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invention relates to a lamnate for use in the manufacture of pisrlectes

for drop-on-demand ink jet printing.

I n Eur opean Patent No.

0278590 there is described with
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LAMINATE FOR USE IN MANUFACTURE OF INK JET PRINTHEADS

This invention relates to a laminate for use in the
manufacture of printheads for drop-on-demand ink jet printing.

In European Patent No. 0278590 there is described with
reference to Figures 2(a) and 2(b) a printhead structure of the
so-called "chevron" type. This is an advantageous form of
structure as it requires a rel;tively low operating voltage.

Further, United States Pafent No. 5,016,028 discloses an array

[

printhead of the so-calleﬁ"“cantilevéf" type which requires a
relatively high operating voltage, in‘which manufacture takes
place from one side of the printhead.

One object of the present invention is.to provide a
laminate for use in manufacture of an array printhead of the
chevron type so that manufacture thereof can take place from one
side of the array.

The present invention consists in a co-fired laminate
for use in the manufacture bf printheads for drop-on-demand ink
jet printers, comprising two inner layers of piezo-electric (R
ceramic material which are thickness poled in opposite senses and |
two outer iayérs of inactive ceramic material, characterised in
that between said inner layers is provided a fifth layer of
ceramic material which in response to actuating pulses at the
operating temperature of the printhead is substantially
insulating and at the poling temperature of the inner layers is

substantially conductive during'the poling period.
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r-eférerwggz@oﬁsgures 2(a) and 2(b) a printhead structure of PCHéGB8b02093 ed

"chevr

on" type. This is an advantageous formof structure as it requires a

relatively | ow operating voltage. Further, United States Patent No.
5,016,028 -di scl oses an array printhead of- bhe so-called 'cantil ever” type

whi ch
- t akes

requires a relatively high operating voltage, in which manufacture
pl ace fromone side of the printhead. One object of the

present invention is to provide a lamnate for use in manufacture of an

array
pl ace

printhead of the chevron type so that manufacture thereof can take
fromone side of the array.

Suitably, the resistance of said fifth layer lies in a
range of approximately 1.5 orders of magnitude. Preferably, the
resistance of the fifth ;aygr lies between 75 M.ohms/square and
2500 M.ohms/square at 60°c.

In one form of the invention said fifth layer is a
negative temperature coefficient (NTC) ceramic material having a
critical temperature between the operating and poling
temperatures at which the resisté;ce of said material changes
rapidly. . )

In a further form of the invention said outer layers
are fqrmed of an insulating ceramic. Said ceramic suitably is a
glass ceramic and may be formed with a dopant to increase the
conauctivity thereof at the poling temperaéure.

The invention further consists in the method of forming
a drop-on-demand ink jet array printhead comprising

| (a) forming a co-fired laminate having two inner layers
of piezo-electric material, two outer layers of inactive ceramic
material and a fifth layer of ceramic material between said inner
layers which is insulating.in response to actuating pulses at the
operating temperéture and at ﬁhe poling temperature is conductive
during the pbling pericd;

(b) applying electrodes to outer surfaces respectively
of said two outer layers;

(c) applying a poling pulse between said fifth layer
and said electrodes thereby to effect thickness poling of the

inner layers in respective opposite senses;
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The prewen92/09d36nt i on consists in a co-fired lanm nate for RP&F/GBI1((2093
manuf acture of printheads for drop-on-demand ink jet printers, conprising
two tnner |ayers of piezo-electric ceramc material which are thickness
pol ed-n dpposite senses and two outer |ay8rs of inactive ceramc
material, characterised in that between said inner layers is provided a
“fifth layer of ceramc material which in response to actuating pul ses at
:the operating tenperature of the printhead is substantially insulating
and at the poling tenperature of the inner layers is substantially

conductlve during the poling period.
(d) removing one of the outer layers;

(e) forming an array of parallel channels of depth
which extends normal to the laminate through the inner layer from
wh;ch said one of the outer layers was removed, the middle layer
and a substantial part at least of the other of said inner
layers; and

(f) applying electrode layers to facing sides of each
of said channels. -

The inventiqn will now be é;scribed. by way of example,
with ;eference to the accoﬁpanying drawings, in which:-

FIGURE 1 is a cross-sectional view of & laminate
according to the invention;

FIGURE 2(s) eQd 2(b) are cross-sectional views of the
laminaée of Figure 1 in the course of conversion thereof to an
ink jet array printhead component; .

FIGURE 3 is a diagram of electrical resistance per
square of the central layer of the laminate of the earlier
Figurés against temperature. It illustrates the trend of the
minimum resistance apprépfiate for shear mode ﬁall actuation of a
chevron-type of channel wall actuator at room témperature and the
trend of the maximum resistance suitable for poling the laminate
at the poling temperature;

FIGURE 4 is a diagram similar to that of Figure 3
showing the variation of eiectrical resistance per square against
temperature of the central layer of the laminate when the central

layer comprises a negative temperature coefficient material.
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- 2- WO 92/09436 Suitably, the resistance of said fifth | aypeqnlq%qy?zr?%
range of approximately 1.5 orders of magnitude. Preferably, the resistance
of t-he fifth layer |lies between 75 NlohnBISﬂ#are and 2500 M ohns/square at
60[err]C. « : In one formof the inventiron said fifth layer is a
negative tenperature coefficient (NTC) ceramc material having a

.

Referring first to Figure 1, a laminate 10 compriseé
five layers 11 to 15 each of which is a ferro-electric ceramic.
Suitably, each of the layers is tape-~cast in the form of
longitudinal strips pressed onto one another and co-fired.

Outer layers 11 and 15 of the laminate are of inactive
materials suitable for being co-fired with inner layers 12 and 14
of piezo-electric ceramic made of lead zirconium titanate (PZT).
The preferred materials for the inner layers are a
polycrystalline PZT hqviné superior ;iezo-eleétric activity
defined by the property (dls/f;EEE; such as is obtained from
Motorola D3203 or Tokin N-8, N-10 or N-20. These are
commercially available materials having high shear mode
activity.

The outer layers 11 and 15 may also be of
piezo-electric ceramic with thermal expansion characteristics
matched to those of the inner layers and having similar or the
same basic mix as is used for the inner layers but also including
a dopant fo render the ceramic inactive or depoled when subject
to én electric field. An example of a suitable dopant is
lanthanum (La) or Strontium (Sr). The addition or substitution
of Lanthanum for example is known to depress the Curie
temperature of the material. By the addition of 5 - 10% of such
dopants the material of the outer layers is readily depoled by
raising the temperature'of the laminate to their Curie
,temperaﬁure. while the material of the inﬂer layers remains

polarized. With addition of sufficient dopant, the Curie
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criti calwo®apesaé ur e between the operating and poling tenpeP&T{FB21/42093
whi ch the resistance of said material changes rapidly. In a

further formof the invention said outer |ayers are formed of an

i nsul ating ceram c. Said ceramc suitably isS5a glass ceram c and nay be
formed wth a dopant to increase the conductivity thereof at the poling
"t enper at ur e.

form ng

mat eri al |

The invention further consists in the nethod of

a drop-on-denmand ink jet -array printhead conprising
formng a co-fired |am nate having two inner |ayers of piezo-electric
two outer layers of inactive ceramc

temperature can be deprgssed below the poling temperature and in
this case the outer layers will never become poled. The laminate
is symmetrical, so that is not liable to distort under poling or
depoling stresses'and such stresses rapidly decay by creep. A

satisfactory effect as regards rendering the outer layers

- inactive or depoled when subject to an electric field may be

obtained with concentrations of dopant in the range 2 to 25%.

- The central layer 13 is a thin layer of doped ceramic,
which may be applied thionally in é;pe cast form, or as a slurry
which is coated on one of the facing surfaces of layers 12 and
14,

The laminate is subsequently fired and poled as
described below. Channels are then cut through layers 12, 13 and
14 and operating electrodes deposited onto channel separating
side walls as are shown in FIG. 2 and described hereinbelow in
the detailed discussion of manufacture of the printhead.

