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ABSTRACT: The objective of this work was to determine the cure kinetics of ViaLux™ 81
photo-dielectric dry film and to optimize its curing schedule for the fabrication of sequen-
tially built up high density interconnect-printed wiring boards. Photosensitive epoxy ma-
terials such as the photo-dielectric dry film studied herein have complicated curing re-
gimes. This is attributed to the long lifetime of the curing catalyst that is generated by
ultraviolet exposure. Dynamic differential scanning calorimetry (DSC) experiments re-
vealed a two-peak curing mechanism, which could not be separated at lower heating rates.
The activation energies for the two cure events, calculated using the Kissinger method,
were found to be 129 and 124 kJ/mol, respectively. A cure-dependent activation energy was
also determined using the isoconversional method, and a “model-free” approach was
adopted to simulate the evolution of degree-of-cure under dynamic and isothermal condi-
tions. The results suggest that cure cycles of approximately 15 min at temperatures above
165°C can result in a degree-of-cure of 90% and above. This implies that faster fabrication
is possible with either rapid thermal curing equipment or continuous cure surface mount
technology furnaces. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 430—-437, 2000

Key words: high density interconnect-printed wiring boards (HDI-PWB); photo-
dielectric dry film (PDDF); differential scanning calorimetry (DSC); cure kinetics;
isoconversional method

INTRODUCTION

The high density interconnect—printed wiring
boards (HDI-PWB) is a fast-evolving, cost-com-
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petitive technology because of its proven capabil-
ities of mounting high I/O chips and supporting
high wiring density. In typical HDI thin film pro-
cessing using photo-dielectric dry films (PDDFs),
the photosensitive dielectric material is first lam-
inated onto an FR4 epoxy-glass laminate board
and then ultraviolet (UV) exposed and post-expo-
sure baked to define the interconnect vias (mi-
crovias) and conductor line patterns. Then, the
PDDF is developed in an appropriate solvent, and
thermally baked to complete the curing of the



film. An additive or subtractive electroless and/or
electrolytic plating process is used for metalliza-
tion of the vias and lines.'™® After metallization,
the next layer of PDDF is laminated, exposed,
post-exposure baked, developed and cured, and
the metallization process is repeated. This se-
quential alternate layering of dielectric and met-
allization creates the multi-layered HDI sub-
strate. The dry film format is advantageous be-
cause it allows a wide range of thicknesses,
tighter thickness control, high degree of planar-
ity, and a solvent-free coating free of pinhole de-
fects. It is important to understand the cure ki-
netics of the interlayer PDDF material to ensure
the accuracy and registration of the fine intercon-
nect features as well as the thermomechanical
integrity of the finished multi-layered structure.

In this work, an uncured, A-stage epoxy-based
photo-imageable dielectric dry film called Via-
Lux™ 81 is considered. The UV exposure process
first induces the photolytic decomposition of the
cationic photoinitiator to create a superacid.
When heated further, the superacid promotes suf-
ficient crosslinking for the microvia image to be
defined. The photoinitiator typically has a long
lifetime in the system and is responsible for as-
sisting additional thermal crosslinking. Such cat-
ionic photo-epoxies are examples of so-called “liv-
ing polymerizations,” and their influence cannot
be ignored in cure kinetics and in practical pro-
cessing schemes.*~6

An understanding of the degree-of-cure (DOC)
evolution in ViaLux™ 81 is useful because this
knowledge can be used to aid circuit designs, to
widen processing latitudes, to estimate the effects
of thermal events in sequentially built up layers,
and to control the stresses from component as-
sembly/rework or thermal shock testing.” In ad-
dition, emerging Plastic Ball Grid Array packages
and HDI-PWBs will be operating in the range of
1-5 GHz.8 The electrical properties, especially the
dielectric loss, can be dramatically increased by
characteristic resonances of poorly cured oli-
gomers, by dielectric absorption of polarization
from bond breakage during decomposition, and by
losses due to segmental motion of open bonds that
can arise from either a low DOC or the onset of
thermal decomposition.®

