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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-jet

recording apparatus in which ink drops are ejected so as

to be deposited on a surface of recording paper only

when recording is required. In particular, -the

present invention relates to a small-sized high-density
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.

Description of the Prior Art

Ink~-jet recording apparatuses are advantageous 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 ordinary

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
réquired 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

O
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described, for example, in Japanese Patent Postexamin.
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
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
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
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
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
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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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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apparatus is lowered because 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 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
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small in size, high in density, high in printing speed,

high in printing quality, léng in life 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

This Sheet Has Been Replace

110

]




1
THIS SHEET HAS BEEN ‘
REPLACED ,

1 ejection chambers, so that upon application of electric

._6;.

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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high in printing speed, high in printing quality, and
long in lifetime.

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.
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Further, preferably; each cf the diaphragms is
shaped to be a rectangle or a square and each of the
diaphragms is supported through bellows-like grooves
formed on two opposite sides of or on four sides of
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
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
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
while the second electrode is provided outside the
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
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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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. T
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1 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

5 90°.

By using this property of silicon, it is possible
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°¢C.
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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Fig. 3 is a view taken on line A - A of Fig. 2;

- 11 -

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;

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 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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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;

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

Fig. 17 shows views of the steps of producing the

electrode substrate according to the present invention.

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

described hereunder with reference to the drawings.

Embodiment 1

Fig. 1 1is a . partly exploded perspective view
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
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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1 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 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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1 h: the thickness kK{m) of the plate (dlaphragm)
. : - 2 g, 10 2
E: Young's modulus (N/m°, silicon 11 x 10 N/m*)
5

The pressure of attraction by electrostatic force can

be expressed by the following formula.

P=1/2x¢ex (v/t)2
In the formula,

10 e: the dielectric constant (F/m,

the dielectric
constant in vacuum:

8.8 x 10712 g/p)
V: the voltage (v)

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

electrode
15
Accordingly, the driving voltage V required for
acquiring necessary ejection Pressure can be exXpressed
by the following formula.
20 V = t(2pse)1/2

In the following,

shape as shown in Fig. 4(B)

is calculated to thereby
calculate the quantity of ejecti

on.
25

The following formula can be obtaineqd beca
equation
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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 AEhS/a%D ........... (4)

When the formula (4} is substituted into the
formula (2), the following formula can be obtained.

V = t x (3Eh° aw/eb)3’/? x (1/2°)%/2% ... (5)

That is, the driving voltage required for acquiring
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
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 ¢
betwemn'the diéphragm and the electrode are s=2lected t§
be 5Smm, 80 wum and 1 um respectively. The ejection
allowable region 30 is shown by the obligque lines in
Fig. 5A when the jet (ejection) pressure P is 0.3 atm.

Although it is more advantageous for the diaphragm
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formed by. bonding the upper substrate 1 on the

- 14 -

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 to be bonded
on the lower surface of the intermediate substrate 2 is
made by glass or resin. The vibration chambers 9 are
formed by bonding 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

portion 32 and a terminal portion 33. The electrodes 31

and the lead portions 32 except the terminal portions -

33 are covered with an insulating film 34. The terminal
portions 33 are respectively correspondingly bonded to
lead wires 35.

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
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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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 déscribed. 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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the ink 11 is supplied from the ink cavity 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=0.5xpPat/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

o Replaced
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1 to make - the size of- the diaphragm larger, the
approbriate 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 5KH=z.

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 ejection

chamber may be used as a diaphragm. The head itself,
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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.
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In this embodiment, the didphragms 5a and 5b can be
driven by a lower voltage becéuse_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 3l1la 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
openiggs provided in a surface of a substrate. The
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
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 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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the nozzle opening 4 provided in the upper substrate,
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
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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
J 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.

This Sheet Has Been Repl

T




15

20

25

- 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 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
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
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
polarity may be alternately applied +to the two
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
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.
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Embodiment 8

In this embodiment, as shown in F1g 13, a metal
electrode 3le is provided on the lower surface of the
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
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
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
vent 28 is provided between the intermediate substrate 2
and the 1lower 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
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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 6, the orifices 7, the 1ink cavity 8, the
vibration chambers 9, etc., are formed in the
intermediate substrate (which is also called "nozzle

substrate") 2 through the following steps.

(1) Silicon Thermally Oxidizing Step (Diagram of Fig.
16A)

A silicon monocrystal substrate 23 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°C for an hour to
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:
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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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
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 SiOz film 2B was etched under the
following etching condition as shown in the drawing.
While a mixture solution contaihing 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.

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

vibration chamber 9 was formed by the etching.
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(4) Opposite Surface Patterning Step (Diagram of Fig.
16D)

The Si0O, film remaining in the Si substrate 24 was

2
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
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.

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

The S§i 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
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 éubstrate

appeared in the direction of efching. Accordingly, the
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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
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) SiO Film Removing Step (Diagram of Fig.16F)

2
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
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

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

reference to Fig. 17. ThlsSheetHasBeen

N llll

A 1000 A-thick Ni film 3B was formed on a surface of

(1) Metal Film Forming Step (Diagram of Fig.

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

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 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 supply port 14 formed
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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
thermal compression.
The ink-jet heads 12 respectively shown in Figs.

2 and 7 were produced through the aforementioned

process.
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SUFPRNE 1 1T

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

N
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formed as diaphragms (5) and said electrodes (31) are

arranged to correspond with each said diaphragm.

- 33 -

S. 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 square.

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 équare,
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
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
(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).

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
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

o said electrodes (31). T
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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 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
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
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
electrode substrate to each other by anodic bonding.
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