet head as a main part of such an

ink-jet recording apparatus.

Descriptioﬁ of.the Prior Art

Ink-jet recording apparatuses are advantagéous in
many points that noise is extremely low at the time of
recording, high-speed printing can be made, the degree
of freedom of ink is so high that inexpensive ordinarv
paper can be used, and so on. Among those ink-jet
recording apparatuses, an ink-on-demand type apparatus
in which ink drops are ejected only when recording is
required has been the focus of attention because it
is not necessary to recover ink drops unnecessary for
recording.

In such an ink-on-demand type apparatus, as



- 18 - w=3/4x [err]wab ... .. ..., 3) - n
formula (3) is substituted into the equati nhﬁi’b&CEﬁW\& %ﬁ?
[err]/a[err] obtained by rearranging the forrmula (1), the foll owng
f;or nmul a(4) can be obt ai ned. 27 SEP 1996

- 2 -

——

described, for example, ﬁn Japanese Patent Postexamin.
Publication No. Hei-2-51734, a print head is constituted
by: a plurality of nozzle openings arranged in parallsl
to each other to eject ink drops therefrom; a plurality
of independent ejection chambers respectively
communicated with the corresponding nozzle openings and
each having walls one of which is partly formed to serve
as a diaphragm; a plurality of piezoelectric elements
respectively attached on the corresponding diaphragms SO
as to serve as electromechanical transducers; and a
common ink cavity for supplving ink to the each of the
ejection chambers. In such a print head, upon
application 0f & printing pulse voltage to any one of
the piezo electric elements, the diaphragm corresponding
to the one piezoelectric element is mechanically
distorted so that the volume of the ejection chamber
corresponding fo the diaphragm is reduced and <he
pressure in ‘the chamber is increased instantaneously.
As a result, an ink drop is ejected from the
corresponding one of the nozzle 6penings toward
recording paper.

In the aforementioned structure of the conventional
ink-jet recording apparatus, however, much labor as well
as much time are required for mounting such
piezoelectric elements on the ejection chambers because
the piezoelectric elements must be stuck onto the

outside of the ejection chambers through glass or resin

t he



P=23/2x [err]Eh[err] /a[err]lb ........... (4)] LAQ@]\@E\Q&E%*E A
. " ofTowi ng

formula (4) is substituted into the formul
formul a can be obt ai ned. V=1t x (3Eh[err}] {ferr]w [err]b
(M aferr])[err] ... (5) That is, the dri

for acquiring the quantity of ejection of ink isf lexpressed by f{

formula (5). The al | owabl e regi on of ink ejjectrtronas—stown

5A can be calcul ated on the basis of the formul ae

plates forming the diaphragms or must be arranged in
the inside of the ejection chambers. Particular in the
latest printers, both a high speed and a high printing
gquality are required so that there is a tendency that
the number of the nozzle openings for ejecting ink drops
are increased. Piezoelectric elements corresponding %o
the nozzle openings are machined by dicing or by means
of a wire saw and then placed in predetermined positions
through an adhesive agsnt or the like. In the case of
a high-density ink-jet recording apparatus having a
large number of nozzle openings, if machining is
required to provide the piezoelectric elements, there
is a limitation from +the viewpoints of machining
capability, mechanical accuracy and dimensional
accuracy.

Further, there have been distortion errors of the
piezoelectric elements due to scattering in production
6f piezoelectric elements per se, and in some cases,
there have been occurrence of wvariations in ink
ejection speed from the respective nozzle openings.

Further, electrodes for driving the piezoelectric
elements are respectively formed in the piezoelectric
elements per se and then the piezoelectric elements are
stuck onto a substrate through an adhesive agent.
Accordingly, not only the electrodes must be formed
individually in the respective piezoelectric elements

but the driving efficiency of the ink-jet recording
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(2) and (5). Fig. 5A shows the relationship betmeénﬁﬂﬂéCEﬁﬁ%Pﬁngfﬁ | engt h
2a(mm) and the driving voltage (V) in the case efe the Tong sijdg [ ength
b of the silicon diaphragm the thickness h theje¢f o argtd hapgdiistiance c
bet ween the di aphragm and the el ectrode are sel ectied to ‘be 5mm| (80
[errlm and 1 [err]m respectively. The ej ect i;orr—eat+owabte—redi on 30
is shown by the oblique lines in Fig. 5A when the jet (ejection) pressure

Pis 0.3 atm Al t hough it is nore4advant ageols TOr tThe di aphr agm

apparatus is lowered Dbecause an adhesive agent layer
is interposed between the substrate and the

piezoelectric elements so that it is made difficult to

elongate the lifetime of the ink-jet recording
apparatus.
Other than the above system in which the

diaphragms are driven by the piezoelectric elements,

there is a  system in which the ink in the ejection

chambers is heated {Japanese Patent Postexamin.
Publication No. Sho-61-59911). In this systen,
specifically, the ink in +the ejection chambers is

heated by a heater so that the pressure in the ejection
chambers is increased by the generation of bubbles
caused by evaporation of the ink to thereby eject ink
drops from  the chambers. This heating system has an
advantage in fhat heating resistors can be formed of

thin-film resistors of TaSi0 NiWP or the like by

2t
sputtering, CVD, evaporating deposition, plating, or
the like. The system, however, has a problem in that
the lifetime of the head itself is short because the
heating' resistors are injured by repetiticn of

heating/guenching and shock at the time of the breaking

of bubbles in the ink.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention

to provide an ink-jet recording apparatus which is



- 19 - to neke the size of the diaphragm {arger. ..Ehe.
appropriate width of the nozzle in the direction o ﬁ%hyﬂﬂW%qhﬁﬁERMthin a

range of from about 0.5mmto about 4.0mmin orderjtb nmake the nozzlle small
in size and high in density. The Ilength f QhkSEPdPthra_n1 S
determned according to the fornula (4) on the bagi$ of the quartijty of

ejection of ink as a target, the Young's nodulus ¢f -the~sTtTTTON sullstrate,
the ejection pressure S R

small in size, high in density. high in printing speed,
high in printing quality, long in 1life and high in
reliability, by employing a driving system using electro
static force instead of the aforementioned system
using piezoelectric elements or heating elements as
means for driving diaphragms or vibration plates of
ejection chambers.

It is another object of the present invention <o
provide an ink-jet recording apparatus having a
structure which is formed by application of a micro-
machining technique and which is suitable for mass-
production thereof.

It is a further object of the present invention %o
provide a method suitable for production of an ink-jet
head as a'main part of the ink-jet recording apparatus
which can attain the foregoing objects.

To attain the foregoing objects, according:to the
present - invention, ithe ink~-jet recording apparatus
comprises an ink-jet head including a plurality of
nozzle- openings, a plurality of independent ejection
chambers respectively éorrespondingly communicated with
the nozzle openings, diaphragms respectively
correspondingiy formed in the ejection chambers partly
on at least oné side walls of the ejection chambers, a
pluralify' of driving means for respectiﬁely
correspondingly driving the diaphragms, and a common

ink cavity for supplying ink to the plurality of



t hereof and the thickness thereof. VWhe

about 2mm

about 50 [err]mor nore on the considerationjoff the e éé ate.
dj aphragmis extrenely thicker than the abole vazae'S 6dr v
i ncreases abnormally as obvious fromthe for

It IS necessary to select the thiic

E|, mmEm ISHEBE! lected to be
hragmto be

If the

ng vol t age
la_(5). . 1f the diaphragm

Is too thin, the I nk-j et eJectlon fre ency cannot bg¢ obtained.
a | ar ge | ag occurs- ®the fr equency—ef t“U di aphr agm

That is,

relative toe%Qgtgg
head 12 in t

|
ISE odl nent
pulses to the plurality of driving means, the driving

means respectively correspondingly distort the
diaphragms in the direction of increasing the
respectively pressures in the ejection chambers +to

eject ink drops form - the nozzle openings onto recording

paper, wherein the respective driving means are
constituted by electrodes for respectively
correspondingly distorting the diaphragms by

electrostatic force, the electrodes being formed on a
substrate.