Layer 13 is effectively insulating in response to the
operating waveform, typically ﬁulses of 10u seconds duration, at
the A§erating_temperature'(0560°C) of the ink jet printhead but
is substantially conducting on application of the poling wvoltage
pulse, typically of 10 seconds duration, at the poling
'temperature. It is a preferred aspect of this layer that it is
characterized by a temperature coefficient of resistance of
negative slope, so that its conductivity increases as temperature
increases. This is characteristic of ceramic materials and
thermistors, but is the opposite of the characteristic of

metallic conductors whose resistance increases with temperature.
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mat er i alwarg/a94367 t h | ayer of ceramic material between said PGREGBI 2P
which is insulating in response to actuating pulses at the operating
tenperature and at the poling tenperature is conductive during the poling

period,_ - - (b) applying electrodes fo outer surfaces respectively .
of said two outer |ayers; ! (c) applying a poling pul se between
-said fifth layer and said electrodes thereby to effect thickness poling
of the i nner | ayers in respective opposite senses;

The condition that the layer 13 is effectively
insulating in response to the operating waveform at the operating
temperature applied to the electrodes of an actuator is
quantified by reference to Figure 2 and illustrated in Figure 3.
If the period of the waveform is 10 usec and the charge leakage

through the layer 13 in the actuator is limited to 1%

-5 -
_2_h_193 €1% > _13__ = 1073
" 10727
where h1 is the thickness of each layer 12 or 14
hy is the thickness of layer 13

€ and €, are respectively the relative permittivity
of each layer 12 and 14 and of free space, and

e 3 is the resistivity of layer 13.

and, if h, = 250x10~n €, = 3000 €= 8.85x10™ 1% F.p~t

the layer resistance 6 . -3

per square Q3 107.10 .
> = 76 M.ohm per square

hy 2x250%3000x8.85x10 12

The condition that the layer 13 is substantially conducting on
application of the poling voltage pulse can aléo be quantified.
The poling voltage as illustrated in Figure 1 is applied to
electrodes 18 and 19 on each side of the strip at the poling
temperature, typically 120°C. Charge then flows inward
through the layer 13, so that the differential voltage between

the layer 13 and the electrodes 16 and 17 becomes
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(d) r.ePPéQPH@“’é%% of the outer |ayers; (e) form ngcgﬁcg?!r/ggloggf
paral l el channels of depth which extends normal to the |am nate through
the-inner layer from which said one of the outer |ayers was renoved, the
m ddle_l ayer and a substantial part at |east of the other of said inner

| ayers; and : ' .

progressively uniform. Typically, it is requ;ifed to attain 99%

uniformity between i:he voltage at the oﬁ'ter edges and that at the

centre of the si:rip within a poling pulse pefiod of 10 secs.
Analysis shows that the voltage distribution is

expressed by a simple diffusion equation of the form

' s, where(}z =X
3 P Y TR S
Tk = -6 -12 -1
and if h, = h, = 250 x 10 "m €, = 8.85x10 F.m
€ & 3000 t- = 10 sec £ = 40mm
where hl = h2 is the thickness of each layer 11 and 15

V  'is the poling voltage

£ is the distance between the electrodes 18 and 19

i AT & A R
t  is time P3r the voltage in the. layer 13 to become
\99' percent bmiform and is < t?\g%ﬁling time. '

i

6

3_3 . 10 x 2 x 250 x 10
hs

12 6

3000 x 2 x 8.85 x 10 ~“ x 400 x 10~

< 220 M.ohm per square
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- (f) applwOr9g/e948&t r ode | ayers to facing sides of each of saPETERBRAL 7093
The invention wll now be described, by way of exanple, wth reference to
t he acconpanyi ng drawi ngs, in which: - . -8HCGURE 1 is a
cross-sectional view of a |lamnate according to the invention;
FI GURE 2(a) and 2(b) are cross-sectional views of the |lamnate of Figure 1
-in the course of conversion thereof to an ink jet array printhead
conponent ; FIGURE 3 is a diagram of electrical resistance per
square ‘of the central |ay&e @n@#féman‘ibﬁé?g /of» whichods| the resistance

per square of the layer 13 > 76 M.ohm at the operating
temperature of 60°C and thate3/h3 220 M.ohm'at poling
temperatures of 120°C and 180°C are illuétrated as lines
marked C and D in Figure 3. Measured at 60°C, this range is
between 76 and 2500 M.ohm per square.. |

In Figure 3, the resistancef%/h3 per square is
plotted over five decades from(g/h3 = 1-105.M.ohm. over a
temperature range 0-180°C. -

The resistance of ceramics;is characterized by a
temperature coefficient of negative slope and of magnitude such
that the resistahée typically falls by an order of magnitude for
every increase in temperature of 60°C.

The line A indicates the course of the resistance per
squarefg/h3 of layer 13, such that at 60°C its resistance
per square = 76 M.ohm. In that case 1% of the charge stored at
60°C is discharged during the operating cycle. The line B
indicates a lower-reéistance per square when 10% of the charge
storéd at 60°C is discharged during the operating cycle. 'For
practical operation the resistance per square of layer 13 should
be to the right 6f line A. -

Sihilagly the line C is such that the resistance per
square is 220 M.ohm at 120°C. In that case the -poling field is
99% uniform after application for 10 seconds. The line D
indicates the resistance per square for a material poled with
simiiar unifdrmity at 180°C. 1In practice the material selected

should be to the left of line C.
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Fi gures wnp2/@9436enperature. It illustrates the trend of the PGH/GBAL{A2093
resi stance appropriate for shear node wall actuation of a chevron-type of -
channel wall actuator at roomtenperature and the trend of the maxi mum
resi stance-suitable for poling the | am nate- 9t the poling tenperature,
FIGURE 4 is a diagramsimlar to that of Figure 3 showi ng the variation
‘of electrical resistance per square agai nst tenperature of the centra
l-ayer of the |am nate when the central | ayer conprises a negative
tenperature coefficient mekher material of layer 13 should thus be selected to
have a resistance per square in the range between lines A and C
i.e. within a resistance range of about 1.5 orders of magnitude,
this range being obtained by reading the separation of the lines
A gnd C at the same temperaturé.

These calculations indicate that a resistance per
square 93/h3 of layer 13 can be obtained such that it is
effectively insulating in response to the operating waveform
(10psec) at the operating temperature (0-60°C) of the ink jet
printhead, but is sﬁbstaﬁtially conéacting on application of the
poling waveform at the boling temperature (of 120-180°C) for a
duration of 10 seconds.

The material‘of layer 13 may hoﬁever be a material
comprising an NTC (negative temperature coefficient) ceramic.
NTC ceramics are materials having a non-linear variation of
resistivity, such that their resistance undergoes a step
reduction within a narrow temperature range. Normally this step
change of resistivity is iimited to 1-2 orders of magnitude
concentrated over 5-10°C-range. If this critical temperature
is chosen to be above tﬁé operating temperature and below the
poling temperature, the margin of resistance per square is
further increased above that indicated in Figure 3 for a cefamic
ihsulator.

This is illustrated in Figure 4 where the chain dotted
lines A' and C' show the corresponding limiting valves of

resistance per square with temperature under operating and poling

conditions respectively for an NTC ceramic. The effective
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Ref erri nya 93894360 Figure 1, a lam nate 10 conprises five Ifﬂ/gBﬂl%ﬂ‘lS
each of which is a ferro-electric ceramc. - Suitably, each of the layers is
tape-cast in the formof |ongitudinal strips pressed onto-one another and
co-fired. - Quter layers 11 and 15 @0 the |am nate are of inactive
materials suitable for being co-fired with inner |ayers 12 and 14 of
-piezo-electric ceranmic nmade of |ead zirconiumtitanate (PZT).

temperatures are the operating and poling temperatures, typically
60°C and 120°C, and the resistance per square range is now
around 2.5 orders of magnitude, this range being ;hat between the
locations at which the lines A' and C' intersect either of the
said tyﬁical operating and poling temperatures. This range
affords increased margin in the choice of resistivity per square
of thé layer 13.

The outer layer 11 and 15 in an alternative form of the
invention may be an insulating ceramic, such as a glass ceranmic,
chosen to have a therpal.expansion é;efficient matched to that of
the layers 12, 13 and 14. Examples of such a material are
Cordierite and oxides of Lithium Aluminium and Silicon which are
glass ceramics whose expansion coefficient can be selected
according to ingredients and thermal history to lie in thelrange
of 1-4 x 10'6 per 0C. Such a material can be co-fired with
the piezo-electric layers 12-14 and has the advantage that its
modulus of elasticity is greater than the mﬁterials described
above, which were La or Si doped PZT.

The dielectric constant of & glass ceramic such as
cordierite is usually 8-12 and is thus substantially lower than

that of layers 12 and 14 where €, is typically 3000. As will

1
be evident later the poling voltage to pole layers 12 and 1l
through layers 11 and 15 respectively is made substantially more
difficult due to its lower dielectric constant. Consequently,

the resistivity of the outer layers 11 and 15 if they consist of

glass ceramic is reduced by the addition of dopants.

This Sheet Has Been Re

TR




The pref WO 82Z¥0f436erial s for the -inner layers are a pol ycrystpafﬂ’iq?ég‘t'-'%?”
havi ng superior piezo-electric activity defined by the property [err] such
as is obtained from Mtorola D3203 or Tokin N-8, N 10 or N-20. These are
commecrci al-ly avail able materials having hightishear node activity.