The objective of this work was to determine the
curing kinetics of the Vialux™ 81 (PDDF) with
the aim of understanding and optimizing the cur-
ing schedule. Initial dynamic differential scan-
ning calorimetry (DSC) scans at 5-10°C/min re-
vealed a two-peak curing mechanism, which could
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not be separated at lower heating rates. On the
other hand, the initial exotherm from DSC iso-
thermal experiments showed a rapid reaction
rate at the beginning with only a single peak.
Significant heat flow losses could occur at the
start when the sample is trying to equilibrate at
the prescribed isothermal temperature, as well as
near the apparent completion of the reaction
when the reaction rate falls below the sensitivity
of the calorimeter. Therefore, the faster multiple
heating rate experiments were conducted to cap-
ture the complexity of the curing reaction, and to
determine the time-temperature dependence of
conversion, i.e., « = fit,T). This method is very
useful for material systems that have multiple
reactions, unresolved baselines, or residual sol-
vents.'® The lack of material composition infor-
mation makes the kinetic analysis presented
herein strictly phenomenological in nature. How-
ever, such an analysis can yield a “processing
window” for a wide range of potential applica-
tions, and allows one to obtain a consistent prod-
uct with the desired physical and mechanical
properties.

EXPERIMENTAL

ViaLux™ 81 PDDFs of 75-u thickness were used
in this work. As supplied, the PDDF is sand-
wiched between two protective sheets: a polyeth-
ylene film that is removed before lamination and
a Mylar cover sheet that is removed before post-
exposure bake. Free standing films for the DSC
experiments were prepared by laminating the
PDDF onto a Teflon sheet using a DuPont VA-
CREL® laminator (SMVL-100) at 70°C and 4 bar
pressure for 1 min. UV exposure was done in a
Tamarack Scientific™ exposure tool.

To determine the weight loss characteristics,
the TA Instruments 2050 Thermo Gravimetric
Analyzer™ (TGA) was used. A single scan at 5°C/
min was done from room temperature to 500°C on
a 16.5 mg sample. DSC measurements were per-
formed in a TA Instruments 2920 MDSC™ (mod-
ulated differential scanning calorimetry) instru-
ment. Both dynamic heating rate and isothermal
experiments were performed. Because of the pres-
ence of some solvents in the material, smaller
sample sizes of 5—8 mg were used in hermetically
sealed aluminum pans and in a nitrogen purge
gas environment. Care was taken to minimize
and to standardize the time between exposure
and subsequent DSC analysis. The dynamic heat-
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Figure 1 Effect of varying UV exposure on uncured
samples.

ing rate experiments were conducted from room
temperature to 350°C at six different heating
rates: 2, 3, 5, 10, 15, and 20°C/min. A subsequent
dynamic scan at 10°C/min was done to confirm
that the sample had cured completely, and to
determine the glass transition temperature (7).
These experiments were repeated three times to
establish the reproducibility of the results. The
isothermal experiments were done from 110 to
175°C in 5°C increments for a duration of 60 min.
A subsequent dynamic scan was done at 10°C/min
on each of these samples to determine the resid-
ual heat of reaction, if any.

RESULTS AND DISCUSSION

Effect of Varying Exposure

As mentioned above, exposure is required for
photo imaging the via and circuit patterns. Con-
sistent with that, uncured samples were exposed
to different exposure doses (1200, 1500, 2000,
2500, and 3000 md/cm?) to study the effect of
exposure on curing. Results from a dynamic DSC
scan at 5°C/min from room temperature to 300°C
on each of these samples are shown in Figure 1.
The unexposed sample shows a single peak at
215°C, whereas the samples irradiated with UV
light (A = 365 nm, irradiance = 7.8 mW/cm?)
show two curing peaks. The cationic photoinitia-
tor present in the film creates superacid (H™)
because of photolytic decomposition when the film
is exposed to UV light. The H" initiates the ring
opening polymerization of epoxy group. The prop-
agation of epoxy polymerization takes place par-

tially at lower temperatures (first DSC peak at
154°C) and polymerization continues with higher
conversion of epoxy to polymer when the temper-
ature is increased (second peak in the DSC at 210
+ 2°C). However, when there is no UV exposure,
the photoinitiator thermally decomposes and cre-
ates superacid (H") when the temperature is
above 180°C, and this superacid initiates and
propagates the epoxy polymerization. Therefore,
the unexposed sample exhibits only one DSC
peak.