The operational principle of the ink-jet recording
apparatus is as follows. When a pulse voltage is
applied to one electrode, the corresponding diaphragm
is attracted and distorted by the negative or positive
charge on fhe surface of the diaphragm and the positive
or negative charge on the surface of the electrode
corresponding the diaphragm. Then, the volume of the
corresponding ejection chamber is reduced by the
restoring force of the diaphragm when the electrode is
made off. As a result, the pressure in the ejection
chamber is increased instantaneousiy to thereby eject
an ink drop from rhe corresponding nozzle opening.
Becausé the driving of the diaphragms is controlled by
such an eiectrostatic action, not only this apparatus
can be produced by a micro-machining technigue but the

apparatus . can be made small in size, high in density,

%%mb@?lse§xiolhlﬂkubgttlBgllcaulon te gc{ngcjet



assenbled into a printer, ink drops were flovr'r-‘r-ﬁ—{-he——z _7/m sec by
appl ying a voltage of 150 V with 5KHz. \When dqr FRPLACGMENS SHEERd] at a rate
of 300 dpi, a good result of printing was obtfaifnéd: —~Fhough not shown,
FPSe{fG?r waII of the ejection chanber may be_ uzzeob_g%sa}., %g%ph m The head
-7 -
high in printing speed, high in printing quality; and
long in lifetime.
According o the present invention, preferably,

the ink-jet head has a lamination structure formed by

bonding at least three substrates stacked one on

another, the ejection chambers respectively having

bottom portions used as the diaphragms are

an intermediate one or the

electrodes are provided on a lowermost

substrates,

and

one - of

provided on

the

the

substrates so that the electrodes are closely opposite

to the diaphragms respectively and

correspondingly.

Although the respective rear walls of the ejection

chambers can be used as the

diaphragms,

the

respectively bottom walls of the ejection chambers are

used as the diaphragms +through a lamination structure

formed by bonding at least three substrates in or

-

der %o

make <the apparatus thinner. It is preferable that the

electrodes are coated with an insulating film not only

to protect the electrodes but to prevent the electrodes

from short-circuiting with the diaphragms.

To - increase the pressure in each of the ejection

chambers, the upper and lower walls of the ejection

chamber may be consti<uted by diaphragms.

case, the electrodes are provided correspondingly

in

this

to

the respective diaphragms so as to synchronously drive

the corresponding diaphragms. Accordingly,

the driving

voltages of the electrodes can be set to lower values.



however, can be nore thinned by using the bottomwall of the ejection

chamber 6 as a diaphragmas shown in this enbpckéigggﬁﬁ“l@%ﬁi@% ment 2

Fig. 6 is a sectional view of a second enbodi ment

i nvention

showi ng an edge ink-jet type apparatus simlarjyjto the first emxbodi nent.

2thSERj 1884 i
wo i nt ermedi
rough |t he

In this enbodi nent, the upper and lower walls|o njchanber
are used as diaphragns 5a and 5b. Therefore,
substrates 2a and 2b are used and stdédck to epc

ej ection

Further, preferably, each of the diaphragms is
shaped to be a rectangle or a square and each of the
diaphragms 1is supported through bellows-like grooves
formed on two opposite sides of or on four sides of
the rectangle or square, or alternatively, supported by
ong side of the rectangle or square in the form of a
cantilever, so that the quantity of displacement of the
diaphragm is made large. In the case of the cantiiever
type diaphragm, insulating ink is used because there is
a possibility that ink becomes into contact with +the
electrode portion to make the electrodes shorted to make
power supply possible.

Turther, preferably, a pair of, first and
second, electrodes may be provided for each diaphragm
in order 110 increase the electrostatic action more
effectively; In this case, the two electrodes may be

rranged so that the first electrode is provided
inside a vibration chamber just under the diaphragm
while the second electrode is provided outside the
vibration <chamber, or, alternatively, both the +two
electrodes may be arranged inside the vibration chamber
the 1two electrodes being connected to an oscillation
circuit so that electric pulses opposite to each other
in polarity are respectively alternately applied to the
two electrodes. Further, by roviding a metal
electrode opposite to the electrode in the diaphragm,

the speed, of injection/disappearance of charge can be

6



chanber 6.

The diaphragns 5a and 5b and Rgﬂﬁggﬂnﬂanggar ers

and 9b are respectively forned in the {sgbstrates-2a-4qnd 2b.

substrates
hori zont al

2a and 2b are arranged synnetrl,a pactf to a
pl ane so that the diaphragns 5a apd 5& ¥M§:E% Z

9a
The

ypper and

Fower walls of the ejection chanber 6. The npzkle _opening 4 ifs forned in
an edge junction surface between the two substrates 2a and 2bf Further,
3la and 31b are respectivel\¥ provided—en-thelowerlisurface of

el ectrodes

t he upper substrate 1 and on the upper surface of the

and respect®ads y fd@it edoi ntbathist Visor asden cheswiEr ke 9dandegdize
Gscillation CIrCUItS 26a

iving by higher-frequency pulses to thereby obtain a
performance of high speed printing.

Further, it is preferable that each vibration
chamber is made to communicate with the air through an
air passage. The "~ electrodes <can be respectively
correspondingly diéposed in concave portions formed in
the substrate.

The nozzle openings may be arranged at .equal
intervals in an end portion of the intermediate one of
the stacked substrates in the form of a so-called edge
ink-jet type. Alternatively, the nozzleée openings may be
arranged at equal intervals in the upper one of the
stacked substrates just above the ejection chambers in
the form of a so-called face ink-jet type.

The method for producing the ink-jet according to
the present invention comprises: a step in which a
nozzle substrate (the above-mentioned intermediate
substrate ar upper substrate) is prepared by
anisotropic etching a silicon monocrystal substrate so
as to form important portions of the substrate; another
step in which an electrode substrate (the above-
mentioned lower substrate) is prepared by forming
electrodes only or electrodes énd an insulating film on
a substrate; and a further step in which the nozzle
substrate and the electrode substrate are bonded with

each other through anodic treatment.

| ower substrate 3



and 26b connected respectively between the PE?‘&@%HE SHSEEE and t he
i nternmedi ate substrate 2a and between the el ectirgqde 31b and thg
i ntermedi ate substrate 2b. 27 SEP 1996 -1 20 -

In this enbodi nent, the diaphragns 5a and 5b carj Qe driven by ower
vol t age because an ink drop 13 can be ejected firomrthenozze opening 4 by
symmetrically

D

[

- 10 -

Being in the form of a monocrystal, silicon can be
subjected to anisotropic etching. For example, the
(100) face can be etched regularly in the direction of
55°.  The (111) face can be etched in the direction of
900. By using this property of silicon, it is possibile
to form the respectiQe important parts, such as nozzle
openings, ejection chambers, orifices, an ink cavity,
etc., with high accuracy. Finally, the silicon nozzle
substrate and the electrode substrate (constituted by a
glass or insulating plate which is near in thermal
expansion coefficient to silicon) in which electrodes
and an insuleting film are formed are put on each
other and heated at a temperature of 300°C to 500°C.
At the same time, a voltage of the order of hundreds of
volts is applied between the silicon side as an anode
and the eléctréde substrate side as a cathode to stick
the substrate to each other through anodic bonding.