The outer layers 11 and 15 may al so be of piezo-electric ceramc wth
“thermal expansion characteristics matched to those of the inner |ayers and
havi ng simlar or the same basic nmix as is used for the inner Iayers but
al so including a dopant tR¥ypieablst. the nesisfivdtyn vabﬂétﬂfsdbbcﬂnéd &N

subj ect
reduced so that

P, < BT

and if € = 3000 €, = 8.85 x 10712 g gt

[]
=2

and t = 10secs h

¢2 < 3.8 x 108 ohm.m

then the voltage applied to the outer electrodes 16 and 17
penetfates layers 11 and 15 respectively during the 10 second
period of the poling pulse, and a high proportion of the voltage
is effective over the piezo-eléctric layers 12 and 14 because
chsréé penetrates the layers'll and 15 by conduction so that the
voltages at the interfaces of the layers 14 and 15 and the layers
11 and 12 tend to become equal to the voltage of the electrodes
16 and 17 respectively.

Thus layers 11 and 15 may optionally be made of an
insulating ceramic, providing its resistivity is suitably reduced
at the poling temperature. This aspect was disclosed in United

States Patent No. 5,036,241.
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to an, emaoBRigv4dé el d. An exanple of a suitable dopant is | aPERARANVE098 or
Strontium (Sr). The addition or substitution of Lanthanumfor exanple is
known to depress the Curie tenperature of the material. By the addition of
5 - 10% of such dopants the material of thgpauter layers is readily
depoled by raising the tenperature of the lamnate to their Curie
- tenperature, while the material of the inner |ayers remains polarized.
Wth addltlon of sufficient dopant, the Curie

The laminate 10 may be made as previously stated from

five layers of ceramic of suitable materials that are tape cast,
pressed together and co-fired, the fifth being optionally applied
as a slurry to one of the facing surfaces of the liner layers 12
and 14. The laminate includes outer electrodes 16 and 17 and
central electrodes 18 and 19 formed on-éither side of layef 13.

. During firing, due to the symmetry of the laminate, the ceramic
remains substantially flat.

The laminate is poled Ey gpplication of a poling figld,
as illustrated, between électrodes 18, 17 and 18, 19. .This
-applies a pdling field to polarize the piezo-electric material of
layers 12 and.14 in a configuration denoted by arrows indicated
in Figure 2. If layers 11 and 15 comprise a piezo-electric
material, and they become polarized during the poling step, they
are readily depoled by heating them above their Curie temperature
during or after poling: if those layers are an insulating
ceramic which is non piezo-electric, an enhanced conductivity in
those layers helps to limit the magnitude of the poling field.
After poling, the materials are aged to allow residual stresses
to relax by creep. Normai activity tests of the piezo-electric
structure can be performed to monitor the material
characteristics.

The construction of én ink jet printhead component from
the laminate is illustrated by reference to Figﬁres 2(a) and (b)
in which the five layers are showﬁ diagrammatically on the left.-
Initially the layer 11 and its electrode 16 are removed by

grinding or lapping and the iower electrode'17 is removed by

This Sheet Has Been Re ﬂ

]




t enper, at\WOH2UO3436e depressed bel ow the poling tenperature angcirﬁGB?Hioéogéase
the outer layers wll never becone poled. The lamnate is symetrical, so
that-is not liable to distort under poling or depoling stresses and such
stresses rapidly decay by creep. A satisfadBory effect as regards
rendering the outer layers. inactive or depoled when subject to an electric
-field may. be obtained with concentrations of dopant in the range 2 to 25%"

lapping or etching leaving the face so exposed of layer 12 and
layér 15 parallel and the surface of the layer 12 flat to a high
toierancé.

Ink channels 20 are then cut in the laminate as
illustrated in the central section. The method of forming
channels has previoﬁsly been disclosed in United States Patent

' No. 5,016,028 which relates to an ink jet array printhead which
can be manufactgred from one §ide of the channel structure.
However._because‘the layers 12 and 14 are oppositely poled
the wall actuators w;;l how be of tﬁé so called "chevron" type,
such as are the subject of European Patents No. 0277703 and No.
0278590. These actuators are known to be advantageous because
they require a lower actuating voltage to establish the same
pressure in the ink channels during operation. If the insulating
glass ceramic is used in the layer 15 this serves to stiffen the
wall actuators at their root interface with layer 15, which also
serves to limit the compliance of the wall actuator.

After forﬁing channels as illustrated in Figure 2(b)
the wall actuators are plated with electrodes 30 as illustrated
in the right hand section to which a passivation coating may be
applied. éubsequent operations to build an ink jet array

printhead are known in the art.
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The centwal92/09436 13 is a of doped ceramic, whicRCGHGBIE02093
@ﬁiﬂ‘ or as a slurry which is coated on

ihip |
applied optionally ij ﬂjﬁl“!
one -of the facing s “ "| 12 and 14. The lam nate is

subsequently fired and poled as described RBgl ow. Channels are then cut
t hrough layers 12. 13 and 14 and operating el ectrodes deposited onto
- channel separatingaimgde walls as are shown in FIG 2 and descri bed
herei nbel ow in tThe détail ed discussion of manufacture of the printhead.
Layer 13 is effectively insulating in response to the operating waveform
typically pulses of 10[err] seconds duration, at
1. A co-fired laminate for use in the manufacture of
printheads for drop-on-demand ink jet printers, comprising two
inner layers of piezo-e;ectric ceramic material which are
thickness poled in opposite senses and two outer layers of
inéctive ceramic material, characterised in that between said
inner layers is provided a fifth layer of ceramic material which
in response to actuating pulses at the operating temperatute of
the printhead is insulating and“;t Phe poling temperature of the
inner layers is conducti;e during the poling period.
2. A laminate as claimed in Claim 1, characterised in that
the :esiséance per square of said fifth layer lies in a range of
approximately 1.5 orders of magnitude measured at the operating
or'poling temperature.
3. A laminate as claimed in Claim 2, characterised in that
the resistance of the fifth layer lies between 75 M and 2500
M.ohms. per square at 60°C. -
L, A laminate as claimed in Claim 1, characterised in that
said fifth layer is a negative temperature coefficient (NTC)
ceramic material having ﬁ critical temperature betwgen the
operatipg and péling'temperatﬁres at which the resistance of said
material chénges rapidly.
5. A laminate as claimed in Claim 4, characterised in that
said fifth layer has a resistivity and a thickness providing

between the operating and poling temperatures a resistance per

square range'greater than 2.5 orders of magnitude.
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t he opayafdiigedzgnper x rlC) of the ink jet printpeadcBot/02093
substantially condu4ﬂguﬂj ﬁa on of the poling voltage pulse,
typically of 10 seconds cdUk 5 the poling tenperature. It is a
preferred aspect of this layer that it is 1§h_aracterized by a tenperature
coefficient of resistance of negative slope, so that its conductivity
increases as tenperature increases. This is characteristic of ceramc

.materials and thermstors, but is the opposite of the characteristic of
“metallic conductgrs Whosg Yeadhstdlae el d1abE A5E anM friech &I CRALH €.

characterised in that said outer layers are fofmed of an
insulating ceramic.
7. A laminate as claimed in Claim 6, characterised in that
sai@ outer la&ers are formed of a glass ceramic.
8. A laminate as claimed in Claim 7, characterised in that
said outer layers are formed of a glass ceramic of oxides of
Lithium, Aluminium and silicon.
9. A laminate as claimed in Clain 7 or Clainm 8,
characterised in thaé said outer layers are formed with a dopant
tb render them more conductibe at the poling temperature.
10. A laminate as claimed in any one of Claims 1 to 5,
characterised in that said outer layers are each formed of
piezo-electric ceramic material including a dopant to render the
- layer inactive or depoled when subject to an electric field.
11. A laminate as claimed in Claim 10, characterised in
that said dopant is Lanthanum.
12, A laminate as claimed in Claim 10, characterised in
.that gaid dopant is Strontium.
13. A laminate as élﬁimed in Claim 11 or 12, characterised
in that said dopant is contained in the material of said outer
layers in a concentration of 2 to 25 per cent.
14, A laminate as claimed in any preceding claim,
characterised by an array of parallel channels formed in the
- - . laminate after removing part at least of one outer layer, said
chénnels extending normal'to and penetrating the inner layers and

the fifth layer.

This Sheet Has Been Replaced

- N




e

-6-  wo 92/0943¢ cond|t| Mm Em{ Iayer 13 is effectivel yPCTAGBA1402003 in

response to the oper -the operating tenperature applied to
t he_el ectrodes of- an antlfled by reference to Figure 2 and
illustrated in Figure 3 I f the period of jhe waveformis 10 Psec and the
chargé | eakage through the layer 13 in the actuator is limted to 1%

15. A laminate as claimed in Claim 14, characterised in
that channel facing surfaces of inter channel walls formed by
three of the laminate layers are coated with conductive electrode
layers.

16. A laminate as claimed in Claim 15, chargcterised in
that said electrode layers are provided with a passivation
coatiﬁg.

