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Fatigue Test of MEMS Device : a Monolithic Inkjet Print
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A testing system was developed to improve the reliability of printhead and several printheads

were tested. We developed a thermally driven monolithic inkjet printhead comprising dome-

shaped ink chambers, thin film nozzle guides, and omega-shaped heaters integrated on the top

surface of each chamber. To perform a fatigue test of an inkjet printhead, the testing system

automatically detects a heating failure using a Wheatstone bridge circuit. Various models were

designed and tested to develop a more reliable printhead. Two design parameters of the width

of reinforcing layer and heater were investigated in the test. Specially. the reinforcing layer was

introduced to improve the fatigue life of printhead. The life-span of heater with a reinforcing

layer was longer than that without a reinforcing layer. The wider the heater was, the longer the

life of printhead was.
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1. Introduction

A micro-electro mechanical system (MEMS)
is a new manufacturing technology for making
complex electro-mechanical systems. MEMS uses
batch-fabrication processes at a relatively low
cost while ensuring the uniformity of a number
of repetitive structures. To produce MEMS dev-
ices on a commercial scale, however, ensuring
their reliability is essential (Tanner et al., 1997 ;
Kolpekwar et al., 1997 ; Tanner et al., 2000).

Specially, several researchers have studied to
improve the life of the thermal ink-jet printhead.
Shibata et al. studied on life prolongation of
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meander-shaped tantalum nitride heating resi-
stors under the condition of a large drive power.
They improved the life of heater by placing the
meander-shaped heating resistor between SiO:
layers (Shibata et al., 1989). Aden et al. improved
the life of printhead by optimizing the conductor
edge profiles (Aden et al., 1989). Chang studied
on the effects of alkaline solutions and over-
voltage conditions on lifetime and fatlure mec-
hanisms of thermal ink-jet thin film heater struc-
ture (Chang. 1989). Chang et al. studied the
etfects of the topmost passivation layer in a ther-
mal ink-jet printhead {Chang et al., 1991). Moor
et al. found that heaters consisting of sintered
and passivated thin Ti/TiN layers have very high
reliability (Moor et al., 1999).

The realization of a low-cost and high-resolu-
tion inkjet printhead is critical for the future of
inkjet printing. An inkjet printhead is classified
by its working principle as piezoelectric (Usui,
1996) . electrostatic (Kamisuki et al., 2000). and
thermal bubble head (Tseng et al., 1998). Due
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to its low cost and high printing quality, the
thermal bubble inkjet printhead has recently
dominated the market share, especially of small
office and home applications. In a thermal bub-
ble inkjet printhead, a bubble is generated by
superheating ink in a chamber ; the rapid growth
of the generated bubble ejects an ink droplet out
of the chamber.

Currently, two kinds of thermal bubble inkjet
printers are commercially available. One opera-
tes on the ‘sideshooting’ principle in which an
ink drop is ejected tangentially to the heater
surface; the other follows the ‘roofshooting’ prin-
ciple in which an ink drop is ejected normally
to the heater surface. Samsung Advanced Institute
of Technology recently developed its own intrin-
sic design of a printhead that operates on the
backshooting principle (Lee et al., 2001 ; Lee et
al., 2001, Maeng et al,, 2001 ; Park et al., 2002).
In a ‘backshooter’, recently named by P. Krause
and et al.(Krause et al., 1995), a drop is ejected
normally to heater while a bubble grows in the
opposite direction to the flight of the drop.

