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Abstract including heaters, chambers and nozZldgs newdevice is
refilled from the back through hole in the substrate The
Thermal inkjet printheads plag dominatingrole in prototype printhead is designed feeveralmicro actuators
drop-on-demand printhead technology. Improvements ofvith different geometries to study the influence of the
efficiency and lifetime are ra ongoirg challeng for  actuate dimensionson the dynamic behavior of single
researb and development in this field. Commonly used actuators.
micro heaters are based on refractory metal alloys. In this paper, first, the relevant technology of thermal
Therefore, a complex stack of various mateligtsecessary micro actuators badeon chemical-vapor-depositin(CVD)
to proted the heater against oxidation and mechanicatiamond films will be described. Second,e vpresent
strains which limit the performance of such micro heaters. experimenthinvestigations demonstrating the functionality
Here, a novel thermal inkjet heater based on diamond snd the dynamic behavior of our prototype. The resflts
presented In contrast to conventional micro actuator the studiesindicae that our approach based on diamond
systems for the diamond inkjet passivation layers are natllows a significant reduction dffetime limitations and
necessary This reduces the manufacturing costs andincreases efficiency in comparison to common systems.
increasesthe thermal efficiency of the micro heater. In
addition the excellent mechanical properties of diamond New Inkjet Based on Diamond
guarante protection against cavitation damages. The new
thermal inkjet heater has been tésteiccessfull and its The extrenme thermal properties of diamond require a
advantagesare demonstrated by experiments using highprecisethermal design and a precise heat management of
speed cinematography. the new micro heater. Therefore, the develogmamd
In conclusion, the first prototypef dhe new thermal  manufacturing processes of thermal actuators based on
inkjet heater based on diamond is superiorctonmon diamond have included both the performance of thermal
systemsin regad to heating efficiency and resistance simulations and the realization of prototypes [3].

against mechanical strains. The starting point of the development process was a
) micro heate on a 15um thick highly oriented diamond
Introduction (HOD) film [2]. The HOD film was grown in a microwave

plasma CVD-system After outgrowth the insulating
Micro heaters based on diamonad ¢ massproduced diamord film hasa surface roughness of less than 200nm
with lower costs. The prospect of improved performancesnabling micro lithography ah patternig of high
offers a good alternative to the conventiorsadd well resolution. The key process steps argsélective growth,
establishd micro heaters used in common thermal inkjets(ii) solid boran sour@ doping, and (iii) silicon based contact
[1]. Recent improvementsnidiamord nucleatim enable  metallization. The fabricationis described in detail in the
large area deposition of diamondn csilicon [2]. A  following: The activation energyfahe boran accepto is
cooperation between the Department Measurement, extremey dependent on doping concentration and
Control and Microtechnology and eéhDepartment of  compensatio and varies in the range of approximately
Electron Devices and Circuits atetbiniversity of Ulm has  380meV to OmeV. This is directly correlated to the
turned the idea of a novel thermal actuwatmasel on  activation in the conductivity. A low doping concentration
diamord into reality and a prototype of a diamond inkjet results in a large temperature dependence of the
has been designed, developed, and manufactured. loonductivity and enables eghfabrication of temperature
contrast to conventional actuator systems foe tlew  sensors with high characteristic temperatures. @rother
diamond inkjet no passivation layers are necessary. Weand, high doping concentrations resultlenv activation
hawe developed a complete thin film and micro structureenergies. Doping above 4€m° enables a negligible
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activation energy. The implementation the diamond image sequence in Fig. 2 starts at the beggmin the
heatersard the contact layers for electrical contacts madeheating pulse.

use of this fact. The micro heater were grown and doped
above 18cm® to obtain a specific resistance of 1Qom
independent of temperature. In this edse diamord film I s

also serves as contact layéor the electricd contact e

metallization. For the heater a thickne$d pm waschosen Sk = 5727 S = e

to obtain a heater sheet resistantd@X)/square resulting 2.6 2.9 3.2 3.5 3.8 Time [us]
in a heater resistancef A0&). The diamond top side
patterning terminates with a final mesa etching step in a
argon/oxygen RF-plasma. Si-based contact®weposited
by ion beam sputtering and pattedneby standard
lithography.

The final diamond inkjet consists of an optimized micro
heater based on diamond on a siiceubstrate an ink
supply, cavities,and a nozzle plate fabricated in polyimide
technique. The design of the fluidic elements are those of

igure 2. Nucleation on a DiamdnHeater with Extended
lectrical Contact Pads

The variation of the nucleation time dependene of
the heatirg powe is demonstrated in Fig. 3. The results
obtained by numerical simulations are in good agreement
with the experimental data.

common inkjet side-shooters. 16 | ' j
| [ ]

Dynamic Behavior of Single Shooting ME — simulation i

For an ideal operation of a thermal micro actuator a2 | " Measurernents .

explosive vaporization over the whole area of the heate 2 | " 1

necessaryThe nucleation behavior of our first version of a é 10 -
thermalinsulated heating element is shown by high speeis
visualization in Fig. 1. The experiment has been performecs 8

using pseudocinematograghivisualization based on the £

stroboscopic technique [4]. An exposure time of 250ns an% 6 i
an interframe time of 500ns has been used for thi
visualization. The starting pointf dhe time scak is the

beginning of the heating pulse. 2 i

Haating Power [W]

wrioo L

Figure 3. Variation of the Nucleation Time in Dependence of the
Heating Power

5.0 55 6.0 6.5 7.0 Time [us]