17. The method of forming a drop-on-demand ink jet array

printhead comprising

{(a) forming.a éo-fired 1aﬁ;nate having two inner layers.
of biezo-electric material, two outer layers of inaétiye ceramic
material and a fifth layer of ceramic material between said inner
layers which is substantially insulating in response to actuating
pulses at the 6perating temperature and at the poling temperature
is substantially conductive during the poling period;

(b) applying electrodes to outer surfaces fespectively
of said two outer layers;

{c) applying a poling pulse between said fifth layer
and said electrodes thereby to effect thickness poling of the
inﬂer layers in respectivé opposite senses;

(d) removing one of the outer layers;

(e) forming an array of parallel channels of depth
which extends normal to the laminate through the inner layer from
which said one of the outer layers was removed, the middle layer
and a substantial part at least of ‘the other of said inner
layers; and

(f) applying electrode layers to fac1ng sides of each

f sai 1s.
of said channels, This Sheet Has Been Repl
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[err]. where IS

the thickness of |ay
relative permttivit
space,.—_and .

-12 -1 and, if h[e
-F.m the layer resis

e PCT/GB91/02093

the thickne ‘ ach layer 12 or 14 _ hlerr]
AR 75 5 ol )

?a

i § the | resistivity of layer 13.

rr] = 250x10 m J[err] = 3000 [err] = 8.85x10
t ance

18. The method claimed in Claim 17, characterised by

forming said laminate by providing at least said outer and inner

layers from tape cast ceramic materials pressing the laminate

layers together and effecting co-firing thereof.

19. The method claimed in Claim 18, characterised by

forming said fifth layer of the laminate from tape cast doped

ceramic material.

20. The method claimed in Claim 18, characterised by

forming said fifth layer from a slurry of doped ceramic applied

to one of the facing surfaces of said@ inner layers of

piezo-electric material.
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l ,qu&"]-"':%ﬁ?g%ona?mn that the.layer 13 is substantial | y conducting on
appl i eati-on of the poling voltage pul se can al so be quantifi edM
nd 19 on -

voltage as illustrated in Figure 1 is applied to electrodes 18
eaeh side of the strip at the poling tenperature, typically 120[err]C
Charge then flows inward through the. IaYe?‘ T3, so that the differential

~vol tage between the layer 13 and the el ectrodes 16 and 17 becones

ABSTRACT

7 Laminate for Use in Manufacture of Ink Jet Printheads.

| A co-f‘ired lam:.nate (10) for use in printheads for
'.dmp-on-demand ink. Jet pr:.nters has. two ‘inner- layers (12, 1‘4) of
piezo-electric_ material which are thichtess’ poled in opposite
| senses, two 6uter 1ayérs (1_1..- 15) of 1x_iac1:1ve material and a .
fifth layer (13) d:n.sposed between the inner leyers which is
| elect:z-:.cally insulating under the printhead operat:.ng cond:.tmns
‘and conductive under the pol:.n.g conditions of the inner layers.
| :The fifth layer._' preferably is a N.T.C. material with its critical
t_,_emperatnre bet;veen the :jpe:a.ting and poling temperatures. After
' _pol:l;ng of the :mner iayefs further manufacture of fhe printhead

- from oneside thereof can be_éffected as described.
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progressively uniform Typically, it is required to attain 99% uniformty
bétwéen the voltage at the outer edges and that at the centre of the strip
within a poling pul se period of 10 secs. Anal ysi s shows that the
vol tage-di'stribution is expressed by a s{@pl e diffusion equation of the
form ' '
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that 99% uniformty is attained when

h2= 250 x 10 [err]m
t = 10 sec
11 and 15

thi ckhess-of each |ayer

PCT/GB91/02093
[err] and if

[err] 8.85xI0 12 F.mJerr] [err]
h2 is the

42 where h[err]
V%p?is t he poling voltage
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I's the distance between the el ectrodes 18 and 19 t Is time for the
voltage in the layer 13 to becone 99 percent uniformand is < the
poling tine. 10§2x250x10[err] [err] <
3000 =2 x 8.85 x 10 12 x 400 x 106 /A 220 M ohm per square
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The.conditions that [err] which is the resistance per square of the |ayer

13> 76 mohm at the operating tenperature of 60[err]C and that [err] 220
M ohm at poling tenperatures of 120[err]C and 180[err]C are illustrated as
lines—matked C and Din Figure 3. Masiged at 60[err]C, this range is

_between 76 and 25Q0 M ohm per square. Ln, Figur t he
resi stance . [errﬁ@éyggfﬁﬁg Is plotted over 5@(274 fromgy [err]
‘1-105 M ohm over a O#Jeiciture range 0-180[ err] GNLLYIZO Th

resi stance of coe&r)am cs is chacr)gct erized by aog < og;
3 X 3 S, §
S &
S
Yy
o)
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<
)
N
D
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‘Ma;/-rf..aw
terrpe’.aL.uF—e coetite meggttvy sl ope and of gnltude stch: Fthat the
Fesi st ancé‘#%‘c%‘l’l%) :?s by 1an or{der of mgnliuyg for “evarye: :

t enpetiat Ureripfopopaget |-, 10 PABEC oo The line A ﬁlcates t He *golMs & of he
resi st@hCeipey spuafe-Prps ‘ESAf""Fayer 13, such that at 160 err @ ML 55 pazog v
resi stanvesvipes) sqeeade-= PE3MGhm~ | n that case Mo ofrrhe chargensiorssat.
60[errtp,ua,ﬁmschaagéd du%mﬁ@“ihe operatlng cygle. The line B indicates a
| ower nﬁ@@t@m&mrmquare when.-10Pb of the chargev stored oy -@O[,ar,p,]‘c S
di scharged—during the operating cycle. For pract”l catoperat-ref-tRe- o
resi stance per squaAMINATE RORUSE3IN MANUBACTIRE: OF t JNK mgmnm‘rmm A ’

This invention relates to a laminate for use in the
manufacture of printheads for drop-on-demand ink jet printing.

In European Patent No. 0278590 there is described with
reference to Figures Z(a) and 2(b) a printhead structure of the |
so-called "chevron" typé. This is an advantageous form of
structure as it requires a relatively low operating voltage.
Further, United States Patent No. 5,016,028 discloses an array
printhead of the so-calleé“"cantilev;f“ type which requires a
relatively high dpera:ing voltage, in which manufacture takes
place from one side of the printhead.

One object of the present invention is to provide a
laminate for use in manufacture of an array printhead of the
chevron type so that manufacture thereof can take place from one
side of the array. |

The present inveﬂtion consists in a co-fired laminate
for use in the manufacture of printheads for drop-on-demand ink
jet printers, comprising two inner layers of piezo-electric
ceramic material which are thickness poled in opposite senses and
two outer layéps.of inactive ceramic material, characterised in
that between said inner layers is provided a fifth layer of
ceramic material which in response to actuating pulses at the
operating temperatunétof chg gﬁint?ead is substantially

insulating and at the poling temperature'of thé'inner layers is

substantially conductive during the poling period. REPLACEMENT SHEET

100CT 1996




Simlarly the line Cis such.that the resistance per square is 220 M ohm
fat 120[err]C. In that case the poling field is 99%uniformafter
application for 10 seconds. The line D indicates the resistance per square

for a material poled with simlar uniﬂpQHLty at 180 C. In practice the
mat eri al sel ected ' -9-

Suitably, the resistance of said fifth layer lies in a
range of approximately 1.5 orders of magnitude. Preferably, the
resistance of the fifth ;ayer lies between 75 M.ohms/square and
2500 M.ohms/square at 60°¢c.

In one form of the invention said fifth layer is a
negative temperature coefficient (NTC) ceramic material having a
critical temperature between the operating and poling
temperatures at whiéh the resistégce of said material changes
rapidly. - )

In a further form of the invention said outer layers
are fqrmed of an ingulating ceramic. Said ceramic suitably is a
glass ceramic and may be formed with a dopant to increase the
con&uctivity thereof at the poling temperaﬁure.

The invention further consists in the method of forming
a drop-on-demand ink jet array printhead comprising

(e) forming a co-fired laminate having two inner layers
of piezo-electric material, two outer layers of inactive ceramic
material and e fifth layer of ceramic material between said inner
layers which is insulating.in response to actuating pulses at the
operatiﬁg temperature and at fhe poling temperature is conductive
during the pbling period:

(b) applying electrodes to outer surfaces respectively
of said two outer layers;

(¢) applying a poling”puléegbegween,said fifth layer

and said electrodes thereby to effect thickness poling of the

inner layers in respective opposite senses;

REPLACEMENT SHEET
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The material of layer 13 should thus be selected to have a resistance per

square in the range between lines A and C i.e. within a resistance range
of about 1.5 orders of nagnitude, this range being obtained by reading the
separation of the lines A and C at the_sgng tenperature. These

calculations indicate that a resistance pér square [err] of |layer 13 can
be obtained such that it is effectively insulating in response to the

operating waveform (|Opsec) at the operating tenperature (0-60 C) of the
ink jet printhead, but is substantially conducting on application of the

(d) removing one of the outer layers;

(e) forming an array of parallel channels of depth
which extends normal to the laminate through the inner layer from
whigh said one of the outer layers was removed, the middle layer
and a substantial part at le;st of the other of said inner
layers; and

(f) applying electrode layers to facing sides of each

of said channels.

