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Abstract

The sulpect of this investigation is the non-contacting
measurenert of the themal response of an ink jet device in
its micro envirorment. Discussion of the techniques,
experimental setup, and regonendations requirad in
making themal measurenents usingnfrared themography
are presented:wo applications irwhich thiswas usedvere
the coupling of the measurenentswith a nunerical themal
model to detanine the die bondhemal conductiviy and
the comparisonof the themal measurenents of the silicon
heater plate, silicon channel plate and substrate of khéeln
PrintheadThe results of these activities agreeywsell with
the manufacturersneasured thaenal conductiviy of the die
bond material and the muericd themal modd both for
jetting and dry firing of the print head.

Introduction

Themal radiatin is one of themain canponents in heat
transfe that requires no conductingmedian to transfer
enery unlike conduction and convection. Radiation &&n
viewed as the propagation of electnagnetic waves.
Therdore, radiation can be describey its wavelengthA
(um) andfrequeng v (Hz.). These properties arelatal by
the following relationshipwhen propagatingni a medium
and c is the speed of light.

Cc

A=—

\
The themal radiation spectm is considered appraxately
from .1 to 100um which includes the visible, infrared and
part of ultraviolet (UV)where t is pertinert to hed transfer.
Figure 1 shws the order iwhich the spectrun is identified
as a function of its wavelength. Ref. [1,2]

Sinee all objects emit themal radiation, it is knan
throughPlanck’s Law that the radiant eneygncreasesvith
increasilg temperatureThus, the mount of enitted infrared
radiation is a function of the objet tamperature. The

temrmed as the total radiation thaccouns for all the radiant
enery emitting from the surfacgereflecting,andtransnitting
through the ofect. Radiation mitted from the surfa@ of
the obectwill be bounded ¥ a spectra distribution as well
as a directional distributiorThe tota radiatian is given by
the following expression
e+1+p=1

where p is the reflection,t is transittance ande is the
emissivity. The sum of the radiation sourcasust be equal
to 100%.As it is nav seen, thematerial propest of the
object becmes vey important h understandig how much
radiated pwer is being mitted. In addition, & given by
Kirchhoff' s Law, the emitted energy must be equal to energy
absorbed at equilibrium. Ref. [1,2]

A true blackbog will have emittance ¢ 1 and no
reflection nor transmittance. Emissivity is the ratio of the
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Fig. 1 Electromagnetic Spectrum Ref. [1]

enery emitted by the objectwith respect to a blackbgdat
the same temperature.Therefore, in order to calculate the
temperature of an object usinga themal imaging
radiometer, it is important to know what the emissivity is.
The Infrared ImagingRadiameter used in the folleing
measurements is the Model 760 made by Inframetrics Inc.
This unit allavs for three differen selectiors of the
systan respone curves in the infrared spectrm which is the
short-wave (SW), longwave (LW) and broadbad (BB).

relationship that governs this is the Stefan - Boltzmann LawFigure 1 identifiesvhere the SW and LW residesdatine

E =eoT’
where Eis the enissive paver, € is the enissivity factor,o
is the Stefan-Bolmann constant (5.67xt6 W/cnfK), and
T is the absolute teperature of the objecthe radiosity is
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BB is esseatially composal of both SW ad LW as a
function of the Relative y&tem Response curvd.his curve
is produced ¥ Inframetrics as shen in Figure 2. The

broadband was selected for all measurements made. Ref. [1]
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Figure 2. Ref. [1]
Infrared Measurements

The way an infrared radimeter works in being ald to
making a themal measurenent is by the infrared detector
The Infranetrics unit uses a photon detector in order t
sense the infrared engrgThis is a smiconducta that
producesa signal proportianal to the amount of photon flux
that it receives and requireg/ogenic cooling fortito work.
The infrared energ passes through the lens of the
radiometer to a reflective galvanwter scaimechanisn that
creats the image of the ofect emitting the infrared
radiation. The image is produced yb the oscillating
movement of the horizontal and verticaiirrors tomovethe
field of view of the detector into dimensions. During this
proces it is viewing a themal reference at regular intervals
in order tomeasure the taperature of the objecis the
radiation passes through the scanner, it is senhddR
detector and the information is processed through the
electronics. Fron here the rmage & presentd to television
monitor for post processing and wimg the themal
measureents Ref. [1] There are several gdoreasons
for using infrared thenogrgphy in making temperature
measureients. It is non-contactig so one does not have to
be concernabout the thenocouple having an effect in the
measurenent itself. It hasa tremendows advantag in
measuringthe temperature of a particular areahere a
themocouplemay be too largeThe othe advantag with
thistype of gstam is that it offers amicroscope lens and 3X
telescope but also can electronigalbam in on miniature
locations. The resolution elaent size is 30um for the
combined 3X telescope and theicroscope lens and the
field of view is 5.1mm in the horizontal and @.mmin the
vertical. Ref. [1] In this application, itsiwell suited to
measure the taperature of the silicon chips thatakes up
the printing transducer of a Xerox Thermal Inkjet Printhead.