With the backshooting principle, the developed
printhead enables a monolithic fabrication pro-
cess that requires no bonding between wafers. The
inkjet printhead has a great cost advantage over
conventional printheads because of its simpler
fabrication process comprising a monolithic pro-
cess without bonding or assembling nozzle plates.
A single cell of the printhead is composed of a
dome-shaped ink chamber, a nozzle and nozzle
guide, a flow inlet channel and an omega-shaped
heater integrated into the roof of each chamber.
Its heater is embedded in a thin multilayer in
which several materials are deposited. To eject an
ink drop, the heater must have a sufficiently high
temperature for the ink contacting the surface to
instantly reach 280°C. The thin multilayer which
has residual stress is then subject to thermal stress
and cavitation force caused by the generation
and collapse of bubbles. Because the heater in a
backshooter printhead was located in the thin
roof of each chamber, ensuring its reliability is
more difficult than ensuring the reliability of a
sideshooter or roofshooter printhead. To assess
the reliability of the printhead, we developed a

testing system that can test five nozzles simulta-
neously. The system consists of a PC with a frame
grabber card and an A/D and D/A converter,
a CCD camera, a microscope, an illuminator, a
pulse generator, a relay switch box, and a Wheats-
tone bridge box with three precision- variation
resistors. The system automatically detects a hea-
ter failure using the Wheatstone bridge circuit.

To develop a more reliable printhead, we se-
lected two design parameters of the width of
reinforcing layer and heater, and tested four types
of printhead under the following conditions: 10
kHz frequency, | usec pulse width, and two levels
of voltage, 9 and 10 V. Specially, the reinforcing
layer was introduced to improve the fatigue life
of printhead. It was found that the 12 gm wide
heater with reinforcing layer had the longest life
at 9 volts. Finally, the wider the width of heater
was, the longer the life of heater was and the
heater with a reinforcing layer had longer life
than that without a reinforcing layer.

2. Design and Fabrication

The monolithic inkjet printhead comprises a
dome-shaped chamber with a vertical ink chan-
nel, an omega-shaped heater around the nozzle
and a thin film nozzle guide, as shown in Fig. 1.
Ink is fed to the chamber from the back manifold
through the ink channel vertically connected to
each ink chamber. The chamber has a dome shape
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Fig. 1 Schematics of thermal inkjet printhead
developed
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designed by an isotropic etching technique. A
heater is located on top of each chamber and
nozzles are placed at the center of the omega-
shaped heaters. The structure has a great cost
advantage over existing printheads because it uses
a simpler fabrication process that comprises a
monolithic process without bonding or assem-
bling nozzle plates.

Fig. 2 shows the fabrication process of the
monolithic printhead developed. A double-side

polished silicon wafer with a (100) surface was
used as a substrate. After oxidation (0.25 ym), a
pattern was etched on the back of an oxide film
by reactive ion etching (RIE) to form a hard
mask for silicon anisotropic etching in TMAH
solution (a). As a gate material, 0.15 g#m thick
polysilicon film was deposited in a low-pressure
chemical vapor deposition (LPCVD) furnace ; it
was then highly doped with phosphorus using a
POCI; source, resulting in resistivity of 50 Q/[].

E

(a) Oxidation & oxide pattern
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(b) Deposit and etch polysilicon and W-5Si

(¢) Deposit silicon nitride
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(d) Etch silicon nitride
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Fig. 2 Fabrication process of inkjet pnnthead
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As a heating material, 0.3 gm thick Tungsten
silicide film was deposited and diffused for one
hour at 900°C. The polysilicon and Tungsten sili-
cide films were patterned in the shape of the
heater for the bubble generation (b). In addition,
a silicon nitride film (0.2 x#m) was deposited by
LPCVD as an insulating material (c). After re-
moval of the silicon nitride and the polysilicon
layer from the back of the silicon wafer (d), the
silicon substrate was anisotropically etched from
the back in 20 wt.% TMAH solution at 90C,
leaving a 50 p#m thick silicon membrane after the
anisotropic etching (e). Followed by the backside
process, a nitride layer was patterned to form a
contact window (f). On a patterned nitride layer,
a 1 gm thick aluminum film was sputtered and
etched into the shape of metal line. This process
was followed by an alloying process in a furnace
to minimize contact resistance between the alumi-
num and the Tungsten silicide heater (g). For
passivation, a 2.5 #m TEOS oxide film was form-
ed by plasma enhanced chemical vapor deposi-
tion (PECVD) and a metal pad was opened by
RIE (h). A 0.2 um LPCVD silicon nitride and
2.5 yum TEOS were deposited for the final stress
matching of the nozzle plate released after the
formation of the ink chambers. After making a
nozzle mask with a photoresist layer, a nitride
and oxide film was etched sequentially and sili-
con was then etched by ICP RIE to form 6 um
high holes (i). To form thin film nozzle guides,
TEOS oxide was deposited and anisotropically
etched by RIE, leaving the sidewall films inside
the nozzle holes (j). To make a dome-shape ink
chamber, silicon was isotropically etched in a
XeF, reactor (k). Finally, the silicon was aniso-
tropically etched by ICP RIE to form vertical ink
channels without a photographic step ; the diam-
eter of the channels was the same as the diameter
of the nozzles (). PECVD oxide was deposited
with a shadow mask to strengthen the nozzle
guide and to make hydrophilic surface inside the
chamber and the ink refill channel. In addition,
chromium and gold films were introduced at the
top surface as an anti-wetting layer.