The simulationsare performed with the finite-volume-
program PHOENICS [5]The spinodalia temperatue of
320°C serves as the nucleation criterion [6]. The simulation
model containsthe temperature dependence of the thermal

The visualization clearly demonstrates that thepropertiesof the various materials of the micro heater and
nucleatim beginsat the electrical contact pads. The reasonthe ink. Prod of an explosive vaporization over the whole
for this undesirable effect is the high contact resistance direa of the micro heater has been furnished for heating
the semiconductor contact pads realizéth highly doped powers higher than 2W. As a result the functionality of our
p+-silicon and p+-diamond on d@hheatirg element This  device can be guaranteed for heating powers as low as 2W.
arrangement leads to a similebehavio like metal .
semiconductor Schottky contacts.

The problem just outlined has been abolished with
extendd contactpads which lead to a decreasing contaci
resistanceThe influence of the extended contact area on the
nucleation behavior is demonstmitein the pseudo-
cinematographic image sequence in Fig. 2. In ¢as the
nucleation is extended over the whole haptimea in an -
explosive manner. | -

A power of approximately 4.5W has lmeapplied to :&
generatethe bubble and the visualization was performed 5
with an interframe time of 300ns. The time scale of the

Figure 1. Nucleation on a Diamond Heater hvitNarrow
Electrical Contact Pads
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Figure 4. Droplet Ejection of the New Diamond Inkjet
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The photo reproductions in Fig. 4 demon&ithat our
new diamord micro heate is applicable as actuator in a
thermalinkjet printhead A polyimid channel and a nozzle 6400'
structue with a geometry comparable to common systemsZ.
hawe bee chos@ to realiz an ink jet ejected with the © a00]

diamond heater. Therefore, the low cost diadactuato is %
an attractive alternative for common heating elements witlg 5441
a complex stack of heater and passivation layers. %

D 00]

Dynamic Behavior at High Driving
Frequencies

0 4 8 12 16 20 24 28

Several experiments without a polyireidozzk plate Time [us]
have been performed to evaluate the dynamic behavior of
the new heater at high driving frequencies. Figure 6. Simulated Effect of Heat@emperaturefor a Double
Heating Pulse
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Figure 5. Nucleation Time for the SecoRulsein the Double 4 (17l

Pulse Experiment Figure 7. Lifetime of Ink Bubbles for the Second Pulse in the

Double Pulse Experiment
In a series of several dav pulses the heater
temperatue raises with each additional pulse. Therefore, the
first experiment is performed with two pulses only. bub
Observing the second one of the two pulsedetermined

Fig. 7 displays a fairly constatifetime of the vapor
blesindependentf the time delay in the double pulse
experiment This behavior must be expected since the

Ejhel vartl_atlon%f tthe nucelftatmn time th_th reTpec:[rLo dlfferltent bubbk dynamicsis independent of the thermal heating once
elay times between ¢ltwo consecutie pulses The resu the nucleation has started [7].

djsp!a_lyed in Fig. 5 shows th?‘t the nucleation time shifts in a In order to estimate the limit of the driving frequency
significant manner only for timdelayssmalle than 100us. the measurements plotted in Fig. 8 &aee performed In

Idn tht(? casi)otf a 17“,[Sh timt()a d_ela_y a d;acrheastg irr;j tk;re] timethe train of consecutive pulses the nucleation ef l&st
ur? lotn ; e\éveendde fgz]glng IO dd('et'glmth' ) eth bubble has been observed pseudocinematographidéiéy
nucieation 1s observe down 1o 2.ops. In addition, this 1s the graphics shows the minimum delay necessaryafgiven

limit for the explosive vaporization. :
; . . . numbe of pulses in order to generate regular bubble shapes
The simulation of the thermal behaviof the micro up to the last one.

heater for a double pulse shown in Fig. 6 illustrates that the As aresultof the measurements displayed in Fig. 8 for
time delay of 20usis not sufficient for a complete relaxation bubble generation a repetition rate highentlHz can .be

of the temperature after the first .pulse. Therefore, theestimated under the assumption of a linear extrapolafio
second nucleation begins 2us earligris resultagreeswell the plotted time delay

with the experimental facts (Fig. 5).
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Figure 8. Minimum Time Dedy Between Gnseattive Drive Rilses
for Bubble Generation

Conclusion

A novel thermal micro actuatoconcept has been
realized using diamord as a multifunctional material. The
new thermal inkjet heater based on diamond has
successfullydemonstrated its functionality. Already the first
prototype of the diamond inkjet is superitb common
systemsin regad to heating efficiency and resistance
against mechanical strains. The excellent frequency
behavig of the bubble dynamics with respect to the thermal
management has been demonstrated.

In contrastto conventional actuator systems, for the
new diamord micro heater only 4 different materials,
namely, diamond, silicon, tungsten, and gold raquired.
The reduction of manufacturing steps makies diamond
inkjet attractive for the printeindustry In addition costs
can be significantly reduced whidatffers gred possibilities
and advantages for the printer market.
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