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Abstract beam radiation is not cost effective and has lichite
throughput. UV light has poor penetration for thack

An open ended microwave oven is presented wit . . .
. ) . : olymer materials and current equipment has loenisity
improved uniform heating, heating rates and powepr

) e . . at wavelengths that are useful for processing these
conversion efficiency. This next generation oveodpices . S

) ) . . materials. These limitations have prompted a nunaber
more uniform EM fields in the evanescent regionrfiog

part of the heating area of the oven. These fiatdsvital re.search groups recently to mvesmga;e th? use of
i . : - _microwave radiation to cure polymeric dielectri&y].
for the rapid and uniform heating of various

electromagnetically lossy materials. A fibre OptiCMlcrowave heating of polymers is a volumetric hegti

temperature sensor and an IR pyrometer are used process in which strong dipole group's couple te th

L ; . n%?crowave field. The conversion of electric fiefd heat
measure in situ and in real-time the temperatur¢hef
curing materials. An automatic computer controlle

?i]:—‘ proportional to the frequency, the dielectrisdpand
closed feedback loop measures the temperature ein

e electric field strength. Investigations intocrowave
curing material and drives the microwave componémts curing of epoxy and_ encap;ulant resins are well
. ) : documented. Early publications include researcb the
obtain predetermined curing temperature cycles for . ; : X .
o . . : eating of epoxy resins using waveguides [2, 3] rantti-
efficient curing. Uniform curing of the lossy ensafants : ; .
) ) ) . : : i mode waveguide cavity ovens [4, 6]. Waveguide based
is achieved with this oven with typical cure cyde270 ovens have been employed to investigate temperature
seconds with a ramp rate ofCls and a hold period of 2 oy 9 P

minutes. Differential scanning calorimeter basec:fnegjtjzoﬂflci curing profiles for epoxy utilizing alged

