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Abstract can be determined. However, there are other parameters
very much time dependent and important to bubble ther-

The optical reflectance of an open pool inkjet printheadnodynamics which may not be readily quantified with
heater surface has been determined to provide uniqubese techniques. An example is the onset of nucleation.
information on the evolution of the bubble. This s@mt At the heater-ink interface, the rate of temperature in-
reflectance probing technique can produce accuratelgrease during superheating is of the order of"COfer
nucleation energy threshold, bubble lifetime, collapsemicrosecond. If the resolution of the experiment is 0.1
time and others. With suitable calibrations, it can alsqus, errors can be as high asCOwvhich is more than 1.0
produce the time-dependent temperature at the heat®tN/m2in the initial vapor pressure. Such a high amount

liquid interface up to the onset of nucleation. of energy density can be important to the performance
) of the inkjet.
Introduction In a recent study by Yavas, et3alf the nucleation

of a liquid at a pulsed-laser-heated solid interface, the

The nucleation of ink to form a vapor bubble is of fun-optical reflectance transients were used for the determi-
damental importance in thermal inkjet technology. Fomation of the threshold fluence for a variety of liquids.
effective and repetitive ejection of ink, the nucleationWith a 16 ns wider laser pulse, they were able to deduce
must result in a stable, dominant bubble. Important conthe initial formation of a layer of submicron sized
siderations of the thermodynamics of ink and its nuclebubbles, their growth and collapse. The thermal condi-
ation have been discussed by Allen, et ahd Asa. tions at the heater-ink interface are different from a
Parameters which are key to bubble formation for theulsed laser heated surface since the heating rate of the
ejection of a thermal inkjet are degrees of superheafprmeris much slower. However, their probing technique
heating rate, surface roughness, liquid properties, etiés particularly useful for the study of nucleation on a
Superheating a liquid can convert it into high pressuremooth opaque surface such as the inkjet heater.
vapor phase. A high heating rate maintains the repro- This paper reports some results in the nucleation of
ducibility of nucleation. A smooth heater surface mini-a liquid on a thermal inkjet printhead heater from mea-
mizes the number of nucleation sites which can caussurements of the reflectance of the heater surface in an
early nucleation and therefore reduce superheat. Finallppen pool arrangement. It will show that the evolution
fluid properties dictate nucleation. Thus these paramef the bubble can be captured with high temporal reso-
eters jointly affect the performance of the inkjet. It islution. The experiment also included the effect of liquid
known that the superheat limit for a typical water-basedemperature on nucleation. The optics of a multifilm
ink is about 330C. The degree of superheat for ink structure such as in a thermal inkjet heater is discussed
should be as close to this limit as possible in order tbo explore the potentiality of extending the technique for
assure good ejection. the determination of the thermal nucleation threshold.

Two techniques are commonly used in the study of
the evolution of the bubble in thermal inkjet printing
technology. The first makes use of a piezoelectric trans-

ducer to capture the signals caused by bubble nucleation e DETECTOR
and collapse. The second takes advantage of a strobo- :

scope for high speed bubble visualization. Bubble pa- ﬁmm
rameters such as formation, collapse, morphology, etc. /-

Originally published inProc. of IS&T’s Tenth International
Congress on Advances in Non-Impact Printing Technolggies INKJET HEATER

October 30-November 4, 1994, New Orleans, Louisiana.  Figure 1. Schematic of the printhead heater reflectance probe.
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Experiment as nucleation begins. The reflectance is generally zero

_ . . hen the laser illuminated surface is covered by bubbles,
The experiment consists of measuring the reflectance ‘\?g{enoted at B in the figure. Two effects cause this to hap-
a heater structure of an open pool thermal inkje

. . en. The first is that the reflectance at the bubble sur-
printhead. Water was used as the medium. A prototyp.

. . ; . ce is only 2%. However, the nonplanar bubble surface
printhead, spe.C|a_IIy fabricated without 'ghe no;zle platealso defocuses the reflected beam so that the effective
was mounted inside a small chamber fitted with a glas

ndow. The thick film ink barri lefti d reflectance is reduced. The second is that rays reemerg-
window. The thick 1iim ink barrier was left intact aroun ing from the bubble are also defocused.
the heater. The principal dimension of the heater was = 114 reflectance signal recovers from a small value

about 50um. A HeNe laser (0.638m wavelength) and - ¢ he bubble collapses. This occurs at C in the figure.
associated optics provided an angle of incidence df 10

. : At this point the bubble size is rapidly decreasing until
anq a 20um dlamete_r waist at th? hgater surface: Thethe entire surface is free of nucleation. There are occa-
optical arrangement is as shown in Figure 1. The inte