Thus, an ink-jet head being high in airtightness can be

produced.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is an exploded perspective view partly in
section, .showing main parts of a first embodiment of the
present invention;
Fig. 2 is a sectional side view of the first

embodiment of Fig. 1 after assembly;



vibrating the upper and |ower diaphragms 5a anél BBi6E58 e SBERCHi on chamber
6 through the electrodes 31a and 31b. The p@e‘sure In thg lejection
chanber 6 is increased by the diaphragns: »aqpargp ¥94 Vi Qrating
symretrically with respect to a horizontal plage; so that the printing

Speed i s inproved. Enbodi ment 3 - The foljl ew-Ag—enmbodrment|s show f ace
ink-jet type apparatus in which ink drops are|ejected fromnozze
openings provided in a surface of —aXkubstratreé. _Theé object of the

enbodi nents is to drive diaphragns by a
Fig. 3 is a view taken on line A - A of Fig. 2;

Figs. 4A and 4B show explanatory views concerning
the design of a diaphragm, Fig. 4A being an explanatory
view showing the size of a rectangular diaphragm, Fig.
4B being an explanatory view for calculating ejection
pressure and ejection quantity;

Fig. 5A is a graph showing the relationship betwesen
the length'of the short side of the diaphragm and the
driving voltage and Fig. 5B is shown a detail of the
diaphragm portion;

Fig. 6 is a sectional view of a second embodiment
of the present invention;

Fig. 7 is a sectional view of a third embodiment of
the present invention;

Fig. 8 is a sectional view of a fourth embodiment
of the presént'invention;

Figs. 9A and 9B are views taken on line B - B of
Fig. 8 and showing +the case where bellows grooves are
formed on the two opposite sides of the diaphragm and
the case where bellows grooves are formed on all the
four sides of the diaphragm;

Fig. 10 is a sectional view of a fifth embodiment
of the present invention;

Fig. 11 is a sectional view of a sixth embodiment
of the present invention;

Fig. 12 is a sectional view of a seventh embodiment

of the present invention;



| ower voltage. The enbodi ments can be applied to t reEmentof edge
ink jet typg appar at us. Fig. 7 shows a third en&ggﬁ#é ‘Wﬁsﬁﬁﬁcfresent
i nvention in which each circular nozzle opening 4 ifs| forned. T n ah upper
substrate 1 just above an ejection chanber 6. The bcttgqngg¢ﬁg he
ej ection chanber 6 is used as a diaphragm5. The dlaphragn1 f prmed
on an internedi ate substrate 2. Further, an el ectjr cdte—8%—+s forTed on a
| ower substrate 3 and in a vibratiom Xhanber 9 urder the diaphragm 5. An
ink supply port 14 is_provided in the |ower substrate 3. It s
embodi ment, an ihk9drdp 18 PsSBFELPEALf VAR ©f an eighth embodiment

of the present invention:

Fig.
of the pres
Fig.
of the pres
Fig.
nozzle
and
Fig. 1

electrode

DE

Embodiments

described hereunder with

Embodiment

14

15

16 shows views of

substrate

is a sectional view of a ninth embodiment

ent invention:

is a sectional view of a tenth

ent invention;

the steps of producing the

according to the present inveatica:

-
.

7 shows views of the steps of producing he

substrate according to the present invention.

SCRIPTION OF THE PREFERRED EMBODIMENTS

<o
L

of he present invention will be

reference to the drawings.

1

Fig.
partly - in
according
invention.

edge

ejected from

of
whole appar

on line A -

ink-jet

a substrate.

1 is a partly exploded perspective view

section, of an ink-jet recording apparatus

to a first embodiment of the present

The illustrated embodiment relates to an

type apparatus in which ink drops are

nozzle openings formed in an end portion

Fig. 2 is a sectional side view of the

atus after assembly. Fig. 3 is a view taken

A of Fig. 2.



- 22 - the nozzle opening 4 provided in the Q§WQ$RSHEEI t hr ough
the vibration of the diaphragm5. Accordingly e xF . r lof gpzzle
openings 4 can be provided in one head, so thatihigh- r gcor di ng can
be made. Enbodi ment 4 ' qu; &%‘%}dﬁy

_13_
As shown in the draQings an ink-jet head 12 as a
main portion of an ink-jet recording apparatus 10 has a
lamination structure in which three substrate 1, 2 and 3
are stuck to one another as wiil be described
hereunder.
An intermediate substrate 2 such as a silicon

substrate has: a plurality of nozzle grooves 21

[
a

rt
(¢}

arranged at equal intervals on a surface of

1

8

substrate and extending in parallel *o each other fro

t

an end theresof éo form nozzle openings; .concave
portions 22 respectively communicated with the nozzle
grooves 21 to form ejection chambers 6 respectively
having bottom walls serving as diaphragms 5; fine
grooves 23 respectively provided in the rear of the
concave portions 22 and serving as ink inlets to form
crifices 7; ana a concave portion 24 to form a common
ink cavity 8 for supplying in to the respective
ejection chambers 6. Further, concave portions 25 are
respectively provided under the diaphragms 5 to form
vibration chambers 9 so as to mount electrodes as will
be described later. The nozzle grooves 21 are arranged
at intervals of the pitch of about 2mm. The width of
each nozzle groov« 21 is selected to be about 40 um.

For example, the upper substrate 1 stuck onto the
upper surfgce the intermediate substrate 2 is made by
glass or resin. The nozzle openings 4, the ejection

chambers 6, the orifices 7 and the ink <cavity 8 are



In this enbodinent, as shown in Figs.8, 9A and 9B, each di aphgragmb5
IS supported by at |east one bell ows-shaped grgoeve—~24-provi-ded.on the two
opposite sides (see Fig. 9A) or four sides (sed REBLABJMENT SHEETeft angul ar
di aphragm 5 to thereby nake it possible to incregsetheguanti{y| of

di spl acenent of the diaphragm 5. Ink in the ejéct]i op- 6] can be
pressed by a surface of +the diaphragm 5 perreﬁ%{gﬂﬁgﬁﬁi%o t he

direction of ejection of ink, so that_th ink dfop—l3—can.he f] opn
straight. Enbodi ment 5

formed by bonding the upper substrate 1 on <the

intermediate substrate 2. An ink supply port 14
communicated with the ink cavity 8 is formed in the
upper substrate 1. The ink supply port 14 is connected
to an ink tank not shown, through a connection pipe 14
and a tube 17. .

For Example, the lower substrate 3 t0 be bonded
on the lower surface of the intermediate substrate 2 is
made by glass or resin. The vibration chambers 9 ara
formed by Dbonding the lower substrate 3 on <+he
intermediate substrate 2. At the same time, electrodes
31 .are formed on a surface of the lower substrate 3
and in positions corresponding to the respective
diaphragms 5. Each of the electrodes 31 has a lead
portion 32:and a terminal portion 33. The elsctrodes 31
and the lead ﬁortions 32 except the terminal portions
33 are covered with an insulating film 34. The ﬁerminal
portions 33 ére respectively correspondingly bonded to
lead wires 35.

The substrates i, 2 and 3 are assemblaed +o
constitute an ink-jet head 12 as shown in Fig. 2.
Further, oscillation circuits 26 are respectively
correspondingly connect=d between the terminal portions
33 of the electrodes 31 and the intermediate substrate 2
to thereby constitute the ink:jet recording apparatus 10
having a laminafion structure according to the present

invention.’ Ink 11 is supplied from the ink tanlk {not



In this enbodi ment, the rectangul ar di aphragm Sm-i S—.lorned...as.
cantil ever type di aphragm supported by one shot tﬁsmg@+wrﬁenwm£7 By maki ng
t he diaphragm 5 be of the cantilever type, thelqganttty—of- pljacenent of

the diaphragm 5 can be increased wthout Tﬁ?s? “&?tn% i Vi ng

vol tage high. Because the ejection chanber 6 Dbgc |cat ed wth
the wvibration chanber, however, it is necesbaty.that jnsulagtifng ink is
used as the ink 11 to secure electri€alsi-asul aji on of the ink

shown) to the inside of the intermediate substrate 2
through the ink supply port 14, so that the ink cavity
8, the ejecticon chambers 6 and the like are filled with
the ink. The distance ¢ between the electrode 31 and
the corresponding diaphragm 5 is kept to be about 1 um.
In Fig. 2, the reference numeral 13 designates an ink
drop ejected designates from the nozzle opening 4, and
15 designates recording paper. The ink used is prepared
by dissolving/dispersing a surface active agent. such
as ethylene glycol and a dye (or a pigment) into a
main solvent such as water, alcohol, <oluene, etc.
Alternatively, hot-melt ink may be used if a heater or
the like is provided in this apparatus.