With an increase in the exposure dose, the area
under the first peak increases whereas the area
under the second peak decreases. This indicates
that more curing takes place around the lower
temperature peak as the exposure dose is in-
creased. This is because of the increase in the
concentration of the superacid generated with the
increase in exposure dose. However, beyond an
exposure dose of 2000 mJ/cm?, the gain in terms
of the DOC achieved at the end of the first reac-
tion is minimal compared with the increase in
exposure time. Therefore, in all subsequent ex-
periments, the samples were exposed to 2000 md/
cm?. This is beneficial from the HDI board pro-
cessing and reliability standpoint because one
would prefer to select a lower processing temper-
ature to cure the material. The increase in the
exposure time is more than offset by the signifi-
cant reduction in the postexposure enhancement
bake and final thermal bake time of the dielectric,
as shown in later sections. However, in selecting
an optimum curing schedule, one should take
note of the fact that at low exposure doses, the
PDDF might be insufficiently crosslinked at the
bottom of the film, and swelling or liftoff of the
film will result during the development process,
whereas at excessive exposure doses, the via res-
olution will deteriorate because of light scattering
off the underlying surfaces.

Thermogravimetric Analysis

In Figure 2, the weight loss characteristics of the
uncured ViaLux™ 81 PDDF are shown. The ini-
tial weight loss is small, and occurs around 55°C
because of the presence of a low boiling solvent.
The additional weight loss observed around
145°C is due to a high boiling solvent, and is
about 5%. The material seems to be thermally
stable for temperatures up to approximately
320°C.
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Figure 2 Thermogravimetric curve of ViaLux™ 81
PDDF.

Dynamic DSC

The results from the multiple heating rate exper-
iments illustrated in Figure 3 reveal two curing
peaks. The peak temperatures shift predictably to
higher temperatures with an increase in the heat-
ing rate, as more heat flow is required to cure the
material at a faster heating rate.

The total enthalpy of the curing reaction or the
ultimate heat of reaction, H,, is computed from
the total area under each heating rate curve di-
vided by the respective heating rate value. If one
assumes that the DOC («) is proportional to the
heat generated during the reaction, that is, «
= H/H 4, the DOC at the peaks and the valley as
well as the evolution of DOC with temperature
can be calculated. The change in the curing reac-
tion mechanism as the curing proceeds at the
higher temperatures is clearly evident from the
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Figure 3 Dynamic DSC data (baseline corrected) at
multiple heating rates (exposure = 2000 mdJ/cm?).
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Figure 4 Evolution of DOC with temperature.

change in slope in the evolution of DOC with
temperature in Figure 4.

In addition, from Table I, the ultimate heat of
reaction, H y, as well as the DOC at the peak
temperatures and the valley, are almost indepen-
dent of the heating rate. The less than 5% incon-
sistency in H,;; may be attributed to the use of a
linear baseline correction, as well as to the sensi-
tivity of the experimental results to sample sizes
and environmental conditions such as light and
moisture. No residual exotherm was observed in
the subsequent dynamic scan done at 10°C/min
from room temperature to 300°C. This implied
that the material was fully cured. The T,, deter-
mined from the midpoint in the step change in the
heat flow data, was at 99.15°C.

Isothermal DSC

The heat flow exotherms from the isothermal ex-
periments and the subsequent dynamic scan at

Table I Calculation of Ultimate Heat of
Reaction and DOC at the Peaks and Valley

Heating DOC
Rate, H,, DOC at DOC at at
B (°C/min) (J/g) 1st Peak  2nd Peak  Valley

2 111.19 0.24 0.80 0.51

3 117.44 0.22 0.79 0.49

5 123.27 0.24 0.80 0.50

10 116.95 0.26 0.80 0.54

15 111.04 0.26 0.81 0.57

20 112.84 0.26 0.80 0.55

Average

values 115.46 0.25 0.80 0.53
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Figure 5 (a) Isothermal DSC data (baseline cor-
rected) at different temperatures (exposure = 2000 mdJ/
cm?) (abscissa scaled for clarity). (b) Subsequent DSC
scan data (baseline corrected) of the isothermally cured
samples (exposure = 2000 mJ/cm?). (¢) Maximum DOC
and cure times at the different isothermal tempera-
tures (vertical bars denote cure time; filled triangles
denote maximum DOC).