Experimental Techniques for Determination of
the Emissive Material Property

However, before the taperaturemeasurenent canbe
made the missivity of the olpect mus be known. Also the

another.There is onemain disadvantagevhen using this
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type of infrared radimeter on an object that haslow
emissivity such as silicon and a higeflectancelt is called
the narcissus effect because it appeara sy cold black
spoton the silicon.The cyogenicaly cooled IR detector is
reflected off the ver reflective surfae of the silicon and
back through the optics inwhich it sees itself. Itwill
obviously cause a false temperature reading.

There is a couple ofvays to avoid this problem. One
very simple technique is to raise thmissivity of the surface
to a known high value. This can be aceoplished by
spraing the surface of the objeor adheringa materid on
the objectwhere the value of theméssivity has beenwell
establishedAn example of each ytpe of thesamaterials is
black vinyl electrical tape where is emissivity is
approximately 0.95 and Desenexoot pavder as spnged is
apprximately 0.93. This type d powder has found to be
safe in sprging on electrord equipment without damage.
Uponusingeithe of thesematerials, the cold spot does not
appea and the thanal measurenents can be corrected by
inputting its enissivity into the IR camera To chek for
eithe of thesematerials enissivities, a snple expetinent
can be conductedytusinga hat plate where the temperature
is known and appfing it to surface of the plate. r8ply
change thermaissivity in the IR canera unti the temperature
equals that of the hot plat€his value is the raissivity for
the appliedmaterial. Another inherent advantage of a high
emissivity surfa@ is that it will have a more accurate
measurenent of the tenperature. 8all errois calculatel for
the low emissivity material can give risto highe tempera-
ture errors becausd the background radiationftected off
of the obect is plging a greater r@than the emitted energy
from the object. The background teperature in this case
must be knan more accuratgl Frank Byson of Infrared
Technologies Incworked as a consultant to ensure proper
technique ard understanding of expenental errors that
couldbeinvolved inmaking themal measurenents using an
Infrared Radiometer. Ref. [3]

The above technique essentiallassmes that the
temperatue of the applied surface trem¢nt is that of the
actual surface itself. If the suriaof the objed is believed
to have a knean high enissivity and the measurenert is
desired to bemade on the actual surface then there are
severatechniques that can be chosen in order to ohater
the eamissivity of the object's surface. e of these
techniques are the Referencenitance Technige and
Reflectance Technique for opaque objects dn the
Transgnittance Technique for non-opaque jelots Ref. [1].
The Transmittance Technique will not be discussed.

The Referene Emittance Technique involves the target
in which the enissivity is being detenined a piee of
cardboad wrappedwith crumbled aluninum foil, and a
referencanaterial of knevn emissivity. This could e ahigh
emissivity black paint black electrical vigl tape or foot
powder. The crunbled aluninum foil wrapped over omside
of the cardboardwill serve asmeansto measue the
backgroundadiation. Set theraissivity of the IR canera to
1 and aw external optics to one or their appropriasdue.
g'lput the background teperature and ensure no other
radiating urces inclding yourself arereflecting off the
target and background. Set thenperature units tavhat is
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calledlevd units formeasuring the theral radiation.Place
the referencenaterial on the heated or cooled surfacéhef
target andneasure the reference source levelall as the
target level.The knavn reference missivity is denotedas
Eref.. Measure the background level and useftilowing
equation to compute the emissivity of the target. Ref. [1]

(Target Level— Background Level) Eref
(Reference_evel — Backgiound Level) '

Emissivity=

(Reference Emittance Technique for experimentally

determining the emissivity)

The Reflectancd echnique requires a hand a cold
source to be reflected off the target. Failog the smilar
instructions as given in the referencaitéance technique are
as follows: set the missivity to one in the aaera, external
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emissivity of the pavder entered into the o®&rawas 0.93.
The printheadwas dy fired in detemining the themal
conductivity of the silver epoxy.