In the following, the operation of this embodiment
is described. For example, a positive pulse voltage
generated by one of the oscillation circuits 26 .is
applied to the corresponding electrode 31. When <the
surface of the electrode 31 is charged with electricity
to a positive potential, the lower surface of the
corresponding diaphragm 5 is charged with electricity
to a negative potential. Accordingly, the diaphragm
5 is distorted downward by the action of the
electrostatic attraction. Vhen the electrode 31 is then
made off, the diaphragm 5 is restored. Accordingly,
the pressufe in the ejection chamber 6 increases
rapidly, so that the ink drop 13 is ejected from the

nozzle opeping 4 onto the recording paper 15. Further,



- 23 - fromthe el ectrode 31. Enmbodi ment 6 REpLhDEmEmSSEEﬁTO i ment,
two el ectrodes 31c and 31d are provided for each aphf-agim-S—-as-ishown i n
Fig. 11 so that the two el ectrodes 31c and 31d d;l/e tg%ﬁ? Bragnl 5

In this enbodinent, the first electrode 3lci s2 3@ iinsi de a
Vi bration chanber 9, and, on theother

o e laionic e -

_16_
the ink 11 is supplied from the ink cavity 8 to the
ejection chamber 6 through the orifice 1 by the
downward distortion of the diaphragm 5. As the
oscillation circuit 26, a circuit for alternately
generating a zero voltage and a positive voltage, an AC
electric source, or {he like, may be used. Recording
can be made by controlling the electric pulses to be
applied to the electrodes 31 c¢f the respective nozzle
openings 4.

Here, +the quantity of displacement, the driving
voltage and the quantity of ejection of the diaphragm 5
are calculated in the case whers the diaphragm 5 is
driven as described above.

The diaphragm 5 is shaped 1like a rectangle with
short side length 2a and long side length b. The four
sides of éhe -rectangle are supported by surrounding
walls. When the aspect ratio (b/2a) is larde, the
coefficient approaches to 0.5, and the quantity of
displacement of the thin plate {(diaphragm) subjected to
pressure P can be expressed by the following formula
because the quantity of displacement depends on a.

w=0.5xPa/end ... .. (1)

In the formula,
w: the gquantity of displacement {m)
p: pressure (N/mz)

a: a-.half length{m) of the short side



hand, the second el ectrode 31d is arranged outside ﬂHﬁiﬁwﬁMﬁ@ﬁBq&Fﬂ3 anber 9
and under an internedi ate substrate 2. An oscill [ n crTrourt—26
connect ed between the two el ectrodes 31c and 31d, §N—EF é th

voltage application to the electrodes 31c and 31d ifs ? é her eby

drive the diaphragm 5. According to this st riu I hg
portion is electrically independent because the silicon substrate S
not used as a common el ectrode unllke.tqe_preV|ous embodi-rent-

Accordi ngly, ejection of ink from an unexpected nozzle opening can

bﬁ prevent ]grd whep: a g ciiead adiCH drerAke e §adkipkedgnfurther, in
the case o

E: Young's modulus (N/m°, silicon 11 x 100 N/m?)

The pressure of attraction by electrostatic force can

be expressed by the following formula.

P=1/2 xe x (V/t)2

In the formulsa,

€: the dielectric coastant (F/m, +the dielectric
constant in vacuum: 8.8 x 10“12 F/m)

V: the voltage (V)

t: the distance (m) between the diaphragm and <the

electrode

Accordingly, the driving voltage V reqguired for
acquiring necessary ejection pressure can be expressed
by the following formula.

v = t{2p/e)Y/% ... (2)

In the following, the volume ¢f a semicylindrical
shape as shown in Fig. 4(B) is calculated to thereby

calculate the quantity of ejection.

The following formula can be obtained because the

equation Aw = 4/3 x abw is valid.



using a high resistance silicon substrate, or in the case where a high
resi stance layer is formed, though not shown n Fig. 11, on the surface

of the silicon substrate 2, pul se voltages opposit N e Nyt
polarity may be alternately applied to the t ﬁ@ﬂé@ﬁ ggégﬁg-% and

31d to thereby drive the di aphragm 5.
27 SEP 1996
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w = 3/4 x Aw/ab = ........... (3)
When the formula (3) is substituted into the
equation P = 2w X Eh3/a4 obtained by rearranging the

formula (1), the following formula(4) can be obtained.

P = 3/2 x AEn /&b ... (4)

When the formula (4) is substituted into <th

[}

formula (2), the following formula can be obtained.

2 5,1/2

V = t x (3ER° aw/eb) /2 x (1/a5) . (5)

That is, the driving voltage required for acquiring
the quantity of ejection of ink is expressed by the
formula (Si.

The allowable region of ink ejection as shown in
Fig. 5A can be calculated on the basis of the formulae
{2) and (5). Fig. 5a shows the relationship between the
short side length 2a{mm) and the driving voltage (V) in
the case where the long side length b of the silicon
diaphragm, the ;hickness h thereof 'and the distance ¢
betwe~n the diaphragm and the electrode are s=lected to
be Smm, 80 um and 1 um respectively. The ejection
allowable region 30 is shown by the oblique lines in

Fig. 5A when the jet (ejection) pressure P is 0.3 atm.

Although it is more advantageous for the diaphragm



In this case, not only electrostatic . attraction as described

above but repul sion act on the diaphragm5. Acco
can be increased by a |ower voltage. Enbodi ment

enmbodi nent ,

are arranged inside the vibration chanber 9

driven by

in the enbodiment of Fig. 11, ONOFF. pf the

ot IRy gptpeqgdisa
sf in the sarme

R

as shown in Fig. 12, both of the elle¢trode 3IC 3n

(R, H
T et B et e st e s

surface pol arization of silicon. That §

R T
o Sa gy

to make the size of the diaphragm larger, the
appropriate width of the nozzle in the direction of <the
pitch is within a range of from about 0.5mm to about

4.0mm in order to make the nozzle small in size and high

in densitv.

The length of the diaphragm is determined
according to the formula (4) on the basis of the
quantity of ejection of ink as a target, the TYoung's
modulus of the silicon substrate, the ejection pressure
thereof and the thickness thereof.

When the width is selected to be about 2mm, it is
naecessary to select the thickness of the diaphragm to be
about 50 um or more on the consideration of the ejection
rate. If "the diaphragm is extremely thicker than the

above value, the driving voltage increases abnormally as

obvious frém the formula (5). If the diaphragm is too
thin, the ink-jet ejection frequency cannot be
obtained. That is, a large lag occurs in the

frequency of the diaphragm relative to the applied
pulses for ink jetting.

After the ink-jet head 12 in this embodiment was
assembled into a printer, ink drops were flown in the
rate of "m/sec by applying a voltage of 150 V w.th 5KH=z.

When printing was tried at a rate of 300 dpi, a good
result of printing was obtained.