The fabricated printhead is shown in Fig. 3.
The chamber diameter was about 60 um for the

20 um nozzle heads, and the thin film nozzle
guide was about 6 um in length. The vertical
ink channel was successfully fabricated with the
same diameter as a nozzle and a length of about
30 ym. The 56 nozzles were embedded into two
columns on each chip, and the pitch between the
nozzles was 1/150 inch at each column, as shown
in Fig. 4. More than a hundred chips were
fabricated on a 100 or 152 mm wafer.

A piece of FPC film was attached to the diced
head chip by TAB bonding for an electrical
connection to the power supply. The bonded area
was encapsulated with an UV curing epoxy and
cured at 120°C for an hour. The bonded device
was aligned to an ink bottle and packaged for
hermetic sealing. A piece of sponge was then
installed inside the bottle to prevent the ink from
leaking out of nozzles, and ink was fed to the
bottle. Fig. 5 shows the photograph of a packaged
printhead.

To choose the printhead with the longest life-
span, several printheads were made. Differences

Fig. 3 Photographs of fabricated thermal printhead
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Fig. 4 Chip with an array of 56 nozzles
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Table 1 Configuration and dimension of multi-layer (unit: gm)
Configuration of multi-layer Nozzle
- - - - - . Heater| Nozzle
Type | Anti-wetting Heat insulation Heater | Heat transfer | Reinforcement | guide . .
i . ) - o - . width |diameter
(Au/Cr) (SisNy/TEQS/TEOS/Si0;) |(W-Si)| (P-Si/SiO,) (P-Si/W-Si) | length
[ 0.20/0.02 0.2/0.5/2.0/0.5 0.3 0.15/0.25 0.15/0.3 6 8 20
II 0.20/0.02 0.2/0.5/2.0/0.5 0.3 0.15/0.25 0.15/0.3 6 10 20
Il 0.20/0.02 0.2/0.5/2.0/0.5 0.3 0.15/0.25 0.15/0.3 6 12 20
v 0.20/0.02 0.2/0.5/2.0/0.5 0.3 0.15/0.25 No 6 10 20

Fig. 5 Photograph of a packaged printhead

in the width of heater and in the stack sequence
of membrane are shown in Table 1.

3. Experimental Details

The process of an ink jet printhead is as
follows : Ink is fed to a chamber from the back
manifold through an inlet; A voltage pulse with
a very short width is applied to a heater. When
the temperature of the ink reaches above 280,
the ink is ejected from the chamber through a
nozzle by the generation of a bubble.

The thin multilayer that surrounds the heater
was fabricated by depositing several materials.
Basically, each layer has inherent and residual
stress, and the membrane is subject to thermal
stress and cavitation force caused by the genera-
tion and collapse of bubbles.

Figure 6 is a sectional view of the multilayer
membrane. The membrane is composed of a
heater, a heat-transmission layer, a reinforcing

Anti-wetting layer

(4

Heat insulation layer

!