! ; N€Nsions in which the reflectance does not remain zero
sity of the reflected beam was measured with a silicop .\ een the conditions B and C. This appears at D in
PIN diode and r_e(;:ordled W'thl a 5|00 MHz d|g|t|a_1l gsc'”ﬁ'the figure. It is believed to be due to an unstable bubble
scope as a@s wide electrical pulse was supplied to they o gscillates on the heater surface and momentarily
MHllows more light to be reflected back to the photo-

K inal liquid £2232C and "Betector. Another event that can occur is the presence of
taken at nominal liquid temperatures of €2 an a reflectance peak such as at E in the figure shortly

42°C. Higher liquid temperatures caused damage {0 thfggqre pypple collapse. This is due to the formation of

printhead and therefore data are not available. The wa; secondary bubble immediately following bubble

ter was recirculated with a peristaltic pump through &.,)1555e Présence of undissolved gases can be akause.
heat exchanger maintained at constant temperaturgy,o occurrence of this secondary bubble can also
Whenever measurements were taken, the pump Web'?oduce a spurious ejection of low velocity ink which
turn(_ad off morr_lentanly to stop large bubbles from tra'degrades print quality. This secondary bubble eventu-
versing the optical beams. Since each measurement tO(alﬁy collapses as the reflectance gradually returns to its
only a few seconds, there was not enough time for aps;iia| value before heating

preciable thermal stratification of the water near the ' 114 reflectance measmjrements provide several key

heatgr.sgrfache. Thel \lNa”S of the chamber were insulategh .o meters for the interpretation of the performance of
to minimize thermal losses. the printhead. They are discussed as follows.

ot REFLECTANGE (633nm)} | Onset of Nucleation

' The reflectance transients at several heater voltages
are shown in Figure 3. At low voltages at which nucle-
ation is absent, reflectance decreases as the heater is
heated. As soon as the heating pulse is terminated,
cooling begins and the reflectance increases until it
) , , reaches the initial unheated value. As the voltage is
1 HEATING PULSE (2 pssc) | increased to above a certain value, nucleation appears.
This is shown in Figure 3a at 15.6 v. This is the mini-
mum voltage for a s wide pulse to sustain repetitive
nucleation for this printhead. At these conditions, the
reflectance is seen to bulge at the end of the heating pulse

ARBITRARY SCALL

0 r e and increase slightly before decreasing to zero when the
. ) probe area is bubble filled. The reflectance increase
= E 0 ki 18 suggests that cooling has taken place and the heater is
TIME  (us) not fully covered by nuclei. Thus nucleation is very much

] ) ) . ) localized near threshold conditions. These nucleation
heater as it undergoes the nucleation cycle nucleation of the superheated liquid, until nucleation is
R It d Di . complete on the entire surface. As the voltage increases,

esults an IScussion the bulge due to reflectance increase disappears as shown

The transient reflectance from a single firing of the heatels Figure 3b. At the edge of the reflectance profile where
produces a very well defined scenario of nucleation. Adt decreases during heating, the reflectance decrease
example is shown in Figure 2. At time zero when the Zhows two distinct slopes. The more moderate negative
us electrical pulse arrives, the reflectance decreasédope corresponds to the initial heating without
monotonically as the solid surface is heated. The effedtucleation and the steeper negative slope when nucle-
of temperature-dependent reflectance change will be digtion takes place. The point where the two reflectance
cussed later. Near the negative edge of the pulse, label&pPes merge, i.e., Point A in Figure 2, is the onset of
Ain the figure, the reflectance decreases at a faster rafgicleation. This onset advances to earlier time as the
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Figure 3. Reflectance of the printhead heater
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Figure 4. Reflectance of the printhead heater at different water temperatures
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voltage increases. This is interesting because it showdependent temperature at the heater/ink interface. This
that as the heating rate increases, the onset of nucleatiparameter is usually obtained from empirical values or
can occur before the termination of the heating pulsecomputational techniques. It can be seen from the above
When nucleation is complete on the heater surface, @ata that the reflectance of the heater is related to its
vapor layer appearing on the heater impedes heaémperature. In particular, when the heating pulse is
transfer. Further heating beyond this point is dissipatedctive, reflectance decreases up to the termination of the
mainly by conduction through the solid components inpulse if there is no nucleation and increases thereafter.
the printhead. Thus electrical energy arriving aftelWhen there is nucleation, the reflectance increases
nucleation is complete will increase the temperature ofowards its unheated value only after the bubble has
the printhead. The reflectance probe therefore can beollapsed.

used to interpret the relationship between heating pulse
height, width and nucleation onset. 0.15 REFLECTANGE (833am) |

Bubble Lifetime 0.1 T Ty B aTia wia in e mm s

The bubble lifetime can be determined from the re- Hacter Wesloge v}
flectance measurements. If the bubble collapse is con- .
sidered complete when the reflectance recovers to 0.75
of its initial value, then the typical lifetime for this
printhead is about 1fis, depending on the voltage ap-
plied to the heater. A higher voltage tends to lengthen
the bubble lifetime as seen in Figure 3b. The reflectance
does not assume its initial value quickly until the heater
cools to its steady state temperature.