Though not shown, the rear wall of the ejection

chamber may be used as a diaphragm. The head itself,



drive the
6, in the

vol tage application to the electrodes 31c and 31d i $ REEﬂ@gméngﬂgEﬁe
HA—t-he di

each ot her

e s v

di aphragm 5. Further, in the sane mannef as—i#

case of using a high resistance silicon SU)saazte or int
case where a high resistance layer is formed, though §E [

12, on the surface of the silicon substrate 2, pu}sk_yvoltages opgos
in polarity may be alternately appjied to the twd

1{n

el ectrodes 31c and 31d to thereby drjwg the di aphregf——This

enbodi nent

is however different from the enbodinment of Fig. 11

r eby
nent
he

Fi g.
iteto

in

that there Hswded! 0b&8t EO@mOEe thengb&Chiodesnhetwee e d NLrMeg: at e

substrate

2 and
the ejection chamber 6 as a diaphragm as shown in this

embodiment.

Embodiment 2

Fig. 6 is a sectional view o0f a second embodiment

of the present invention showing an edge ink-jet tvp

o

apparatus similarly to the first embodiment.

In this embodiment, the upper and lower walls. of
the ejection chamber 6 are used as diaphragms 5a and
5b. Therefore, itwo intermediate substrates 2a and 2b
are used and stuck to each other through the ejection
chamber 6. The diaphragms 5a and 5b and vibratiocn
chambers %9a and 9b are respectively formed in the
substrates 2a and 2b. The substrates 2a and 2b are
arranged -symmefrically with respect to a horizontal
plane so that the diaphragms 5a and 5b form the upper
and lower walls of the ejection chamber 6. The nozzle
opening 4 is formed in an edge junction surface between
the two substrates 2a and 2b. Further, electrodes 31a
and 31b are respectively provided on the lower surface
of the upper substrate 1 and on the upper surface of the
lower substrate 3 and respectively mounted into ths
vibration chambers 9a and 9b. Oscillation circuits 26a
and 26b connected respectively Dbetween the electrode
31a and the intermediate substrate 2a and between the

electrode 31b and the intermediate substrate 2b.



the | ower substrate 3. Accordingly, in this enbod
can be bonded with each other easily.
25 - Enbodi ment 8 In this enbodi ment, as sho

In this embodiment, the diaphragms 5a and 5b can be
driven by a lower voltage because an ink drop 13 can be
ejected from the nozzle opening 4 by symmetrically
vibrating the upper and lower diaphragms 5a and 5b of
the ejection chamber 6 through the electrodes 31a and
31b. The pressure - in the ejection chamber 6 is
increased by the diaphragms 5a and 5b vibrating
symmetrically with respect to a horizontal plane, so

that the printing speed is improved.

Embodiment 3

The following embodiments show face ink-jet <tvpe
apparatus in which ink drops are ejected from nozzle
openiqgs provided in a surface of a substrate. The
object of the embodiments is to drive diaphragms by a
lower voltége.- The embodimehts can be applied to the
aforementioned edge ink jet type apparatus.

Fig. 7 shows a third embodiment of +the present
invention in which each circular nozzle opening 4 is
formed. in an upper substrate 1 just above an ejection
chamber 6. The bottom wall of the ejection chamber 6 is
used as a diaphragm 5. The diaphragm 5§ is formed on
an intermediate substrate 2. Further, an electrode 31
is formed on a lower substrate 3 and in a vibration
chamber 9 ﬁnder the diaphragm 5. An ink supply port 14
is provided in the lower substrate 3.

In this embodiment, an ink drop 13 is ejected from



el ectrode 31le is provided on the |lower surface of teke~~—diaphragm5 so as

to be opposite to the electrode 31. Because electrlcﬁéhgm%gﬁ

supplied to the diaphragm 5 through the silicon sulps i ed
to the netal electrode 31le forned on the diaphrag té;ééﬁ’h

patterned lines, the charge supply rate can be to i{ng¢r 5996 tihgr eby
make hi gh-frequency driving possib]e. Enbod tihi s
enbodi rent, as shown in Fig. 14, -an 2%r~ vent or ovi ded

to well ventthgl nol n the

opening 4 provided in the upper substrarte,;
through the vibration of the diaphragm 5. Accordingly,
a large number of nozzle openings 4 can be provided in

one head, so that high-density recording can be made.

Embodiment 4

In this embodiment, as shown in Figs.8, 9A and
98B, each diaphgragm 5 is suppofted by at least one
bellows-shaped groove 27 provided on the <two opposite
sides (see Fig. O9A) or four sides (see Fig.9B) of a
rectangular diaphragm 5 to thereby make it possible to
increase the quantity of displacement of the diaphragm
5. Ink in the ejection chamber 6 can be pressed by a
surface of the diaphragm 5 perpendicular to the
direction of ejection of ink, so that the ink drop 13

can be flown straight.

Embodiment 5

In this embodiment, the rectangular diaphragm 5 is
formed. as a cantilever type diaphragm supported by one
short side thereof. By making the diaphragm 5 be of
the cantilever type, the quantity of displacement of the
diaphragm 5 can be increased without making <the
driving voltage high. Because the ejection chamber 6§
becomes ‘communicated with the vibration chamber,
however, it is necessary that insulating ink is used as

the ink 11 to secure electrical insulation of the ink




vi bration chanber 9. Because the diaphragm5 cannot be vibrated easily
when the vibration chanber 9 just under the diaphragm5 is high in
air tightness, the air vent 28 is provi'ded between the internediate
substrate 2 and the |ower substrate 3 in order to release the
pressure in the vibration chanber 9. Enbodi nent} 10
enbodi nent, as shown in Fig. 15, the electrode 3] PL%GEMEINHTQSHBN
diaphragm5 is formed in a concave -pemti-on 29 pr
substrate 3. The short circuit of electrodes caug
from the electrode 31.

Embodiment 6

In this embodiment, two electrodes 31ic and 31d are
provided for each diaphragm 5 as shown in Fig. 11 so
that the two electrodes 31c and 314 drive the diaphragm
5.

In this embodiment, the first electrode 3lc is
arranged inside a vibration chamber 9, and, on the, K other
hand, the second electrode 314 is arranged outside the
vibration chamber 9 and under an intermediate substrate
2. An oscillation circuit 26 is connected between the
two electrodes 31c and 31d, and ON-OFF of the voltage
application to the electrodes 31c and 31d is repeated to
thereby drive the diaphragm 5.

According to this structure, the driving portion is
electrically independent because the silicon substrate 2
is not used ‘as a common electrode unlike the previous
embodiment. Accordingly, ejection of ink from an
unexpected nozzle opening ¢an be prevented when a nozzle
head adjacent thereto is driven. Further, in the case of
using & high resistance silicon substrate, or in the
case where a high resistancz layver is formed, though
not shown n Fig. 11, on the surface of the silicon
substrate- 2, pulse voltages opposite to each other in
polarity may Dbe alternately épplied to the two

electrodes,  31c and 31d to thereby drive the diaphragm 5.



- 26 - of the diaphragm5 can be prevented w thout providing any

insul ati filmfor the el ectrode 31. In th I odi nent
of a method f Ti REPLAEMEHD ReF TR0

of a nmethod for producing the _aforenentioned

described. Description will be made with respectf {to the strucfuye of
Fig. 1 as the central subject. The 27 SEP 1996
- 24 -
In this case, not only electrostatic attraction as

described above but repulsion act on the diaphragm 5.

Accordingly, ejection pressure can be increased by a

lower voltage.