measurement for the pulsed microwave based curing 0 . . . .
the polymer dielectric indicates a ~ 100% degreeuoé. A microwave heating technique, .VFM (Variable
Frequency Microwave) has been considered receotly f
Introduction the rapid curing of both conductive and non conigact
Diffusion or laminar flow based convection oveng arbased polymer dielectrics [7-10]. The VFM basednzyr
conventionally used to cure thermosetting polymenvestigations have shown higher cure rates animguat
dielectric materials intended for the packaging ofeduced temperatures as compared with the conwahtio
microelectronic devices. The primary requiremends f curing processes [7]. The processed packaging ialater
such curing equipment include uniform temperaturbave shown reduced residual stresses as well as an
distribution, good control of heat rate and thevision of increase in adhesion to the metal tracks and substr
adequate ventilation to remove volatiles that ateased compared to conventionally cured samples [11].
during the curing process [1]. These conventiohatrhal Theoretically, VFM heating can reduce curing dumadi
processing/curing steps can last for several hslorging by as much as 6 to 10 times compared to convection
throughput and thus increasing the cost of manufaagf.  heating [1]. Rapid sweeping across a wide bandwadth
As the demand for lighter, faster, and more compaaticrowave frequencies produces a uniform energy
electronic and MEMS devices increases, there iga n distribution through the oven chamber as a resuthe
for innovative material processing techniques tieatuice heavy overmoding. The duration of the frequencyepye
packaging time and increase throughput. Consideraldf the order of 100 ms, reduces the likelihood rairsy,
effort has been focused on the use of electromagnethus allowing in principle the microwave heatingnaétals
radiation such as gamma rays, ultraviolet (UV) tigind and semiconductor without any damage.
electron beam accelerators for curing polymer dteile The novel open end microwave oven presented in this
materials. Gamma radiation is formidable while &t article can be employed to process materials sinda
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those submitted to VFM based curing. A primanthe transverse (to the guide axis) electric fieldsich are
advantage of this oven is the potential for furtheclose to their maximum values. Continuity of the
integration with a pick and place machine to acdhiewtangential electric fields at a dielectric intedaequires
simultaneous fine placement and curing where dbat similar strong fields exist at the externafate of the
conventional microwave and VFM based ovens arenoftalielectric forming the open end air region.
bulky and impractical for their integration wittpaecision
placement machine. The possibility with this ovenbe
placed onto a pick and place machine allows also tl
individual curing of components on a PCB board, a —— R Glob Coating
attractive technological proposition for rework atte Wire bond
assembly of low-thermal budget devices. Produstivit auminiumwan —]
gains arise from the considerable simplification an
production line process due to the direct placerétiie
target into the heating chamber, which avoids #wedrfor aperture | R
physical opening and closing of the heating charmbee Ceramic insert —H Substrate
oven has an overall weight of less than 0.5 kgislt meysescreu |
advisable that the volume of the curing epoxy nialtéo
be inserted in the open ended oven must not be thare
10% of its open end volume and should be closé¢o t A 5amp|e of |053y material, p|aced in these field,
dielectric insert at the open end [12-16] Thisl wélduce experience Ohmic heating if sufficient power is pjupj
EM (Electro - Magnetic) radiation from the open esfd Adjustment of the source power, longitudinal positof
the oven and also keeps the perturbation of theatipg the target package within the air filled sectionpedance
frequency of the oven to a minimum. matching from the feed transmission line to theityaand
The open ended oven is driven by a microwave souresrget package material will dictate the optimumghi
coupled with additional microwave components thaind degree of cure for the material. An additiareahmic
include a TWT (Traveling Wave Tube) amplifier, ax@  insert is embedded at the boundary between the arain
meter and an isolator. Microwave based pulsingulk dielectric filling (PTFE based substrate) aaul
techniques are employed to produce uniform EM $ieldregion as shown in Figure 1 [12]. Adjustment of the
for effective curing/heating of the materials inedi. This  permittivity and length of this additional dieleictinsert
novel oven can potentially be manufactured at téfie enables the control of the boundary condition a th
cross-sectional dimensions for curing/heating o€ thdielectric-air interface and therefore provides athod
materials of different dimensions and shapes. THer optimising the magnitude of the evanescentfieh
applications for the open end oven include heatinghe open end region. The addition of this ceramseit
curing, photoresist baking, microwave welding, aximg  defines our improved oven.
of various materials essential for the packaging of Proper choice of the length of the air-filled seaoti
microelectronic devices. On the other hand, condect allows radiation losses from the open end to be
based pastes that are lossy before curing suclCA's I minimized. Improved heating of the electromagndiica
can be cured by utilizing the pulsing capability the lossy materials due to the enhanced evanesceds fiel
system. Moreover, the proposed design is alsotdeifar the below cutoff region for the improved oven is
selective heating within a large substrate, whiah be demonstrated in [12]. A prototype has been fabeta@nd
useful particularly when the latter includes pagssitive tested as shown in Figure 2(b), demonstrating #oltkn
to stresses induced by the high temperatures iadolvreduction in the time required to reach a target
[8,17-18]. temperature and a threefold increase in the terpera
achieved in the first 10 seconds.

B. Closed Loop Feedback Control

Coaxial feed

_/ IC CHIP

IR pyrometer 4»\:

—

Substrate/circuit board

Fig. 1.Schematic of the open end oven with a pyteniategrated

Design of Improved Open Ended Microwave System

A. Open Ended Oven

The basic design of the open microwave oven creates A closed loop feedback control block diagram
a resonance within the dielectric block, whilst fieéds in  consisting of the necessary standard RF components,
the air filled section are below cutoff and therefo temperature sensor, data interfaces, and compiitieraw
evanescent [13, 15]. A significant proportion ofe th Labview™ program [19] has been developed to diee t
waveguide cavity volume is filled with a low lodsigh open ended oven to achieve efficient EM fields fie t
permittivity dielectric material forming a resonagavity —heating region. This control system, shown in Fég8r
with one end open, as shown in Figure 1. Resonades monitors the heating temperature and has the pateot
are formed with trapped electromagnetic waves batwestipulate temperature ramp up and down rates, phelti
the short circuit, at one end, and a quasi opecuitir hold temperatures and curing time intervals. Thea®is
formed by the dielectric-air interface at the othérthe pulsed with instantaneous power of about 13 W &Xh
open end represents a good open circuit to thetycavband range. Pulse rate is varied between 1 andH2.5
fields, the only significant fields to exist atghpoint are The oven is intended to operate within a restridisa



frequency modes to reduce the complexity of theiired The amount of microwave power transferred per unit
wide band amplifiers. B volume (Wn?) into the curing material with an open end
TR ' oven is given by

p= —frf‘/”g [EEav

where f,o is the resonant frequency of the coupled
mode, &"is the imaginary component of the complex

permittivity, E is the electric field and V is the volume of
the material. In order to maximise the dielectrmmpr
loss and therefore the heating potential, the tasgmple
should have a high dielectric loss tangent relatovéhe
dielectric filling (bulk) materials within the cayi If the
dielectric loss of the bulk filling material is Hig then
unwanted heating within the material will occur.