The themal conductiviy was detemined as afunction
of the diebond process used in th@nufacture of thenal
inkjet printhead.To accanplish this, a transignthemal
numericd model was used in aoparing the expemental
data The assunption from 0 to 1 seconds igade that the
conduction is dminating in ths time frame with negligible
radiation and convection effectfhe themal modd was
developed » Mehmet Sengun at the Xerox Corporation. In
usirng his model, the thenal conductiviy was varied and
compared to the expeamiental dataThe infrared camerawas
used to collect the data and an averaging limas dravn
across thewidth of the silicon chipusing Inframetric’s
Themagran 95 post processing sofare. By matchirg the
simulation resuls and the IR measurenents, the thenal

optics to one or the appropriate value, and input backgrounsbnductiviy was foundto be 1.7 WK which is the exact
temperatue in the IR canera. Choosing the cold source yalue suppliedby the manufacturerThis is shevn in Table

first, point the IR cmera at the targeand focus on the
reflection of this source. Aftemeasuring & levd for the
cold source, repeat the process using thé swmurce.
Measure the level of the ha@ard cold sources each The
emissivity is computed as follows:

(Hot Level Reflectd — Cold Level Reflected)
(Hot Level — Cold Level)

Emissivity =1-

(Reflectance Emittance Technique for experimentally

determining the emissivity)

Applications of Infrared Thermography

The first application using infrared tmeograply was to
detemine the themal conductiviy of the diebondmaterial
used in the thenal inkjet printhead.The obective of this
experiment is to use this infamation in tke themal
perfomance ginulations of the printhead. Themal
conductiviy measurenents can & very challenging to
detemine even though thenanufacturer’'smay claim to be
within a 5% accurac Although ths can be true, operatorto
operator variation can be another variable contributinbeo
amount of error aswell as the degree of uncertairin the
preparation of the samples to be tested.

A benchwas made specificaly for the radioneter to
placed on and have the capakilib be position precisely

with respecto the targetAt the other end of this table, the

printhea is located by a mounting fixture to be vieed by
the camera.To avoid ay other themal radiation sourcea
cardboard boxvas used to shroud the printddeavingonly
the front plane operThe other advantage ihe designof
the bench is that the operating eeqognt is locatd under
the benchwhere one’s hands can not be accidenyadhowvn
as background radiatioifhe microsco objective and 3X
telescoe lenswere usedThe foot povder was sprged on
the front face of the printheaghere the clg was attached
to the substrate of the devic&he sprged coatingis
assimed to be thin enough thats thema gradien is
negligible as copared to its rdasurfae temperature The
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1. The tenperature data is éhrelative differene with
respet to the ambient temperature. In addition, a 0.005 in.
diameter themocouple TC) was placed tathe silicon chip’s
center half where the datavas sanpled & 0.01 second
intervals.This data, also presentedTable 1, §in excellent
agreenent with the themal simulations and the IR
measurements.

Time (seg¢|Simulation with TC(C) IR(C)
K=1.7(W/mK)

0.2 1.98 1.72 N/A

0.4 2.32 2.31 N/A

0.6 2.54 2.49 N/A

0.8 2.57 2.88 N/A

1 2.96 3.07 2.96

Table 1. Numerical Thermal SimulationdaBxperimental
Data using Infrared Thermography IR armd Thermocouple
(TC)

The next applicatiomvas to ue the information gained
from the previous experient and cmpare this to the
themal numerical model of the themal inkjet printhead.

The camera was supported using a tripod and the printhead

was located independent of the camera’s datum.

The printhead peer input d the dy fire run wasmade
first at 1watt and then @Qvatts. This was done to decouple
the jetting modeto understand hw the conduction and the
convectiom patt of the model correlated to the expewental
data. The printheadwas sprged with the foot pavder in
order to have the entire front face at thensaamissivity.
Tables2 to 5 show the campariso of the 1 ad 9 watt
power input to the printhead. Figure 3 is enclosed for visual
reference of the front face ofdtprint heal as wha the
radiometer would actually be seeing except that is at a
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Front View of the Xerox's
Thermal Inkjet Printhead
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Figure 3. Front View of just the chip and substrate of
Xerox’'s Thermal Inkjet Printhead

higher magnfication. The microscope objective and 3X
telescopelens were usedTwo particular areas of interest
were the silicon heater plate and the substrate’s ledere
the silicon chip is locatedThe dy fire data ran for 16
minutes for each peer level. The temperature are in
absolute. Frm Tables 2 through 5, there appears toabe
very goad correlationbetveenthe themal model and the IR
thermal imaging data.