Embodiment 17

In this embodiment, as shown in Fig. 12, both of
the electrode 3lc¢c =and 314 are arranged inside the
vibration chamber 9 so that the diaphragm 5 is driven by
surface polarization of silicon. That is, in the same
manner as in the embodiment of Fig. 11, ON-OFF of the
voltage application to the electrodes 31c and 314 is
repeated to thereby drive the diaphragm 5. Further, in
the same ménner as in the Embodiment 6, in the case of
usiné a high _resistance silicon substrate, or in the
case where a high resistance layer is formed, though
not shown in Fig. 12, on the surface of the silicon
substrate 2, pulse voltages opposite to each other in
pelarity may be alternately applied <o the twWo
electrédes 3i1c and 31d to thereby drive the diaphragm
5. Thﬁs embodiment is however different from <the
embodiment of Fig. 11 in that there 'is no projection of
the electrodes between the intermediate substrate 2 and
the lower substrate 3. Accordingly, in this embodiment,

the two substrates can be bonded with each other easily.



nozzl e grooves 4, the diaphragm 5, the ejection chanbers 6, the
orifices 7, the ink cavity 8, the vibratiofi 0 - dtc.
are f ormed in the internediate substrate ( Mﬁ@ﬁrﬁg’g\“%ﬁsé% TaI-I ed

"nozzle substrate") 2 through the follow ng steps (1) Silicon
Thermal |y Oxidizing Step (Di agram of Fig. 16QA) | 27 SER 1996l ijcdn
nonocr yst al substrate 2A  of face orientation}(100) was usegd.] Both
the opposite surfaces of the substrates2A were poli stred~toa thi ckness of

280 [err]m Silicon was thermally oxidized by heating the Si

Embodiment 8

In this embodiment, as shown in Fig. 13, a metal
electrode 3le is provided on the lower surface of the
diaphragm 5 so as to be opposite to the electrodé 31.
Because electric charge is not supplied to the diaphragm
5 through the silicon substrate 2 but supplied 0o the
metai electrode 31le formed on the diaphragm 5 through
metal patterned lines, the charge supply rate can be to
increased to thereby make high-frequency driving

possible.

Embodiment 9

In this embodiment, as shown in Fig. 14, an air
vent §r passage 28 is provided to well vent air in the
vibration chamber 9. Because the diaphragm 5 cannot be
vibrated easily when the vibration chamber 9 just
under the diaphragm 5 is high in air tightness, the air
vent 28 is provided between the intermediate substrate 2

' and the lower substrate 3 in order to release the

pressure in the vibration chamber 9.

Enbodiment 10

In this embodiment, as shown in Fig. 15, the
' electrode 31 for driving the diaphragm 5 is formed in a
concave portion 29 provided in the lower substrate 3.

The short circuit .of electrodes caused by the vibration



substrate

(2) Patterning Step (Di agram of Fig.16B) A resi gt [pattern 2C wap
formed through the steps of: successively coating |the 2?%§§quqgea
substrate 2A with a resist (OVR 83 nadg Ry O OHKA

of the

spin coating nethod to forma resist filmhaving a

_ 2A in the .air at 1100 C for an hour there
[err]mthick oxide film 2B of Sigerr] on the whol ﬂEP&%MtNEe%KBf

CJ

o= 286 -

e

U)

of the diaphragm 5 can be prevented without providing
any insulating film for the electrode 31.

In the following, an embodiment of a method for
producing the aforementioned ink-jet head 12 is
described. Description will be made with respect to
the structure of Fig. 1 as the central subject. The
nozzle grooves 4, the diaphragm 5, +the ejection
chambers &, the orifices 7, the ink cavity 8, the
vibration chambers 9, etc., | are formed in - the
intermediate substrate (which is &also called "nozzle

substrate™) 2 through the following steps.

Q

th
)
[
«

(1) Silicon Thermally Oxidizing Step (Diagram
16A)

A silicon monocrystal substrate 2A of face
orientatioﬁ (100) was used. Both the opposite surfaces
of the substrate 2A were polished to a thickness of 280
um. Silicon was thermally oxidized by heating the Si
substrate 24 in the air at 1100°C for an hour to
thereby form a 1 um-thick oxide film 2B of SiO2 on the

whole surface thereof.

(2) Pattarning Step {Diagram of Fig.16B)

A resist pattern 2C was formed through the steps of:
successivély coating the two surfaces of the Si
substrate 2A with a resist (OMR-83 made by TOKYO OHKA)

by a spin.coating method to form a resist film having a

by a
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- thickness of about 1 [err]m and making t emgmmg\)rlsﬂgﬁu Ject
exposure and devel opnent to form a H-Red-peay

The pattern determning the form of the diaphrag ?
width of 1mm and with a length of 5Mm I n the e dmﬁéhggéf@éf
formof the di aphragm was a square having an each | sl de | ength. of |

Then,

t he

Sigerr] film 2B was- eE%hed underj the

thickness of about 1 um: and making the resist film
subject to exposure and development to form a
predetermined pattern. The pattern determining the form
cf the diaphragm 5 was a rectangle with a width of 1mm
and with a length of 5mm. In the embodiment of Fig.7,
the form of the diaphragm was a square having an each
side length of 5mm.

Then, the SiO2 film 2B was etched under the
following etching condition as shown in the drawing.
While.a mixture solution containing Six parts by volume
of 40 wt% ammonium fluoride solution to one of 50 wit%
hyvdrofluoric acid was kept at 20°C, the aforementioned

substrate was immersed in the mixture sclution for 10

minutes.

(3) Etching Step (Diagram of Fig. 16)

The resist 2C was separated under the foilowing
etching condition. While a mixture solution containing
four parts by volume of 98 wt% sulfuric acid to
one of 30 wt% hydrogen peroxide was heated to 90% or
higher,- the substrate was immersed 1in the mixture
solution for 20 minutes to separate the resist 2C.
Then, the ©i substrate 2A was immersed in a solutica of
20 wt% KOH.at BOOC for a minute to perform etching by a
depth of 1 um. A concave portion 25 coanstituting a

vibration chamber 9 was formed by the etching.

mnth a
t he



followi ng etching condition as shown in the drawing. Wile a mxture
solution containing six parts by volune of 40 wt % anmoni um fl uori de
solution to one of 50 Wt % hydrofluoric acid was kept 4t T T %

af orenentioned substrate was inmmersed in the m xture sgﬁﬁtﬁﬂiﬂ’ﬁ%rs*i f

m nut es. (3) Etching Step (D agramof Fig. 16) THe resist 2C was
separated under the following etching condition. Willela Ri7Zx$EP &Y ut
containing four parts by volunme -of2898 w% sulfyrijc acid to o¢n
of 30 wt % hydrogen peroxi de was heated to 90 [err]c or

(4) Opposite Surface Patterning Step (Diagram of Fig.
16D)
The SiO2 film remaining in the Si substrate 22 was
completely etched in the same condition as in the Step
(2). Then, a 1 um-thick SiO2 film was formed over the
whole surface of the Si substrate 2A by thermal
oxidization <through the same process as shown in the

steps (1) and (2). Then, the §i0 film 2B on -the

2
opposite surface (the lower surface in the drawing) of
the Si substrate 23 was etched into a predetermined
pattern through a photolithographic process. The

pattern determined the form of the ejection chamber 6

and the form of the ink cavity 8.

(5) Etching Step (Diagram of Fig. 16E)

The Si substrate 2A was etched by using the SiO2
film as a resist through the same process in the step
(3) to thereby form concave portions 22 and 24 for the
ejection chamber 6 and the ink cavity 8. At the same
time, a groove 21 for the nozzle opening 4 and the
groove 23 of an orifice 7 were formed. The thickness
of the diaphragm 5 was 100 um.

In respect to the nozzle groove and the orifice
groove, the etching rate 'in. the KOH solution became

very slow when the (111) face of the Si substrate

appeared in the direction of etching. Accordingly, the




hi gher,
m nut es

(e,
etching by a depth of 1 [err]m A concave portion |25 constituting

to

the substrate was imersed in the mxture solution

separate the resist 2C. Then, the Si PSKERER rpp
imMmersed in a solution of 20 w% KOH at 80[err]C for ﬁ% ﬁﬁtgﬁ In pey{

vibration chamber 9 was formed by the etching. 27 SEP 1996
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etching progressed no more, so that the. etching—was

S
f

stopped with the shallow depth. When, for example, the
width of the nozzle groove is 40 um, the etching is
stopped with the depth of about 28 um. In the case of
the ejection chamber or the ink cavity, it can be
formed sufficiently deeply ' because the width is
sufficiently larger than the etching depth. That is,
portions different in depth can be formed at once b§

an etching process.