B. Test Samples
Glob top IC packaging is investigated with the rove
open ended oven. The encapsulant used in the sudy
. 8 E01080 produced by the Company Henkel. This isex on
(b) component epoxy resin highly filled with silica leds

Fig. 2. Photograph of (a) pick and place machipefien end oven  filler and carbon additives for improved microwave
integrated with placement machine absorption. The test specimen consists of an aghesi

A fibre optic temperature thermometer, the Neoptix™njected on to the cover slips or PTFE film of 8 mn8
Reflex™ Signa| conditioner and an IR pyrometermed mm dimensions and a thickness of about 1 mm. The
to record the temperature distribution within theieg overall thickness of the sample varies between
sample and provides the basis for a closed loopraion approximately 1 mm and 1.5 mm. The variation irt tes
routine [20]. The digital signals from these desire Sample volume has a negligible impact on the
interfaced to the computer via RS-232 communicatioplectromagnetic performance of the cavity as the
interface for logging the temperature output. THeef Perturbation of the resonant frequency for eachemod
optic sensor itself is a GaAs based sensor fed aith mode set is very small. The complex permittivitytoé
optical fibre that is protected by polyimide tubirfhe €ncapsulant has been measured at room temperatoge u
sensor tip is protected with silica gel filled inthe @ dielectric probe and was found to have a relative
polyimide tubing. The fibre sensor itself is ingertinto a  Permittivity of 5.025 and loss tangent of 0.25 & &Hz.
ceramic ferrule of about 2.7 mm in diameter forttiar
protection during the temperature measurement phfase -
typical cure profile consists of a ramp up periadhold Rt A

period and a ramp down period. Monitoring of thereg (" oot
omato © TWT/ || Directional coupler FAMOBS oven
of the materials can be achieved by (a) measutieg t el et man':;l‘::;i’“ e

temperature at about 100 millisecond time interialthe 012v Ideally 1-10 GHz
. . . . > 45 dBm gain
material, (b) comparing this temperature with a
programmed temperature profile and (c) pulsing the
microwave source accordingly. g
. . i v '
C. Numerical Analysis of Polymer Cure Kinetics s 232 [ US8 Imorace 14
Rigorous numerical treatments are necessary for th °°m;1“,::'v’.;';v","°"e'§
study of the coupled thermal and electromagnetirges -

during the curing processes. In order to enablartistu . . .
. Fig. 3 Block diagram of the microwave componentsassary to drive
assessment of material cure, a number of models hays gyen end microwave oven

been developed which estimate the degree of cuwedh At t file has b ified dn

the numerical integration of a complex functiontiofie th empera l:jredp(rjo;e hast efe?hspeu Ite acco; tg

and material temperature. An overview of the madpbf € recommended datasheet ot the paste manutaciurer
The cavity is excited by a coupling probe locatedtrally

the curing process is presented by Morris et al].[2
These models are used to obtain the required cyé’f'éthm the transverse plane on the copper end wall.

temperature profiles for the curing of the matewih the taagget t?rmhperature versusl tlrge 'St pIottted ltl)verrmh@;);t
open end microwave oven. s. The source is pulsed automatically suc

average temperature of the sample correspondsatmth
Curing Investigation the target temperature. The source frequency isuailgn

o adjusted to ensure that the cavity is excited sbmance
A. Principle



with a net instantaneous power flow of atleast 13 \iemperature until the hold period at 240 seconds T
during the course of the heating experiment. Teemant measured ramp down temperature is not consisteht wi
frequency is detuned by approximately 0.5% at pedke requested ramp as the test specimen does v®iaha
temperatures. This is attributed to the power dimmbby active cooling system to cool the samples at an
the PTFE, causing variation of its complex perwiiifias accelerated rate.