The inventiqn will now be é;scribed. by way of example,
with reference to the accoﬁpanying drawings, in which:-

FIGURE 1 is a cross-sectional view of a laminate
according to the invention;

FIGURE 2(a) ;Qd 2(b) are cross-sectional views of the
laminate of Figure 1 in the course 6f conversion thereof to an
ink jet array printhead component; .

FIGURE 3 is a diagram of electrical resistance per
square of the central layer of the laminate of the earlier
Figurés against temperature. It illustrates the trend of the
minimum resistance apprﬁpfiate for shear mode wall actuation of a
chevron-type of channel wall actuator at room temperature and the
trend of the maximum resistance suitable for poling the laminate
at the poling temperature;

FIGURE 4 is a diagram similar to that of Figure 3
showing the variation of eiectrical resistance per square against
temperature of the central layer of the laminate when the centreal
layer comprises a negative temperature coefficient material.

[REPLACEMENT & :
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poling waveformat the poling tenperature (of 120-180[err]C) for a
duration of 10 seconds. The material of layer 13 may however be
a material conprising an NTC (negative tenperature coefficient) ceramc.

NTC ceramics are materials having a nonzlgnear variation of resistivity,
such that their resistance undergoes a step reduction within a narrow
tenperature range. Normally this step change of resistivity is limted to
1-2 orders of magnitude concentrated over 5-10[err]C range. If this
critical tenperature is chosen to be above the operating tenperature and
bel ow the poling tenperature, the margin of resistance per square is
Referring firs; to Figure 1, a laminate 10 comprises

five layers 11 to 15 each of which is a ferro-electric ceramic.

Suitably, each of the layers is tape-cast in the form of

longitudinal strips pressed onto one another and co-fired.

Outer layers 11 and 15 of the laminate are of inactive

materials suitable for being co-fired with inner layers 12 and 14

of piezo-electric ceramic made of lead zirconium titanate (PZT).

The preferred materials for the inner layers are a

polycrystalline PZT hqviné superior ;iezo-eléc;ric activity

defined by the property (dls/j;BEE; such as is obtained from

Motorola D3203 or Tokin N-8, N-10 or N-20. These are

commercially available materials having high shear mode -

activity. |

| The outer layers 11 and 15 may also be of

piezo-electric ceram;c with thermal expansion characteristics

matched to those of the inner layers and having similar or the

same basic mix as is used for the inner layers but also including

a dopant to render the ceramic inactive or depoled when subject

to En electric field. An example of a suitable dopant is

lanthanun (La) or Strontium (Sr). The addition or substitution

of Lanthanum for example_is known to depress the Curie

temperature of the material. By the addition of 5 - 10% of such

dopants the material of the outer layers is readily depoled by

raising the temperature.of the laminate to their Curie

temperature, while the materiel of the inner layers remains

polarized. With addition of sufficient dopant, the Curie

REPLACEMS

100CT 1996

s« cinat i S s it o s Guma 2 S ¢



further increased above that indicated in Figure 3 for dGGBFAM.Cornt &

i'nsul at or.

dotted lines A and C show the corresponding limting Jal ves of

resi stance per square with temperature under operating dnd piGiGGT 1996
conditions respectively for an NTC cerant @ ~The effecti e .

This is illustrated in Figure 4 wi

temperature can be.deprgssed below the poling temperature and in
this case the outer layers will never becohe poled. The laminate
is symmetrical, so that is not liable to distort under poling or
depoling stresses_and such stresses rapidly decay by creep. .A
satisfactory effect as regards rendering the outer layers
inactive or depoled when subject to an electric field may be
obtained with concentrations of dopant in the range 2 to 25%X.

The central layer 13 is a thin layer of doped ceramic,

which may be applied gptionally in tape cast form, or as a slurry

which is coated on one of the facing surfaces of layers 12 and

14,

The laminate is gubsequently fired and poled as
described below. Channels are then cut through layers 12, 13 and
14 and operating electrodes deposited onto channel separating
side walls as are shown in FIG. 2 and described hereinbelow in
the detailed discussion of manufacture of the printhead.

Layer 13 is effectively insulating in response to the
operating w&veférm. typicaliy éulses of 10u seconds duration, at
the Aperating temperature'(0=GO°C) of the ink jet printhead but
is substantielly conducting on application of the poling wvoltage
pulse, typically of 10 seconds duration, at the poling
temperature. It is a preferred aspect of this layer that it is
cﬁaracterized by a temperature coefficient of resistance of
negative'slope. so that its conductivity increases as temperature
increases. fhis is characteristic of ceramic materials and
thermistors, but is the opposite of the characteristic of

metallic conductors whose resistance increases with temperature.



- 40 - tenperatures are the operating and poling tenperatures, typically
60[err] C and 120 C, and the resistance per square range is now around 2.5
orders of nmagnitude, this range being that between the | ocations at which
the lines A and C intersect either of the said typical operating and
poling tenperatures. This range affords increased margin in the choice of
resistivity per square of the |ayer 13. The outer |ayer 11 and

15 in an alternative formof the -émsvention may be an insul ating ceramc,
such as a glass ceramc

| The condition that the layer 13 is effectively
insulating in response to the operating waveform at the operating
temperature applied to the electrodes of an actuator is
quantified by reference to Figure 2 and illustrated in Figure 3.
If the period of the waveform is 10 usec and the charge leakage

through the layer 13 in the actuator is limited to 1X

-5 ' -
A 03 9% > W = 1073
h3 10-2 -
where h1 is the thickness of each layer 12 or 14

hy is the thickness of layer 13
€ and € are respecﬁively the relative permittivity"®
of each layer 12 and 14 and of free space, and

es is the i'esistivit:y of layer 13.

and, if b, = 250x10 6 € =3000 € = 8.85x10712 F.p7t
the layer resistance _ 6 ..-3
per square Q3 107.10

3 76 M.ohm per square .
h3 2x%250x3000x8.85x10 :

The condition that the layer 13 is substantially conducting on
application of the poling voltage pplse can also be quantified.-

The poling voltage as illustrated in Figure 1 is applied to
electrodes 18 and 19 on each side of the strip at the poling
temperature, typically 120°C; Charge thén flows inward

through the layer 13, so that the differential voltage between )
REPLACEMENT SHEET|
100CT 1996

the layer 13 and the electrodes 16 and 17 becomes




chosen to have a thermal expansion coefficient matched to that of the
fTayers 12, 13 and 14. Exanples of such a nmaterial are Cordierite and
oxi des of Lithium Al um niumand Silicon which are glass ceram cs whose
expansi on coefficient can be selected according to ingredients and thermal
history to lie in the range of 1-4 x 1Q [err] per [err]C Such a materi al
can be co-fired wiwth the piezo-el ectri-d-l ayers 12-14 and has the advant age
that its nodulus of elasticity is greater than the materials described-
above, which were La or Si doped PZT. The dielectric constant of
a gl ass cer apirogsessively uvndfeier i Tgpicalagyalt LsSrequioad tics atbain 99%
substantially | ower than :
uniformity between the voltage at the outer edges and that at the

centre of the strip within a poling pulse period of 10 secs.
Analysis shows that the voltage distribution is

expressed by a simple diffusion equation of the form

o e

B " [ 3 .‘BV
.I hl . §§ - )t
51. ez -

and that 99% uhiforhity is attained when

Ll o)

: LYRR A |
hh- s € € .t ° where (}2 =X
3

2
2¢, ({7,

end 4f h) = b, = 250 x 10™%n € =8.85x10"% Fat
€ & 3000 t” = 10 sec L= 40mn

where h1 = hZ is the thickness of each layer 11 and 15
V  'is the poling voltage
£ is the distance between the electrodes 18 and 19

t is time for the voltage in the layer 13 to become
99 percent uniform and is < the poling time. '

3_3 10xzxzsox1o'6
) <
3 3000 x 2 x 8.85 x 10~12 x 400 x 107°
E.r} ¢ 220 M.ohm per square REPLACEMENT SHEET
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t hat of layers 12 and 14 where Cis typically 3000. As will be evident
l'ater the poling voltage to pole layers 12 and 14 through layers 11 and 15
respectively is made substantially nore difficult due to its |ower
dielectric constant. Consequently, the resistivity of the outer layers 11

and 15 if they consist of glass ceramic is ~eluced by the addition of
dopant s.