/ Heat transmission layer

e
EXl

Heater Reinforcement layer

|
Nozzle guide

Fig. 6 Section view of multi-layer membrane in-
cluding heater

layer, a heat-insulation layer and an antiwetting
layer. The heat-transmission layer is underneath
the heater ; it transmits heat from the heater to
the ink without loss of heat. The reinforcing layer
is next to the heater on the flat surface of the
printhead ; it reinforces membrane. The heat-
insulation layer surrounds the upper surface of
heater and prevents heat loss when ejecting an
ink drop. The antiwetting layer is the most upper
layer ; it reduces ink wetting.

To assess a reliability of a printhead, we deve-
loped a testing system that can simultaneously
test five nozzles. The system consists of a PC
with a frame- grabber card and an A/D and D/
A converter, a CCD camera, a microscope, an
illuminator, a pulse generator, a relay switch box
and a Wheatstone bridge box with three precision
variation resistors. The system can automatically
detect a heater failure using a Wheatstone bridge
circuit.
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Figure 7 shows a photograph of the system.
The block diagram of the system is described in
Fig. 8. The block diagram shows the process of
ejecting ink and detecting heater failure. A pulse
was generated and the pulse passing the Wheats-
tone bridge circuit generates heat at the heater.
The magnitude of the pulse before it passed the
Wheatstone bridge circuit was double the magni-
tude of the pulse after it passed the Wheatstone
bridge circuit. We used the Wheatstone bridge
circuit to observe the situation of the heater in
real time. Fig. 9 shows the Wheatstone bridge
circuit, which comprises three precision-variation
resistors and the heater to be tested. The life-
span of the heater was calculated in two ways.
One was to count the TTL signal until the heater
failed ;
of the heater. If a heater fails, the computer detects

the other was to record the start and end

the imbalance of the Wheatstone bridge circuit
using an A/D converter and sends an interrup-
tion signal to the relay switch using the D/A
converter. The relay switch then interrupts the
input pulse in the heater. To observe the prin-
thead simultaneously, we used a 1/3 inch CCD
camera, a microscope and an image-processing
system. We developed a program to control the

B

Photograph of testing system developed

Fig. 8 Schematic diagram of the testing system
developed

testing system using the commercial software
LabView, which is shown in Fig. 10.

To test the reliability of a printhead, we first
measured the resistance of the heater and then

RN =
heater resistance

VR 1

I R(; 20k
|
M
E,
Fig. 9 Wheatstone bridge circuit for detecting failure
of heater
Dk I8 Dpewn [en Sedow tee =

Fig. 10 Screen of the test system developed

(a) Signal before failing  (b) Signal after failing

Fig. 11 Output of wheatstone bridge circuit
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balanced the heater and the three precision-vari-
able resistors. In addition, the pulse generator
made a pulse with the width and magnitude as
shown in Fig. 11. Fig. 11(a) and (b) show the
signals passing the Wheatstone bridge circuit
before and after heater failure.

To investigate the influence of the width of the
heater and reinforcing layer on the life-span of
the printhead. we tested the fatigue of the prin-
theads as they eject ink. The frequency of the
input signal for testing each heater was 10 kHz
and 1 usec wide pulse. And the driving voltage of
pulses supplied to a heater was 9 and 10 volt
While performing the fatigue test, we used a CCD
camera to observe the situation of each printhead
such as the ejection of ink and wetting. Whenever
the printhead was heavily wetted, we cleaned it
with tissue moistened by water.

4. Results and Discussion

In this work, we got the test results of Table 2.
Two design parameters of the width of reinforcing
layer and heater were investigated in the test. The
test was performed at two levels, 9 and 10 V. The
fatigue tests were performed at the levels satisfy-
ing the targets of performances such as velocity
and drop volume. Table 2 represents the test
conditions, the means and the standard deviations
of the results that the 6 samples per a level were
tested.

Comparing the test results of Type [, II, and II1
at 9V, we found that the wider the width of heater
was, the longer the life of heater was. Comparing
Type I1 and I11 with the test results at 9 and 10 V,
the life of heater of 12 um width was about 11
times longer than 10 gm width at 10 V input and
the life of heater of 12 um width was about 2.7
times longer than heater of 10 um width at 9V
input. Therefore, we found that the wider the
width of heater was, the longer the life of heater
was, regardless of magnitude of voltage input.