10°C/min are shown in Figure 5(a) and (b), re-
spectively. From the dynamic scans, it is evident
that curing is incomplete at all of these tempera-
tures. No residual exotherm is observed however
when the cure temperature is increased to 175°C,
indicating complete cure of the material at this
temperature. The heat of reaction at each of the
isothermal temperatures, AH,, as well as the re-
sidual heat, AH, ., from the subsequent dynamic
scan are calculated from the area under the
curves. The addition of AH; and AH,, yields the
ultimate heat of reaction, H,,;;. The T, calculated
from the midpoint in the step transition of the
completely cured samples, was at 102 = 2°C. This
T, is consistent with that obtained from dynamic
DSC experiments.

As seen in Figure 5(b), when isothermal curing
is done at or above 145°C, the first reaction is
complete, and the DSC scan reveals an exotherm
only for the second peak reaction. The total iso-
thermal curing time at this temperature is less
than 30 min. The maximum DOC at each of the
isothermal cure temperatures along with the cur-
ing time is illustrated in Figure 5(c). A rapid
increase in the maximum DOC at 145°C is accom-
panied with a simultaneous reduction in the iso-
thermal curing time. At 165°C, the cure duration
is approximately 15 min and the DOC is about
93%. Full cure is achieved at a cure temperature
of 175°C, with the cure duration being less than
10 min. However, it is important to emphasize
that in sequential HDI processing, 100% cure of
the dielectric is not always desirable, because its
adhesion to the subsequent metal and dielectric
layers will deteriorate with higher DOC.*

CURE-KINETICS MODELING

The primary objective of this work was to develop
a predictive cure kinetics model for the evolution
of DOC with time and temperature under any
arbitrary temperature-time curing profile, using
the experimental data from multiple heating rate
DSC experiments.

Theory

The basic rate equation which expresses the re-
action rate as a function of time or temperature
with conversion is:

da —E/RT.
2t = H(Df(a) = Ae #f(a) (1)



where, « is the DOC, fla) is the reaction model, %
is the rate constant, A is the pre-exponential or
frequency factor, E is the activation energy, R is
the gas constant, 7' is the temperature, and ¢ is
the time. Under nonisothermal conditions, when
the temperature varies with time at a constant
heating rate, B = dT/dt, this equation may be
transformed as:

da dadT da aRT
i —dT di —ar P =4e fla) (2)

Equation (2) is often expressed in an integral
form as:

“ da AT
f m =g(a) = BJ eiE/RT dT (3)

0

Because a closed form solution for the tempera-
ture integral does not exist, a number of approx-
imations have been suggested in the litera-
ture.'?> ™ The two reaction models that are used
most often for thermosetting systems are the n*
order, where fla) = (1 — )", or autocatalytic
models, where fla) = (1 — )™

Cure Kinetics Model

Equation (1) is typically used for single peak re-
actions. However, it can be used for multiple peak
reactions as well.’>16 To determine the kinetic
model, one needs to evaluate the kinetic triplet:
activation energy (E), frequency factor (A), and
the reaction order.

Two different approaches have been used to
compute the activation energy from the dynamic
scan data at multiple heating rates. In the Kiss-
inger method, only peak temperature (7,) infor-
mation is required to compute the activation en-
ergy corresponding to the two peak reactions.!”
As shown in Figure 6, ln(B/fIﬁ) is plotted versus
1/T for the six heating rate dynamic scan experi-
ments. Using linear regression, the slope of the
data (E/R) corresponding to the two peaks is eval-
uated. The activation energy corresponding to the
first and second peaks is 129.17 kd/mol and
124.24 kJ/mol, respectively. This method is ad-
vantageous for cases in which there are solvent
effects and unresolved baselines, as is in this
work.

An alternate approach to calculate the activa-
tion energy is the Isoconversional method, which
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Figure 6 Calculation of activation energy (Kissing-
er’s method).

is based on the principle that the reaction rate at
a particular conversion is dependent only on tem-
perature. A cure-dependent activation energy, E,
is calculated from the logarithmic form of the rate
equation using Friedman’s method!!18:19:

In(da/dt),; = In[Af(a)].; — E./RT,; (4)

where the subscript « refers to the value related
to a particular conversion, and i to a given heat-
ing rate. The activation energy at each DOC is
calculated using linear regression, from a plot of
In(do/dt) versus 1/T at that DOC for the six heat-
ing rate dynamic scan experiments [see Fig. 7(a)].
One can see the complex dependence of the acti-
vation energy with the DOC in Figure 7(b). Aver-
aging of such systematic dependencies of activa-
tion energy on DOC should be avoided, because
the complexity of the process will then not be
captured.2®?!