The conditions that 3/h3. which is the resistance
per square of the layer 13 > 76 M.ohm at the operating
temperature of 60°C and that(’3/h3 220 M.ohm at poli;zg
temperatures of 120°C and 180°C are illustrated as lines
marked C and D in Figure 3. Measured at 60°C, this range is
between 76 and ?500 M.ohm per square. |

In Figure é. the resistance 3/h3 per square is
plotted over five decades from ()3/113 = 1-105_ M.ohm, over a
temperature range 0-180°c. -

The resistance'bf ceramics;is characterized by a
temperature coefficient of negative slope and of magnitude such
that ;he resistance typically falls by an o;der of magnitude for
every increase in temperature of 60°C.

The line A indicates the course of the resistance per
square 3/h3 of layer 13, such that at 60°C its resistance
per square = 76 M.ohm. In that case 1% of the charge stored at
60°¢ 1is discharged during the operating cycle. The line B
indicates a lower resistance per square when 10¥ of the charge
stored at 60°C is discharged during the.operating cycle. For
practical operation the resistance per square of layer 13 should
be to the right of line A. o

Similarly the line C is such that the resistance per
square is 220 M.ohm at.120°C. In that case the poling field is
99X uniform after application for 10 seconds. The line D
indicates the resistance per square for a material poled with

‘similar uniformity at 180°C. In practice the material selected

should be to the left of line C. REPLACEMENT SHEET
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Typically, the resistivity of layers 11 and 15 is_._Leduced:sathat:

[‘err] and if J[err] 3000 [err] = 8.85x'{§ﬁ@f«jﬂ@ﬁﬂj‘@§ EI
4 00CT %96 |
- 9 - ]

The material of layer 13 should thus be selected to

have a resistance per square in the range between lines A and C

. i.e. within a resistance range of about 1.5 orders of magnitude,
this range being obtained by rea&ing the separation of the lines
A and C at the same temperature.

These calculations indicate that a resistance per

square 93/!13 of layer 13 can be obtained such that it is

: effectively insulating in response to the operating wa&eform
(10psec) at the operating temperature (0~60°C) of the ink jet
printhead, but is substantially conducting on application of the
poling waveform at the poling temperature (of 120-180°C) for a
duration of 10 seconds.

The material;of layer 13 may however be a material
comprising an NTC (negative temperature coefficient) ceramic.
NIC ceramics are materials having & non-linear variation of
resistivity, such that their resistance undergoes a step
reduction within a narrow temperature range. Normally this step
change of resistivity is limited to 1-2 orders of magnitude
concentrated over 5-10°C range. If this critical temperatufe
is chosen to be above tﬁe operating temperature and below the
po}ing temperature, the margin of resistance per square is
further increased above that indicated in Figure 3 for a cefamic
insulator.

This is illustrated in Figure 4 where the chain dotted
lines A' and C' show the corresponding limiting valves of
resistance per square.with temperature under operating and poling

conditions respectively for an NTC ceramic. The effective



and t = |0secs h[err] = h[err] < 3.8 x 10[err] ohmm
then the voltage applied to the outer electrodes 16 and 17 penetrates

| ayers 11 and 15 respectively during the 10 second period of the poling
pul se, and a high proportion of the voltage is effective over the :

pi ezo-el ectric layers 12 and 14 because charge penetrates the layers 11
and 15 by conduction so that the voltages at the interfaces of the |ayers

14 and 15 and the layers 11 and 12 tend to becone equal to the voltage of
the el ectrodes - 10 - |

temperatures are the operating and poling temperatures, typically
60°C and 120°C, and the resistance per square range ig now
around 2.5 orders of magnitude, this range being that between the
locations at which the lines A' and C' intersect either of the
said tyﬁical operating and poling temperatures. This range
affords increased margin in the choice of resistivity per square
of thé layer 13.

The outer layer 11 and 15 in an alternative form of the
invention may be an insulating ééramic. such as & glass ceranmic,
chosen to have a thermalvexpansion é;efficient matched to that of
the layers 12, 13 and 14. Examples of such a material are
Cordierite and oxides of Lithium Aluminium and Silicon which are
glass ceramics whose expansion coefficient can be selected
according to ingredients and thermal history to lie in the range
of 1-4 x 1070 per Cc. Such & material can be co-fired with
the piezo-electric layers 12-14 and has the advantage that its
modulus of elasticity is greater than the n;terials described
above, which were La or Si doped PZT. |

‘The dielectric constant of a glass ceramic such as
cordierite is usually 8-12 and is thus substantially lower than

that of layers 12 and 14 where €, is typically 3000. As will

i
be evident later the poling voltage to pole layers 12 and 14
through layers 11 and 15 respectively is made substantially more
difficult due to iis lower dielectric constant. Consequently,

the resistivity of the outer layers 11 and 15 if they consist o
s

glass ceramic is reduced by the addition of dopants.

100CT % |




16 and 17 respectively. Thus layers 11 and 15 may optionally be

made of an I nsulating ceramc, providing its resistivity is suitably
reduced at the poling tenperature. This aspect was disclosed in United
- 12 - The lam nate 10 may he;pade as previously stated from

Typically.-the resistivity G; of layers 11 and 15 is

reduced so that

end if €, = 3000 € = 8.85x 10712 g1

and t = 1déecs h

n
=3

Cz < 3.8«x 108 ohm.m

then the voltage applied to the outer electrodes 16 and 17
penetfates layers 11 and 15 respectively during the 10 second
period of the poling pulse, and a high proportion of the voltage
is effective over the piezo-eléétric layers 12 and 14 because
charéé penetrates the 1a&eré'11 and 15 by conduction so that the
voltgges at the interfaces of the layers 14 and 15 and the layers '
11.and-12 tend to become equal to the voltage of the electrodes
. 16 and 17 respectively.

Thus layers 11 and 15 may optionally be made of an

insulating ceramic, providing its resistivity is suitably reduced

at the poling temperature. This aspect was disclosed in United

States Patent No. 5,036,241. _ ' REPLACEMENT SHEET
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five layers of ceramic of suitable materials that are tape cast, pressed
t oget her and co-fired, the fifth being optionally applied® as a slurry to
one of the facing surfaces of the liner layers 12 and 14. The | am nate

i ncl udes outer electrodes 16 and 17 and central el ectrodes 18 and 19
formed on either side of layer 13. Durfrig firing, due to the symmetry of
the lam nate, the ceramic renmains substantially flat. The

| ami nate is poled by application of a poling field, as illustrated,

bet ween el ectrodes 16, 17 and 18, 19. This plies a poling field to
pol ari ze the piezo-el ects daminate; 1 Wm’? ﬁagsaslf’ﬁﬁjcfﬁ’f&yi%‘%eg rom
configuration gf\peot‘l%ge@/ of' Egry\ésmiicng} %%&gginle materials that are tape cast,
pressed together and éo-fired, the fifth being optionally applied
as a slurry to one of the facing surfaces of the liner layers 12
and 14. The laminate includes outer electrodes 16 and 17 and .
central electrodes 18 and 19 formed on either side of laye¥ 13.
During firing, due to the symmetry of the laminate, the ceramic
- remains substantially flat.

The laminate is poled-;y qpplication of a poling figld.
as illustrated, between ;lectrodes 1;. 17 and 18, 19. This
applies a poling field to polarize the piezo-electric material of
layers 12 and .14 in a configuration denoted by arrows indicated
in Figure 2. If layers 11 and 15 comprise a piezo-electric
material, and they become polarized during the poling step, they
are readily depoled by heating them abovg their Curie temperature
during or after poling: if those leyers are an insulating
ceramic which is non piezo-electric, an enhanced conductivity in
those layers helps to limit the magnitude of the poling field.
After poling, the materials are aged to allow residual stresses
to relax by creep. Normai activity tests of the piezo-electric
structure can be perfbrﬁed to monitor the material
characteristics.

The construction of ah ink jet printhead component from
the laminate is illustrated by reference to Figures 2(a) and (b)
in which the five layers are shown diagrammatically on the left.-
Initially the layer 11 and its electrode 16 are removed by

grinding or lapping and the lower electrode 17 is removed BY. .o

REPLACEMENT SHEET
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in Figure 2. If layers 11 and 15 conprise a piezo-electric material, and
t hey becone pol arized during the poling step, they are readily depol ed by
heati ng them above their Curie tenperature during or after poling: if
those layers are an insulating. ceram c which is non piezo-electric, an
enhanced conductivity in those layers helps to linit the nmagnitude of the
poling field. After poling, the materials are aged to all ow residual
stresses to relax by creep. Nornmal activity tests of the piezo-electric
structure can be perforned to nonitor-t3e-material characteristics.

The construction of an ink jet printhead conponent from

lapping or etching leaving the face so exposed of layer 12 and .
lay;r 15 pérallel and the surface of the layer 12 flat'to a high
tolerance.