Comparing with the test results of Type II
and IV at 9V and 10V input to investigate an
influence of reinforcing layer, at 9 V input, the life
of heater with reinforcing was about 5.3 times
longer than heater without reinforcing and at 10
V input, the life of heater with reinforcing layer
was also 4.0 times longer than heater without
reinforcing layer. Therefore we found that the life
of heater with reinforcing layer was longer than
heater without reinforcing layer. regardless of
magnitude of voltage input.

Figure 12 shows a relationship of voltage input
and life. In the figure, x coordinate is logarithm
of number of drops to failure of heater and y
coordinate Is magnitude of voltage input. The
line of Type I, heater of 12 yum width and with
reinforcing layer is at the most right and the line
of Type IV, heater of 10 #m width and without
reinforcing layer is at the most left. It means
that the life of Type Il is longer than Type IV

Table 2 Conditions and results of test

[ Life to failure

Type Test condition (drops)
S Heater Input
Fr(es:lezr;cy 5:2:; resistence volfa ge Mean ::?:::;i
(ps) (Ohm) (V)
I 10 1 41.2 9 2.50E+07 2.70E +06
10 1 352 10 2.52E+06 3.29E+05
. 10 1 353 9 3.07E+07 3.23E+06
10 1 32 10 6.73E+06 4.77E+05
m 10 1 32 9 2.74E+08 2.34E407
10 1 38.1 10 4.76E+05 381E+04
v 10 1 374 9 7.69E+06 3.57E+5




Fatigue Test of MEMS Device : a Monolithic Inkjet Print 805

regardless of voltage input.

However, the internal energy per unit volume
of heater is important to generate bubble for
jetting ink. Such relations between internal ener-
gy per unit volume of heater and life are des-
cribed in Fig. 13. Lines of Type II and III
intersect at the point, life=4.09X 10" drops and
energy=6.97 X 107 J/um®. Voltage input corre-
sponding to the energy is 9.51 V in Type IIl and
8.89 V in Type II. Therefore, when energy per
unit volume is greater than 6.97 X107 J/pm®
the heater of 10 #m width, Type Il is better than
12 gm width and when vice versa. The figure also
shows that heater with reinforcing layer was bet-

T T T
S
~ 10 |~ A B._e_ b
o e T T
s 9t -A n -®
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Life to failure (drops)
Fig. 12 Relationship between input voltage and life
to failure
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Fig. 13 Relationship between power per volume and
life to failure

ter than without reinforcing layer.

Figure 14 shows an example of typical failure
of heater. Fig. 14(a) is photomicroscope of top
surface membrane with heater. The photo indi-
cates that heater failed at opposition to electrode.

b) SEM of top surface of heater failed

¢) SEM of bottom surface of heater failed

Fig. 14 Photograph and SEM of heater failed
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The location is near to where temperature at
heater is highest. Fig. 14(b) is SEM of top sur-
face of membrane surrounding heater. We could
not see any crack in the SEM. The SEM indicates
that the crack is not at top surface of membrane.
Although membrane comprises several materials
that are very brittle, cracks only occur in one
layer of the membrane.

5. Conclusions

In this work, we developed a testing system that
can test 5 nozzles, simultaneously, to assess a
reliability of the printhead and performed fatigue
test for four types of printhead developed. From
results of the test, the reinforcing layer plays an
important role in fatigue life of printhead and
although membrane comprises several materials
that are very brittle, cracks only occur in one
layer of the membrane. At same voltage input, the
wider the heater is, the longer the life is. When
energy per unit volume is greater than 6.97 X 1073
1/ pm®, heater of 10 m width is better than 12 gm
width and when vice versa. The life of heater with
reinforcing layer was longer than heater without
reinforcing layer. Therefore, it was found that the
reinforcing layer to be introduced to improve the
fatigue life of printhead is effective.
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