1 HEATING PULSE {2 usec)

"ARBITRARY SCALE

Heated Water
The reflectance measurements at elevated water tem- -0 0
peratures are shown in Figure 4. They appear similar to
the reflectance in Figure 3 taken af@2However, there (a)
are three main differences. First, as water temperature
increases, bubble collapse is delayed. Taking as the ref- 0.5 REFLECTANCE (633nm)
erence condition when the onset of nucleation occurs at )
the end of the heating pulse, bubble collapse appears a0 Lty
10.5us, 12.2us and 14.Qus forwatertemperatures‘z2
32°C and 42C respectively, as shown in Flgures 3b, 4b Hoos Vo
and 4d. Thus as the water temperature is increased, it ¢ = i T e
takes longer for the liquid to cool down to the point that ° . . . . . .
the vapor can begin to condense. Second, the secondan & 1 HEATING PULSE (2 ueec) 1
bubble, while remaining conspicuous at@2and 32C, =
was not observed at or near the threshold conditions at %
42°C except at high voltages, though these conditions
are not shown in Figure 4d. The reason is unclear. How-

Ty

ever, this can be a benefit in minimizing the effects of ° e
the secondary bubble in printhead design. Third, the — : + ]
nucleation thresholds can be seen in Figures 3a, 4aanc ~ ~*° ° U ME (us)

4c to be 15.6v, 16.4v and 17.2v af@232C and 42C
respectively. Intuitively, the voltage threshold should (b)

decrease with water temperature since less energy is

required to produce the superheat. The present observigigure 5. Reflectance of a printhead heater which shows in-
tion is opposite to this. It may be due to the decrease afeasing temperature produces increasing reflectance
gaseous nuclei in the water as its temperature goes up

(the solubility of gases in water increases as tempera- The reflectance changes when the heating pulse is
ture rises). However, additional study is required to conpresent depend on the heater material and the multifilm

firm this speculation. structure. Thus these changes are very much device de-
pendent. This is shown in Figure 5 with the reflectance
Temperature Threshold for Nucleation measurements from another printhead of similar heater

A potentially important application of the reflectance design which show that the reflectance actually increases
probing technique is in the determination of the tem-as the heater temperature increases. This effect is com-
perature threshold for nucleation. Since the degree gfletely opposite to previous data but can be easily un-
superheat is important for ejection of ink, it would bederstood from the optical properties of multiple thin
very useful to measure such a quantity. However, therBlms. A simple example can explain this effect. Figure
has been no publication on the measurements of the timé-shows the computed reflectance of a silicon substrate
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coated with a SiC film, a material commonly found increasing reflectance with increasing temperature. As
an inkjet heater. Atemperature increase is simulated witeshown in Figure 5, the onset of nucleation is much easier
an increase in the extinction coefficient of the SiC layerto identify for such a case. For example, the threshold
It can be seen that the reflectance of the surface can inan be defined as the point of zero reflectance gradient
crease, stay constant or decrease as the extinction coefith time. In this respect, the present probing technique
ficient increases, i.e., temperature increases, dependimgn determine its occurrence to Qud or less. Beyond

on the SiC thickness. In reality, the actual reflectancehis point the reflectance decreases abruptly as bubbles
changes depend on all the films in the heater structurgrow on the heater surface. This reflectance decrease also
their thermal properties and thicknesses. Neverthelessan be seen to become steeper as the heating rate in-
this example serves to illustrate the variations on reflecereases, suggesting that the nucleation rate also increases
tance with temperature-dependent changes on the extingith heating rate. Although the actual demonstration of
tion coefficient of a thin film. In the present study with the determination of the temperature threshold is not
several printheads, all three types of reflectance changéscluded here, it is not difficult to visualize that it can
with temperature have been observed. Small changes be done, albeit in a destructive way. This requires the
the thickness of the SiC layer appear to affect the heatdeater structure heated to a steady state temperature,
reflectance properties the most. The above discussiamsually in excess of the softening temperature of most
assumes that the probe wavelength is 08831t should plastic parts in the printhead.

be noted that the reflectance properties are also very
much wavelength dependent. Conclusions

The optical reflectance of the heater in an inkjet printhead
has been used for the determination of the energy thresh-
old for nucleation, bubble lifetime, bubble collapse and
secondary bubble generation. These parameters are use-
ful for the design of the printhead. The technique can be
extended for the determination of the temperature thresh-
old for nucleation, a parameter which remains difficult

to quantify in thermal inkjet technology.
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