a result of the change in temperature. The evaiuticer

time of temperature rise has been studied for trexye

based encapsulant dielectric material in termsasfous

cure times and pulse rates. The specimens are wtitted Cured polymer
the open end oven presented in [12] and the rise in material
temperatures are measured with a fibre optic teatper

thermometer and an IR pyrometer. Inser;ed c|eramic
erruie

C. Characterization of post cure specimens

—

The cure kinetics of polymer dielectrics for a
conventional oven has initially been carried ouhgghe
Differential Scanning Calorimetric (DSC) method. A
series of curing tests have been performed on the

encapsulant material in order to find out the iefice of ()
the cure temperature cycle on the cure developrasnt
well as the resulting degree of cure. From thesali® a Fig. 4 Photograph of the cured polymer materialsuezd with (a)

temperature profile is estimated that is applicdblethe fibre optic sensor and (b) with a pyrometer

microwave assisted curing of these materials wité t A two stage pulsing method is employed in order to

open end oven. The_ net RF power mpu_t Into thf?)llow the set programmed temperature profile. The
encapsulant can be defined as the power obtainedthé microwave source is pulsed at a rate of about Hz5

power losses inside the bulk filling (PTFE and ceia during the ramp up period for 100 s and a pulse odt

insert) and connector losses less the net powar floy,, v's 5 1z during the hold period from 100 60 & of
measured by the power sensor. _ _ the curing cycle. Although the source is in thestate

DSC analysis was performed using a Perkin EImggg after the temperature reaches °C50not much
DSC-7 device to study the curing behavior of theéflow  gnergy is input into the encapsulant. This cantbibated
encapsulant - polymer material. Measurements Wefg the change in complex permittivity of the maaéxith

performed in nitrogen at a flow rate of 20 mlminemperature or the exothermal cure reaction of the
Aluminum crucibles with volume of 501 were used. In | aterial.

order to avoid possible pressure generation cabsed
solvents evaporation a small hole was made intd eac
sealed crucible. Photographs of the cured polymer
materials are shown in Figure 4. The degree of wag
calculated by comparing the change in enthalpytéDid)

for conventionally full cure and the Delta H measlr
from the microwave cured samples as shown in Fgg@re

and 9. Fig. 5 IR (Infrared) temperature profile for thecapsulant
material heated with the open ended oven

150.0 °¢

112.5 °c

75.0 °¢

37.5 °c

0.0 °¢

Results

Figure 5 shows an infrared temperature of the gurin p— v T— B
encapsulant profile with the open end microwavenove ::2 B e 20
where the red region corresponds to the curing o 10 15§
encapsulant material. It can be seen from the giapi g 120 5
that there is sufficient distribution of temperatun the R b}
encapsulant material. An LM2940C-12 voltage regulat Z e 5 2
chip has been encapsulated in a QFN package bygcuri 40 -
with the improved oven system and successfullyetefir 22 N
fUnC“OnaIlty 50 100 150 200 250 300 350 400

Figure 6 shows the measurement results of the time (s)
microwave power input into the encapsulant and the Fig. 6 Measurement results of the microwave powter the
measured fibre optic temperature curves for a°a50 encapsulant and the temperature curves for &C180ring cycle

curing cycle with a pulsed source. The amount of RF Figure 7 shows the measurement results of the
power input changes with time. The net microwave/gro microwave power into the encapsulant and the medsur
input into the oven is measured at 100 ms timevate.  fibre optic temperature curves for an 38Quring cycle.
The measured temperature follows the programmethe amount of RF power input again changes witke tim



The measured temperature follows the programmedethod is employed in order to follow the set
temperature for 115 seconds during the ramp umgeri programmed temperature profile with a pulse raté BE.

The hold period for this cure cycle is 60 seconds. 160
30
240 — Actual temperature -
210 — ngrammml temperature 25 120
" == RF input power g c: 100
© 2z : 80
£ 150 15 5 2 60
s g E = Programmed temperature
g 120 102 = 40 —— Actual temperature
=
E 90 5 20
5 o
60 = 0
8 0 50 100 150 200 250 300 350
30 time (s)
R RSO OB OB 0N OB S0 50} Fig. 10 Measurement results of the temperaturessufior a 158C

curing cycle with the encapsulant material

time (s)