Ink channels 20 are then cut in the laminate as
illustrated in the central section. The method of forming
channels has previoﬁsly been disclosed in United States Patent
No. 5,016,028 which relates to an ink jet array-prihthead which
can be manufactured from one éide of the channel structure.
However..because‘the 1§yers 12 and 14 are oppositely poled
the wall actuators w;}l how be of fﬂé so called "chevron" type,
such as are the subject of European Patents No. 0277703 and No.
0278590. These actuators are known to be advantageous because

they require a_loﬁer actuating voltage to establish the séme

pressure in the ink channels during operation. If the insulating
glass ceramic is used in the layer 15 this serves to stiffen the

wall actuators at their root interface with layer 15, which also

serves to limit the compliance of the wall actuator.
After forming channels as illustrated in Figure 2(b)

the wall actuators are plated with electrodes 30 as illustrated

in the right hand section to which a passivation coating may be

applied. Subsequent operations to build an ink jet array

printhead are known in the art.

REPLACEMENT SHEE |
100CT 1996




the | amnate s illustrated by reference to Figures 2(a) and (b) in which

t he f|v e shown diagrammatically on the left. Initially the

| ayer u iﬁ !E "Ht de 16 are renoved by grinding or |apping and the

| ower aned by -
13 - - 14 -

Claims

1. A co-fired laminate for use in the manufacture of
printheads for drop-on-demand ink jet printers, comprising two
inner layers of piezo-electric ceramic material which are
thickness poled in opposite senses and two outer layers of
inactive ceramic material, characterised in that between said
inner layers is provided a fifth layer of ceramic material which
in response to actuating pulses at the operating tempe?ature of
the printhead is insulating and";t Fhe poling temperature of the
inner layers is conductive during the poling period.

2. A laminate as claimed in Claim 1, characterised in that
the resistance per square of said fifth layer lies in a range of
approximately 1.5 orders of magnitude measured at the operating
or.poling temperature.

3. A laminate as claimed in Claim 2, characterised in that
the resistance of the fifth layer lies between 75 M and 2500
M.chms. per squaré at 60°C.

k. A laminate as claimed in Claim 1, characterised in that
said fifth layer is a negative temperature coefficient (NTC)
ceramic material having ; critical temperature betwgen the
operating and p&ling'temperatﬁres at which the resistance of said
materisl chénges rapidly.

5. A laminate as claimed in Claim 4, characterised in that
said fifth layer has a resistivity .and a thickness providing
between the operating and poling temperatures a resistance per

square range‘greater than 2.5 orders of magnitude.

i




| appi-rg—er—et-chi-ngl-eaving the face so exposed of |layer 12 and |ayer 15

paral | e of the layer 12 flat to a high tolerance.
I nk chﬁmmﬁllmilkw&ﬁn cut inthe lamnate as 1llustrated in the central
secti one NE form ng channels has previously been disclosed in
United States Patent No. 5.016,028 whicth5relates to an ink jet array

print head which can be manufactured from one side of the channel

structure. However, because the layers 12 and 14 are oppositely poled the
wal | .actuators will now be of the so called "chevron® type, such as are

the subject off-Europeah Famidste ag clatmed;ds am PRBceding claim,

characterised in that said outer layers are formed of an
insulating ceramic.
7. A laminate as claimed in Claim 6, characterised in that
sai@ outer layers are formed.of a glass ceramic.
8. A laminate as claimed in Claim 7, characterised in that
said outer layers are formed of a glass ceramic of oxides of
Lithium, Aluminium and silicon. |
9. A laminate as claimed i; Claim 7 or Claim 8,
characterised in thaé said outer layers are formed with a dopant
to render them more conductive at the poling temperature.
10. A laminate as claimed in any one of Claims 1 to 5,
characterised in that said éuter layers are each formed of
piezo-electric ceramié material including a dopant to render the

- layer inactive or depoled when subject to an electric field.
11. A laminate as claimed in Claim 10, characterised in
that said dopant is Lanthanum. _
12. A laminate as claimed in Claim 10, characterised in
'that éaid dopant is Strontium,
13. A laminste as elgimed in Claim 11 or.12. characterised
in that said dopant is contained in the material of said outer
layers in a concentration of 2 to 25 per cent.
b, A leminate as cleimed in any preceding claim,
characterised by an array of parallei channels formed in the
laminate after removing part at least of one outer layer, said

channels extending normal to and penetrating the inner layers and

the fifth layer. e

. This Sheet Has Been Repl REP LACEMENT SHEET
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0278590_ __These actuators are known to be advant ageous because they requiré

-a | ower actuati ge to establish the sanme pressure in the ink
chanhelllm“ mﬂﬂﬁﬂg}i‘ﬂ If the insulating glass ceranic is used in the
| ayer stiffen the wall actuators at their root interface
wth Iayer 15 which also serves to I|rn¥5rhe.conpliance of the wall

act uat or. After formng channels as illustrated in Figure 2(b)

the wal | actuators are plated with el ectrodes 30 as |IIustrated in the
ubteaton: opctdiTons 16 1BRLFMARE] SRRET GPPLSD S eiBanthle el inn (n e
art. that channel facing surfaces of inter channel walls formed by

three of the laminate layers are coated with conductive electrode

layers.

16. A laminate as claimed in Claim 15, characterised in

that said electrode layers are provided with a passivation

coatieg.

17. The method of forming a drop-on-demand ink jet array

printhead comprising

(a) forming.a eo-fired lae;nate having two inner layers
of biezo-electric material, two outer layers of inactiye ceramic
material end a fifth layer of ceramic material between said inner
layers which is substantially insulating in response to actuating
pulses at the operating temperature and at the poling temperature
is substantially conductive during the poling period;

(b) applying electrodes to outer surfaces respectxvely
of said two outer layers;

(c) applying & poling pulse between said fifth layer
and said electrodes thereby to effect thickness poling of the
inﬁer layers in respective opposite senses;

’ (d) removing one of the outer layers;

(e) forming an array of parallel channels of depth
which extends normal to the laminate through the inner layer from
which said one of the outer layers was removed, the middle layer
and a substantial part at least of the other of said inner

layers; and

(f) applying electrode layers to facing siqgs_gﬁwenah

T e AV

of said channels. . .
This Sheet Has Been
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| ]
1. Avo_f"rred—+aﬂ=‘rﬁake—( 40) for use in the manufacture of printheads for
dr op- on- |nters, conprising first and second | ayers (14,
12) of pi ﬂﬂmﬂmm mc material which are thickness poled in
opposite senses er medi ate | ayer (13) of ceramic material which in

response to actuating puI ses at the operating tenperature of the printhead

Is insulating and at the poling tenperature of the first and second Iayers
i s conductive during the poling period. - 17 -

18. The method claimed in Claim 17, characterised by
forming said laminate by providing at least said outer and inner
layers from tape cast ceéramic materials pressing the laminate
layers together and effecting co-firing thereof.

_ 19. The method claimed in Claim 18, characterised by
forming said fifth layer of the laminate from tape cast doﬁed
ceramic material. -

20. The method claimed in Claim 18, characterised by
forming said fifth layer from a slurry of doped ceramic applied
to one of the faéing surfaces of said inner layers of

piezo-electric material.
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2. A lam nate according to Caim1l, further conprising a co-fired
substrate | ayer (15) of inactive ceram-c material beneath said first |ayer
" (14) of piezoelectric ceramic material. 3. A lam nate according to
Claim 2, further conprising a co-fired, renovable top layer (11) of

I nactive ceram c material above said second | ayer (12) of piezoelectric
ceramc material. 4, A lam nate as claned in any preceding claim
characterised in that the resistance per square of said internediate |ayer
lies in the range of approximately 1.5-ck8ders of magnitude neasured at the

operating or poling tenperature. 5. A lamnate as clainmed in Caim 4,
characterised in that the resistance of the internediate |ayer |ies between
75 and 2500 M ohns. per square at 60[err]C. 6. A |l am nate as cl ai nmed
in any one of Clainms 1 to 3, characte n that said internediate | ayer

is a negative tenperature coefficient (NTC) ceramic material having a
critical tenperature between the operating and poling tenperatures at which

t-he resistance  y.minate far Use in Manufacture of Ink Jet Printheads.

" A co~fired laminate (10) for use in printheads for
drop-on-denand ink fet printers has two inner layers (12, 14) of
piezo-electric materiel which are thickness poled in opposite
senses, two.buter layers (11, 15) of inactive material and a
fifth layer (13)_disposed between the inner leyers which is
electrically insulat:u.lg. under the printhead operating conditioné
and conductive under tﬁe poling conditions of the inner layers.
The fifth layer preferably is a N.T.C. material with its critical
temperature between the operating and poling temperatures. After
_poling of the inner layers further manufacture 6£_£he printhead

from one ‘side thereof can be effected as described.

Figure 1
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of said material changes rapidly. 7. A lam nate as clainmed in Claim6,
characterised in that said internediate |ayer has a resistivity and a

t hi ckness provi di ng between the operating and poling tenperatures a

resi stance per square range greater than 2.5 orders of nmagnitude.