Time(sec)| Experimental| Model | Difference
IR (C) ©
119 40 38.7 3.209
241 45.5 45.5 0.009
363 50.1] 50.5 -0.809
485 53.2 54.1] -1.709
607 55.3 56.8 -2.709
729 57.4 58.7 -2.309
851 58.7 59.8 -1.909
960 60 60.7 -1.209

Table 2. Dry Firing of a Thermal Inkjet Printhead at
1 Watt sensed at the Substrate’s ledge below

the chip.
Time(sec)| Experimentalf Model (C)| Differencd
IR (C)
119 41 40 2.40%
241 46.6 46.8 -0.40%
363 51.1 51.8 -1.40%
485 54.3 55.5 -2.20%
607 56.4 58.1 -3.00%
729 58.7 60 -2.20%
851 59.8 61 -2.00%
960 61.3 62 -1.10%

Table 3. Dry Firing of a Thermal Inkjet Printhead
at 1 Watt sensed at the Silicon Heater Plate.
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Time(sec)| Experimental|l Model (C)| Difference
IR (C)
1 38 38.2 -0.50%
5 49.3 45.7 7.30%
10 55.7 51 8.40%
16 60 56.1 6.50%
19.75 63 59.3 5.90%
25 65.6 63 4.00%

Table 4. Dry Firing of a Thermal Inkjet Printhead at
9 Watt sensed at the Substrate’s Leedmglov the

Si chip.
Time(sec)| Experimentall Model (C)| Difference
IR (C)
1 46.2 49.7 -7.60%
5 57.2 57.5 -0.50%
10 63.1 62.9 0.30%
16 67.9 68 -0.10%
19.75 70.2 70.6 -0.60%
25 73.7 74.6 -1.20%

Table 5. Dry Firing of a Thermal Inkjet Printhead
at 9 Watt sensed at the Silicon Heater Plate.

The collecting of data during actuaket firing of the
printheadwas a challengeThis involved wo conditions in
order to the collect data usitige Infrared radiometer. First,
a shield was constructedusing a polester ype film to
proted the lens of the canera fran the fired ink droplets.
This film is essentialf a high trangitter of IR and has not
beenfound to effect the taperaturemeasurenents. The
film in this experment is thematerial used in insulating
windows and by using a hot air gun thenaterial would
stretch leaving behind navrinkles. The next issuewas
concerning her to spry the pavder on the printhead
without clogging the jetsThis was accoplished by usinga
molding silicone thatvas poured on to arall glas sheet
and ensuringtha it was spread across it in a thinanner. By
using a raza blade to slice the silicone into amall
rectangular piece, was place onto the front face of the print
heal via amicroscope allwing only the jets to be covered.
Spray the high emissivity powder material on the print head
and lift the silicone slice offThe silicore slice left behinda
perfect pattern of exposing only the jets with zero clogs.

The 1watt power input wasfired for 9 minutes and the
second caswas 9watt for 80 secondsThe daia presented
here is on} of the substrates ledge as windan Table 6and
Table 7 for each of the power levels. The silicon heater
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Time(sec)| Experimentall Model (C)| Difference
IR (C)
15 32.3 31.2 3.40%
30 33.4 32.2 3.60%
60 35.3 34.1 3.40%
180 41.7 40.8 2.20%
300 45.5 45.4 0.20%
420 47.7 48.8 -2.30%
540 49.4 51.1 -3.40%

Table 6. Wet Firing of a Thermal Inkjet Printhead at
1 Watt at the Substrate’s Ledge below the Si chip.

plate measurenents is not preserdebecaus the ink was
accumulating in sane of the areas around the dagf the
print heal creatingan inaccurate teperature readingrhus
the substrate ledge nmperaturewas measurd and again
found to correlate very well with the numerical model.

Time(sec)| Experimentall Model (C)| Difference
IR (C)
10 48.5 46.7 3.70%
20 54.3 52.5 3.30%
30 58.5 57.6 1.50%
40 61.6 62.4 -1.30%
50 64.8 66.8 -3.10%
60 68.1 70.8 -4.00%
80 72.9 78.3 -7.40%

Table 7. Wet Firing of a Thermal Inkjet Printhead at
9 Watt at the Substrate’s Ledge below the Si chip.
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Conclusion

This tool proved to be valuable in helping to understand
what the thenal conductiviy of the diebondadhesie was
and canparing the nmerical smulationswith experimental
measurenents. The themal imaging post-processing
software package for the infrarednecera 5 agred tod for
analzingthe themal data. Again, understandingour setup
and backgroundis vely important before taking any
measurenents. Decoupling the jetting response of the
printhead had helped confir our understanding othe
model and also at the silicoplate It was especially
challenging in avoiding the lens of the radete from
gettingwet by thejetting printheadwhile trying to make a
non-contacting thenal measurenent. Uponcomparing the
experimental datawith the numerical smulation data for
both the jetting andnonjetting response of the printhead, it
not only suggests validation of thenodd but also the
specified material properties such as the diebond adhesive.
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