However, estimation of the two remaining ki-
netic parameters, frequency factor (A) and order
of reaction is difficult. This is due to the lack of
information about the reaction mechanisms, the
variation of the activation energy with DOC, and
the inability to deconvolute of the reaction peaks.

To circumvent these problems, a “model-free”
approach suggested by Vyazovkin?® has been
used in this study. In this approach, it is assumed
that the partial kinetic triplets, related to a given
conversion, do not change with temperature. Us-
ing this assumption, one can calculate the DOC
evolution at any arbitrary isothermal tempera-
ture (7,) or heating rate (B,) by using the 4th
order Runge Kutta method to solve eqs. (5) and (6)
respectively, with knowledge about the «-T de-
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pendence from any single experimental heating
rate (B) data:

calculated
tll

T

— [B exp(—E,/RT,)]" J " exp(—E./RT) dT

0

(5)

To
(1/B) f exp(—E,/RT) dT

0

pealeulaied
= (1/B,) f exp(—E,/RT) dT (6)

0

It should be mentioned that these equations do
not incorporate both the kinetic model and the

frequency factor. If the kinetic triplets do not
change with temperature, the frequency factor
and the order of reaction are not necessary in
extrapolating experimental results to other sets
of conditions. Additionally, the dependence of E,
on « in the above equations takes into account the
total complexity of the process.

Figure 8(a) shows the comparisons between the
DOC evolution from the dynamic DSC experimen-
tal data as shown in Figure 4 and the theoretical
calculations as given by eq. (6). The theoretical
calculations were done for g, = 3, 5, 10, 15, and
20°C/min using the B = 2°C/min experimental
DSC data as the reference. Excellent agreement
is observed through the entire range of curing.
However, from Figure 8(b), it can be observed
that this method is inadequate to predict the DOC
evolution under isothermal conditions. The iso-
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Figure 8 (a) Comparison of experimental and calcu-
lated DOC evolution with temperature (for dynamic
DSC data). (b) Comparison of experimental and calcu-
lated DOC evolution with time (for isothermal DSC
data).



thermal theoretical calculations were done for T,
= 130, 145, 150, and 155°C using eq. (5) with the
B = 2°C/min experimental DSC data as the ref-
erence.

Alternate models based on deconvolution of the
peak reactions in the dynamic DSC data are pres-
ently being developed, and will be reported in a
future publication. In addition, a cure kinetics
model based on isothermal DSC data will also be
developed, which will facilitate optimization of
the Vialux™ 81 cure processing parameters.

CONCLUSIONS

We have shown that the curing mechanism for
ViaLLux™ 81 PDDF is complex, but amenable to a
detailed analysis. The determination of the ki-
netic triplets proved to be difficult because of mul-
tiple peak reactions. A “model-free” approach us-
ing a cure-dependent activation energy seems to
produce good results for the DOC evolution under
heating rate conditions, but performs poorly un-
der isothermal conditions. The isothermal DSC
experiments suggest that high degrees of cure can
be achieved within approximately 15 min when
the cure temperature is above 165°C.

This work has important implications in HDI
substrate fabrication:

1. Increasing the UV exposure dose up to
2000 md/cm? allows much faster thermal
curing cycles.

2. Rapid thermal curing of ViaLux™ 81 on
silicon wafers should be possible in Wafer
Level-Chip Scale Packages.

3. Fast cure cycles suggest that HDI-PWBs
could possibly be cured in continuous belt
furnaces that are similar to SMT reflow
equipment.

Future work will involve the comprehensive
thermal and mechanical characterization of the
Vialux™ 81 system. This will include the deter-
mination of the heat capacity, thermal conductiv-
ity, cure-dependent stress relaxation modulus,
and the thermal expansion coefficient of the
PDDF material, as well as a cure shrinkage
study.
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