- 15- 8. A lamnate as clainmed in any one of Clains 3 to 7,
charaterised in that said substrate |ayer and said top | ayer are forned of
an insulating ceramc. 1/4
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9. A lamnate as clainmed in Caim8, characterised in that said
substrate layer and said top |layer are fornmed of a glass ceramc. 10. A
| am nate as claimed in Claim9, characterised in that said substrate |ayer
and said top layer are fornmed of a glass ceram c of oxides of Lithium

Al um num and silicon. 11. Alamnate as claimed in Qaim9 or Caim10,
characterised in that said substrate I2aper and said top | ayer are forned
with a dopant to render them nore conductive at the pollng t enper atur e.

12. A lam nate as clainmed in any one of Cla”'.
that said substrate |ayer and sah&?top | ayer age

|nact|ve or depol ed whe
as clainmed in daim12,
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14.
is Strontium

16.
paral | el

15.

channel s ext endi ng nor nal

Alamnate as clainmed in Caim12,

is contained in the materi al
in a concentration of 2 to 25 per cent.
A lam nate according to any preceding claim conprising an array of
to and penetrating said first and second

characterised in that said dopant
A lamnate as clainmed in Caim13 or
characterised in that said dopant
substrate | ayer and said top | ayer

14,

of said

| ayers of piezoelectric ceramc materi &/4and said internedi ate | ayer of

15,
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paral l el channels formed in the |amnate after renoving part at |east of
said top layer, said channels extending normal to and penetrating the first
and second | ayers and the internediate |ayer. 18. A |l am nate as cl ai ned
in Caim16 or 17, characterised i'n that channel facing surfaces of inter
channel walls fornmed* by three of the am nate |ayers are coated with
conductive el ectrode |ayers. 19. A I amnate as clained in Caim18,
characterised in that said el ectrode Iéyers are provided with a passivation

coat i ng. 20. FIRLYMEIMELof forning a dr op LBV TOK | ety array
printhead conprisi n@n/70d ONILYEZS0 g
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. . . o . Wt g 1es
(a) formng a co-fired lamnate (10) having two inner |ayers (1 161

pi ezo- . electric material; two outer Iayers (11, "15) of |nact|ve

Eg{ ageﬂlma |||i||lﬁ"ﬂalﬁ“ls (12, -14) f \I/v];nt Ehl ?Zer “‘f}* ,p;{ A‘f‘?’ ‘f"”rJ %ﬁur“aﬂ"[ a G
B Ssa gAY,

i nsul atihg 9 n‘redpofise”to actuating pul ses at jﬂi -------
tenperature and at the poling tenperature is sub: jt;_ll,__l\y N____;r’rdtﬁ:t‘f ves e‘f 17
during t he poling period; -14- q aﬁpiyhgzﬁ ectt Fazag ...
(16, 17) to outer surfaces respectively of saild"two"*=C

<

et © - paged .oui®pagasier s

(11, 15); Clai (c) applying a poling pulise between said fifth | ayer
(13) and sard elect r odes t hereby td d@PAEEtOF HiekKERTs. A6 ng..of
the inner layers (12, 14) in respective opposSit€ SENSES;

d [ f 1 11, 15
oy of pafal| ehSodiamastess ) B Seihe b o pritpaindyr copron” "
o the | am aghd oL e éﬁiﬁﬁnén@’ﬁiﬁs’cfzﬁﬂ”&éﬁ’ﬂh& heyehi C1212) Ot bidso-Bitet

| ayers was renoved, the fifth layer
subst ant i al cgsamic matehelaswhroh archthickness poled in epphsite scases dndrasr lntealyledlate layet

E fzz)) appl yi ng 0L et Qe b B EI it BN relSorls2 6 Austind sl af RS pQhrindlchperanee! s
of the printhead is insulating and at the poling temperature of the first and second layers is

conductive during the poling period.

2. A laminate according to Claim 1, further comprising a co-fired substrate layer (15)

of inactive ceramic material beneath said first layer (14) of piezoelectric ceramic material.

3. A laminate according to Claim 2, further comprising a co-fired, removable top
layer (11) of inactive ceramic material above said second layer (12) of piezoelectric

ceramic material.

4. A laminate as clamed in any preceding claim, characterised in that the resistance
per square of said intermediate layer lies in the range of approximately 1.5 orders of

magnitude measured at the operating or poling temperature.

5. A laminate as claimed in Claim 4, characterised in that the resistance

of the intermediate layer lies between 75 and 2500 M.ohms. per square at 60°C.

6. A laminate as claimed in any one of Claims 1 to 3, characterised in that said
intermediate layer is a negative temperature coefficient (NTC) ceramic material having a
critical temperature between the operating and poling temperatures at which the resistance

of said material changes rapidly.

7. A laminate as claimed in Claim 6, characterised in that said intermediate layer has

a resistivity and a thickness providing between the operating and poling temperatures a

resistance per square range greater than 2.5 orders of magnitude. REPLACEVE i1 SHEET .
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-17- 21. The nethod clained in Caim20, characterised by formng said
| am nate by providing at |east said outer and inner |ayers fromtape cast
ceranic materi al s pressing-the |aninate | ayers together and effecting

co-firi ngm’m The nethod clained in Caim2l, characterised by
form ng mr "‘”ﬁ’ltu"of the |l am nate tape cast doped ceram c material .
The*net hod ol ais in Caim?2l, characterised by formng said fifth
Iayer froma slurry of doped cerami c applised to one of the facing surfaces
of said inner |ayers of piezo- electric material.
8. A laminate as claimed in any one of Claims 3 to 7, charaterised in that said

substrate layer and said top layer are formed of an insulating ceramic.

9. A laminate as claimed in Claim 8, characterised in that said substrate layer and said

top layer are formed of a glass ceramic.

10. A laminate as claimed in Claim 9, characterised in that said substrate layer and said

top layer are formed of a glass ceramic of oxides of Lithium, Aluminum and silicon.

11. A laminate as claimed in Claim 9 or Claim 10, characterised in that said substrate
layer and said top layer are formed with a dopant to render them more conductive at the

poling temperature.

12. A laminate as claimed in any one of Claims 3 to 7, characterised in that said -
substrate layer and said top layer are each formed of piezo-electric ceramic material
including a dopant to render the layer inactive or depoled when subject to an electric field.
13. A laminate as claimed in Claim 12, characterised in that said dopant is Lanthanum.

14. A laminate as claimed in Claim 12, characterised in that said dopant is Strontium.

15. A laminate as claimed in Claim 13 or 14, characterised in that said dopant is
contained in the material of said substrate layer and said top layer in a concentration of 2

to 25 per cent.
16. A laminate according to any preceding claim, comprising an array of parallel
channels extending normal to and penetrating said first and second layers of piezoelectric

ceramic material and said intermediate layer of ceramic material.

17. A laminate as claimed in any one of Claims 3 to 15, characterised by an array of
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parallel channels formed in the laminate after removing part at least of said top layer, said
channels extending normal to and penetrating the first and second layers and the

intermediate layer.

18. A laminate as claimed in Claim 16 or 17, characterised in that channel facing
surfaces of inter channel walls formed by three of the laminate layers are coated with

conductive electrode layers.

19. A laminate as claimed in Claim 18, characterised in that said electrode layers are

provided with a passivation coating.

20.  The method of forming a drop-on-demand ink jet atrray printhead comprising
(a) forming a co-fired laminate (10) having two inner layers (12, 14) of piezo-
electric fnaterial, two outer layers (11, 15) of inactive ceramic material and a
fifth layer (13) of ceramic material between said inner layers (12, 14) which is
substantially insulating in response to actuating pulses at the operating
temperature and at the poling temperature is substantially conductive during
the poling period;
(b) applying electrodes (16, 17) to outer surfaces respectively of said two
outer layers (11, 15); |
(c) applying a poling pulse between said fifth layer (13) and said electrodes
thereby to effect thickness poling of the inner layers (12, 14) in respective
opposite senses; o
(d) removing one of the outer layers (11, 15);
(e) forming an array of parallels channels (20) of depth which extends normal
to the laminate through the inner layer from which said one of the outer layers
(11,15) was removed, the fifth layer (13) and a substantial part at least of the
other said inner layers; and

(f) applying electrode layers (30) to facing sides of each of said channels (20).
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21.  The method claimed in Claim 20, characterised by forming said laminate by
providing at least said outer and inner layers from tape cast ceramic materials pressing the

laminate layers together and effecting co-firing thereof.

22.  The method claimed in Claim 21, characterised by forming said fifth layer of the

laminate tape cast doped ceramic material.

23.  The method claimed in Claim 21, characterised by forming said fifth layer from a
slurry of doped ceramic applied to one of the facing surfaces of said inner layers of piezo-

electric material.
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