(6) SiO2 Film Removing Step (Diagram of Fig.16F)

Einally, a nozzle substrate having parts 21, 22, 23,
24, 25 and 35, or in other words, an intermediate
substrate ?, was prepared by removing the remaining SiO2
film by etching.

In the embodiment of Fig. 7, an intermediate
substrate having the aforementioned parts 22, 23, 24, 25
and 5 except the nozzle grooves 21 and a nozzle
substrate (upper substrate 1) having nozzle openings 4
with the diameter 50um on a 280 um-thick Si substrate
were prepared in the same process as described above.

In-the following, a method for forming an electrode
substrate {lower sunsitrate 3) is described with

reference to Fig. 17.

(1) Metal Film Forming Step (Diagram of Fig. 17A)
A 1000 A-thick Ni film 3B was formed on a surface of

a 0.7mm-thick Pyrex glass substrate 3A by a Sputtering

20

Drm



(4) Opposite Surface Patterning Step (D agram of Fig. 16D)

The

SSJerr] filmremaining in the Si substrate 2A was conpletely etched in
the sane condition as in the step (2). Then, a 1 [errlmthick Si(err]
filmwas formed over the whole surface of the pml.._Substrate 2A by
thermal oxidization through the sane process as |sifg s (1)
and (2). Then, the Siderr] film 2B on the (the
| ower surface in the drawing) of the cﬁL_ subst r 4t into
a predetermined pattern through a photolithogt The

method.

(2) Electrode Forming Step (Diagram of Fig. 17B)

The Ni film 3B was formed into a predetermined
pattern by a photolithographic etching technique. Thus,
the electrodes 31, thé lead portions 32 and the terminal

portions 33 were formed.

(3) Insulating Film Forming Step (Diagram of Fig. 17C)
Finally, the electrodes 31 and the lead portions 32
(see Fig. 1) except the terminal portions 33 wsare
completely coated with an Si02 £ilm as an insulating
film by a mask sputtering method to form a film
thickness of about 1 um to thereby prepare the electrode

substrate 3.

The nozzle substrate 2 and <the electrode substrate
3 prepared as described above were stuck to each other
through anodic bonding. That is after the Si substrate
2 and the glass substrate 3 were put on each other, the
substrates were put on a hot plate. While  the
substrates were heated at 300°C, a DC voltage of 500 V
was applied to the substrates for 5 minutes with the Si
substrate side wused as an anode and with the glass
substrate side used as a cathode to thereby stick the
substrates to each other. Then, the glass substrate

(upper substrate 1) having the ink supply port 14 formed




ink cavity 8. (5) Etching Step (Diagramof Fig.jl1R&)
substrate 2A was etched by using the Sigerr] fil
t he same process in the step (3) to thereby formfohcave portiong 42 and
24 for the ejection chanber .6 and the ink cavity g [tinme,

a groove 21 for the nozzle opening 4 and the brifice
7 were fornmed. The thickness of the diaphragm5jwas 100 In
respect to the nozzle groove and the orifice

_31_
therein was stuck onto the Si substrate 2 through the
same anodic treatment.

In the embodiment of Fig. 7, the nozzle substrate 1
and the Si substrate 2 were stuck on each other through
thermal compression. .

The ink-jet heads 12 respectively shown in Figs.
2 and 17 were produced through <he aforementioned

process.
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CLAIMS

1. An ink-jet recording apparatus comprising an
ink-jet head which includes a plurality of nozzle openings
(4), a corresponding plurality of independent ejection
chambers (6) respectively communicating therewith,
diaphragms (5) formed in said ejection chambers (6) on at
least one side wall thereof, a plurality of driving means
(31) for driving respective diaphragms, and a common ink
cavity (8) for supplying ink to said plurality of ejection
chambers (6), characterised in thet said driving- means
(31) are electrodes for distorting a respective diaphragm
by electrostatic force, and in that said electrodes are
formed on a substrate, whereby upon application of an
electric pulse to one or more said electrodes distorts a
respective one or more diaphragms to increase the pressure
in respective ejection chambers (6) to eject ink drops
from said nozzle openings onto recording paper.

2. An ihk—jét recording apparatus as claimed in Claim
l, characterised in that said ink-jet head has a laminated
structure formed by bonding at least three substrates (1,
2, 3) stacked one on another, said ejection cliambers (6)
bottom portions used as respective diaphragms (5) being
provided on an intermediate one (2) of said substrates;
and said electrodes (31) being provided on a lowermost one
(3) of séid substrates so that said electrodes (31) are

closely opposite to respective diaphragms (5).

3. An ink-jet recording apparatus as claimed in
either Claim 1 or claim 2, characterised in that said

electrodes (31) are covered with an insulating film (34).

4. An ink-jet recording apparatus as claimed in any
one of the preceding claims, characterised in that upper

and lower walls in each of said ejection chambers (6) are



st opped with the depth-of—abo L\“\n ‘ pj ection
chanber or the ink ci\‘\l N m be f rmaLA(ElMﬁl\!ffc&&&TL deepl y
because the wdth rentsl y "l ar ger tlhagr—the—etThi gl dépt h
That is, portions different in depth can be florje - by an
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et chi ng process. (6) Si 02 Fil m Renoving ep of
Fi g. 16F) Finally, a nozzle 3iubstrate havi ng parts.21..22..231 [24, 25
and 5, or in other words, an internediatej{ substrate 2, wag prepared
by renovi ng fRemednedsi Agashggnd i (M) byard clsiang. Leleces are
arranged to correspond with each said diaphragm.
5. An ink-jet recording apparatus as claimed in any

one of the preceding claims, characterised in that each of
said diaphragms (5) is shaped to be a rectangle or a
square and is supported through bellows-like grooves (27)
formed on two opposite. sides of or on four sides of said

rectangle or sguare.

6. An ink-jet recording apparatus as claimed in any
one of Claims 1 to 4, characterised in that each of said
diaphragms (5) is shaped to be a rectangle or a ééuare,
one side of which i1s supported in the form of a
cantilever, and insulating ink is used as said ink.

7. An ink-jet recording apparatus as claimed in any
one of the preceding claims, characterised in that said
electrodes (31l) are pro&ided so that a pair of first and
second electrodes are formed for each of said diaphragﬁs
(5), said first electrode (31) being disposed inside a
vibration chamber (9) provided just under said diaphragm
(5), said second electrode (33) being disposed -woutside
said vibration chamber (9), and in that an oscillation
circuit 1is provided so as to apply electric pulses
opposite in polarity to each other alternately to said two
electrodes (31, 33).

8. An ink~-jet recoxrding apparatus as claimed in any
one of Claims 1 to 6, characterised in that two electrodes
(3L) are disposed within a vibration chamder (9) provided

adjacent each diaphragm (5).

9. An ink-jet recording apparatus as claimed in any
one of Claims 1 to 6, characterised 1in that metal
electrodes are respectively correspondingly provided in
said diaphrégms so that said metal electrodes are opposite

to said electrodes (31l).



In the enbodinent of Fig. 7, an internediate substrate having the
af orenenti oned parts 22, 23, 24, 25 and 5 exce'
21 and a nozzle substrafé @Hﬁ “substrate

with the diameter 50[err]m on Bl"ﬂi H'lHHmsch ]? t.rat_e

the same process as descrlbed
formng an el ectrode substrate (Iomer substratje

with reference to Fig. 17. (1) Metal Film For
17A) A 1000 A-thick Ni film 3B was fornmed on{a surface of
- 34 -
10. An ink-jet recording apparatus as claimed in

either Claim 7 or Claim 8, characterised in that said
vibration chambers {9) communicate with the air through

air passages.