Fig. 7 Measurement results of the RF power intoetheapsulant 160

and the temperature curves for a #8Ccuring cycle 140

The measured hold temperature is not consisteht wit 120

the programmed temperature after 115 seconds. This -2100

behaviour can be attributed to the change in caxmple £ 80
permittivity of the material with temperature ortlvphase g 60 = Frogrammed tempersture

. . . T 40 = Actual temperature
change of the material. The microwave source isquliht .

a rate of about 12.5 Hz during the ramp up perazdlD0
s and a pulse rate of about 5.5 Hz during the pelibd

0
0 50 100 150 200 250 300 350

. time (s)
from 100 s to 160 s of the curing CyCle' Fig. 11 Measurement results of the temperatureesufor a two
8 step 156C curing cycle with the encapsulant material
=3
E 6 ) Table 1 Comparison of different curing cycles
= Peak: 19135 C
= Delta H= 54905 Jig Temper Measure Pulsing Degree of Time
2.4 s ature (°C) ment (H2) cure ©
; = Heat flow 150 Fibre optic 12.5 and 98% 270
2 thermometer 5.5
H 2
= 180 Fibre optic 12.5 and 81% 180
00 500 1000 1500 2000 2500 thermometer 5.5
Temperature (°C) 150 Pyrometer 1 100% 270
Fig. 8 DSC curve for cured E01080 encapsulant rizhteured at T4is113°C
150°C
Two Pyrometer 1 Closer to 270
= 8 step: 115 100%
= and 150 Tqis100°C
=
;5 6 Peake 18318 C )
g e Figure 11 shows the measurement results of the IR
£ pyrometer temperature curves for a ¥B0two stage
z eat flow . . . .
2, curing cycle with a pulsed source. A single stagksipg
E method is employed in order to follow the set
0 programmed temperature profile with a pulse raté bifz.

0.0 50.0 100.0 150.0 200.0 250.0

Temperature (°C ) A lower pulse rate will increase the net RF powef
Fig. 9 DSC curve for cured E01080 encapsulant risiured a into the curing material. Table 1 compares the
18C°C measurement methods and the cure cycles by defree o
Figure 8 shows the elimination of the exothermalkpe cure achieved. The table shows that complete cusng
(DSC) for a microwave cured EO1080 encapsula@chieved with lower pulse rate but without any ieitun
specimen with a 98% degree of cure for the°C56ure of overall cure time of 270 seconds. The samplesccat
cycle. Figure 9 shows the elimination of the exotial lower pulse rate also showed improved curing altireg
peak (DSC) for a microwave cured EO1080 encapsulamaterial — circumference edges. Glass transition
specimen with an 81% degree of cure for the®C8€ure temperature (J) is considered to be a sensitive probe for
cycle. The lower degree of cure of the polymer miate the degree of cure beyond 95% wherein the regu&C D
for the 180°C cure cycle can be attributed to the smallegurves cannot predict a complete cure of the nzt?2].
hold period of 60 s as opposed to 120 s for thé@sdre The higher the § the closer is the degree of cure to
cycle. Figure 10 shows the measurement resultseofR  100%. It can be observed from the table that desisigp
pyrometer measured temperature curves for a’@sotemperature profile had resulted in a higher degfesire

curing cycle with a pulsed source. A one stageipyls When compared to a two step temperature profilettfer
same pulse rate and curing time.



Conclusions

An improved open ended microwave oven is presented
for glob top IC packaging. Implementation of thigea 8.

for IC packaging and for other types of packagieguires
reliable control over the frequency, power and amifity
of EM fields and an understanding of cure modeistie

different materials involved. This open end microea 9.

oven is optimised for the lower order modes of afien
for curing polymer dielectrics. The optimised dattée
insert in the open end oven increases the rateatfrig by
a factor of more than ten over the observable teatpes
range. Pulsing technique tends to control the teatpes
of the curing material quite accurately. The micaow

power required to maintain the curing material at a

predefined temperature varies with time. High ranates
can also be implemented with sufficient hold intésv No
significant visible residual stresses are obseratdhe
edges of the encapsulant sample. The change inleemp
permittivity of the material with temperature ortlvphase

10.

11.

change of the material is observed. The measurgg
temperature curves do not follow the predicted cure
temperature models based on the conventional lgeatin
techniques. This can be primarily due to the metheel 13
for temperature measurement and also can be dtresto
low temperature curing capability of the VFM basaen

[10].
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