11. An ink-jet recording apparatus as claimed in any
one of the preceding claims, characterised in that saigd
nozzle openings (4) are arranged at equal intervals in an
end portion of said intermediate substrate (2).

12. An ink-jet recording apparatus as claimed in any
one of the Claims 1 to 10, characterised in that said
nozzle openings (4) are arranged at equal intervals in the
uppermost substrate (1), each above a respective ejection
chamber (6).

13. A method for producing an ink-jet head comprising
the steps 'of: preparing a nozzle substrate (2) by
nlsotroplc etch’ng of a silicon monocrystal substra_e,
preparing an electrode substrate by forming electrodes
(31) only or electrodes and an insulationg film (34) on a
substrate (3); and sticking said nozzle substrate and said

electrode substrate to each other by anodic bonding.



a 0. 7mmthick Pyrex glass substrate 3A by a sputtering
- 30 - nethod. (2) Electrode Formng Step (Diagramof Fig. 17B) The

N film 3B was formed into a predetermned pattp@bPadiirNT SHEET
phot ol i t hographi c etching technique. Thus, REPLACKHIZNT St
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the el ectrodes 31, the lead portions 32 and the term nal

Finally, the electrodes 31 and the | ead portions 32 (see Fig. 1) except
the termnal portions 33 were conpletely coated with 4§ W
an insulating film by a mask sputtering nethod toREf’ SAMENT Sidem

t hi ckness of about 1 [err]mto thereby prepare the el egtrjo
The nozzl e substrate 2 and the el ectrode substrate

2/11

portions 33 were
f-or med. (3) Insulating FilmFormng Step (Diagramof Fig. 170

jode subst-r-adt-
27 SEP 1994
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3 prepared as descri bed above were stuck to each other through anodic
bonding. That is after the Si substrate 2 and the glass substrate 3 were
put on each other, the substrates were put on a hot plate. Wi | e
the substrates were heated at 300[err]C, a DC voltage of 500 V was
applied to the substrates for 5 mnutes with the Si substrate side used
as an anode and with the glass substrate side used as a cathode to
thereby stick the substrates to each other. Then, the glass substrate
(upper substrate 1) having the ink sugg“n port 14 formed

REPLACEMENT SHEET
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- 31 - therein was stuck onto the Si substrate 2 through the sane anodic
t'r eat nent . In the enbodi nent of Fig. 7, the nozzle substrate 1 and
the Si substrate 2 were stuck on each other through thermal conpression.

The ink-jet heads 12 respectively shown in Figs,
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2 and 7 were produced through the aforenmentioned process.

-1 32 - CLAI MS 1 An ink-jet recording apparatus
conprising an ink-jet head which includes a plurality of nozzl e openings
(4), a corresponding plurality of independent ejection chanbers (6)

respectively comrunicating therewth,
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di aphragns (5) forned in said ejection chanbers (6) on at |east one side
wal |l thereof, a plurality of driving nmeans (31) for driving respective

di aphragns, and a comon ink cavity (8) for supplying ink to said plurality
of ejection chanbers (6), characterised in that said drgMLQgAneans (31) are
el ectrodes for distorting a respective di aphragm by el gctarpsi o |u.b
and in that said electrodes are forned on a substrate, %FPEA%_ BrSHEET
application of an electric pulse to one or nore said elje¢gtrodes distor}s| a
respective one or nore diaphragns to i ;(fase the pressu eZﬁsmmg,ti e
ej ection chanbers (6) to eject ink drag romsaid nozgl i
recordi ng paper. 2. An ink-jet recording apparatps as C
Claim 1, characterised in that said ink-jet head has a ni_nat ed structure

formed by bonding at |east three su E{rates (1, 2, 3) stacked one on

anot her, said ejection chanbers ttom portions used as respective

di aphragns (5) being provided on\an jnternedi ate one (2) of said
substrates; and said eled?rodé% (31} bePng provi ded oF a | owernost one (3)
of said substrates osely opposite to
respective di aphrdagns (5)\.
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3. An ink-jet recording apparatus as clained in either aim1l or
elaim 2, characterised in that said electrodes (31) are covered with an
insulating film(34). 4, An ink-jet recording apparatus as clainmed in
any one of the preceding clains, characterised in that upper and | ower

wal l's in each of said ejection chanbers (6) are -
33 - fornmed as diaphragns (5) and said electrodes (31) are arranged to
correspond with each said di aphragm

4R
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5. An ink-jet recording apparatus as clainmed in any one of the
preceding clainms, characterised in that each of said diaphragns (5) is
shaped to be a rectangle or a square and is supported through bellows-1ike
grooves (27) formed on two opposite. sides of or on four sides of said
rectangl e or square. 6. An ink-jet recording apparatus as clained in
any one of Clains 1 to 4, characterised in that each of said diaphragns (5)
is shaped to be a rectangle or a square, one side of which is
supported in the form of a cant@/dder, and insulating ink is used as
sai d ink. 7. An ink-jet recording apparatus as clained in any one of
the preceding clains, characterised in that sai dferestrodes(31). are

provi ded so that a pair of first and second eIec1rBHH$CEMENT@HBEﬂ f or each
of said diaphragnms (5), said first electrode (31} perny—ttspoese nsi de a
vi bration chanber (9) provided just under said di a)hrfg:géﬁig%said second
electrode (33) being disposed outside said vibfat erf {(9), and

in that an oscillation
13
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circuit is provided so as to apply electric pul ses opposite in polarity to
each other alternately to said two el ectrodes (31, 33). 8. An ink-j et
recording apparatus as claimed in any one of Claims 1 to 6, characterised
in that two electrodes (31) are disposed within a vibration chanber (9)
provi ded adj acent each di aphragm (5). 9. An ink-jet recording
apparatus as clained in any one of Cains 1 to 6, characterised in
that netal electrodes are respectively correspondingly provided in said

di aphragns so that said netal electr%gﬁs]are opposite to said el ectrodes
(31).
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- 34 - 10. An ink-jet recording apparatus as clained in either
Caim7 or Caim8, characterised in that said vi bratlonAEha
copmuni cate with the air through air passages. Eﬂmc
recordi ng apparatus as claimed in any one of the precedin
characterised in that said nozzle openings (4) are arrange e§IE
intervals in an end portion of said internedi ate substratje (%7 1995
ink-jet recording apparatus as clained in any one of the(d 1l to 10,
characterised in that said nozzle opelifgs (4) are arranfed at ~equal
intervals in the uppernost substrate (1), each above a ré
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chanber (6). 13.
steps of: preparing
a silicon nonocrystal

A nmet hod for producing an ink-jet head conprising the
a nozzle substrate (2) by anisotropic etching of
substrate; preparing an el ectrode substrate by

fofmng el ectrodes (31) only or electrodes and an insulationg film (34) on

a substrate (3);

and sticking said nozzle substrate and said el ectrode

substrate to each other by anodi ¢ bondi ng.
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ABSTRACT

(Figure 1)

INK-JET RECORDING APPARATUS AND
METHOD FOR PRODUCING THE HEAD THEREOF

Disclosed is an ink-jgt recording apparatus comprising an
ink-jet head which includes a plurality of nozzle openings
(4), a plurality of independent ejection chambers (6)
respectively communicating with the nozzle openinds (4),
diaphragms (5) formed in the ejection chambers on at least
one side wall of each ejection chamber, a plurality of
driving means (31) for driving respective diaphragms (5),
and a common ink cavity (8) for supplying ink to the
plurality of ejection chambers. Upon application of
electric pulses to the driving means, the driving means
istort the respective diaphragm to increase the pressure
in that ejection chamber (6) to eject ink drops from the
nozzle opeﬁing (4) onto recording paper. The driving
means (31) are constituted by electrodes (3l) to distort
the diaphragms By electrostatic force. The electrodes are
formed on a substrate.
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