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ABSTRACT: The cure kinetics of a photodielectric dry film (PDDF) material called
ViaLux 81 has been studied, with the aim of understanding and optimizing its curing
schedule for the fabrication of sequentially built-up (SBU) high-density-interconnect
printed wiring boards (HDI-PWB). Initial dynamic differential scanning calorimetry
(DSC) scans on the material revealed a two-stage curing mechanism due to the long
lifetime of the photoinitiator catalyst, which could not be separated at lower heating
rates. On the other hand, the heat flow exotherm from isothermal DSC experiments
showed a rapid reaction rate at the beginning with only a single peak. Therefore, to
capture the complexity of the process, the faster multiple heating rate DSC experiments
are used to predict the degree-of-cure (DOC) evolution. Two approaches have been
developed based on the dynamic DSC data: (1) a “model-free” approach, which only
requires information about the cure-dependence of the activation energy; and (2) a
practical scheme to deconvolute the two curing peaks. Excellent agreement is observed
for the heating rate experiments, but the methods are inadequate for predicting the
DOC evolution under isothermal conditions. Therefore, a modified autocatalytic model
with temperature-dependent kinetic parameters has been developed based on the
isothermal DSC data. This model predicts the DOC evolution for isothermal curing
profiles very well. However, some discrepancy is evident in predicting the DOC evolu-
tion for heating rate experiments, due to the underestimation of the activation energy.
With appropriate corrections, excellent predictive capability is illustrated for complex
cure schedules with combined heating rate and isothermal segments. In addition, a
cure process optimization strategy has been suggested, and the fabrication of fine
features and microvias is demonstrated. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84:
691-700, 2002; DOI 10.1002/app.2345
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The widening gap between device and printed
wiring board (PWB) interconnect densities, along
with the acceleration in semiconductor device fea-
ture size reduction, has spurned a high level of
interest in high-density interconnect (HDI) sub-
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strates with sequentially built-up (SBU) microvia
technology. One option to create the microvias is
to use a photodielectric dry film (PDDF) material,
wherein the microvias (interconnect vias) and the
conductor lines are mass fabricated by UV irradi-
ation followed by postexposure thermal bake and
development in an appropriate solvent. Subse-
quently, an additive or subtractive electroless
and/or electrolytic plating process is used for met-
allization of the vias and lines. This alternate
layering of dielectric and metallization is then
sequentially repeated to create a multilayered
HDI substrate.?

Significant warpage and stresses can arise in
such multilayered structures during the sequen-
tial fabrication process. The magnitude of the
warpage and stresses depend on, among other
parameters, (1) the degree or the magnitude of
the mismatch in the thermomechanical proper-
ties, (2) the cure processing conditions, (3) the
asymmetric sequencing of the materials layers,
and (4) the size and density of interconnects and
embedded passives. The thermally induced
stresses could result in various failures such as
delamination of the layers, film cracking, and mi-
crovia cracking; while the thermally induced
warpage could lead to misregistration of the fine
interconnect features and assembly problems.
The most critical step during the fabrication pro-
cess is the curing of the interlayer polymer dielec-
tric material. As the polymer cures, the thermo-
mechanical properties (modulus, thermal expan-
sion coefficient) develop, and the mismatch in
properties between the different materials in-
duces warpage and stresses. It is imperative to
investigate the curing kinetics of the polymer in
order to develop an appropriate cure process op-
timization strategy and to understand structure—
property relationships, which could thereby lead
to a reduction in the process-induced warpage
and stresses.

An epoxy-based photodielectric dry film
(PDDF) material for HDI applications, called Vi-
allux 81 is studied in this work. Earlier work by
the authors on this material described a complex
curing mechanism, with two distinct curing peaks
observed in dynamic differential scanning calo-
rimetry (DSC) scan experiments.® The first peak
was attributed to UV irradiation-induced photo-
lytic decomposition of the cationic photoinitiator
to create a superacid (H"), which promoted ring
opening polymerization of the epoxy group. The
second peak was due to the thermal decomposi-
tion of the photoinitiator to produce additional

superacid, which promoted further epoxy poly-
merization. Based on a study on the effect of
exposure dose on curing, a higher exposure dose
of 2000 mJ/cm? was selected, as this suggested
the possibility of reducing the postexposure en-
hancement bake and final thermal bake time of
the dielectric at the expense of a marginal in-
crease in exposure time. Both isothermal and dy-
namic experiments were conducted, and the acti-
vation energy corresponding to the first and sec-
ond peak was reported to be 129.17 and 124.24
kd/mol respectively. A cure kinetics model using
the multiple heating rate DSC data and a “model-
free” approach was also developed. This approach
involved the calculation of only a cure-dependent
activation energy to predict the evolution of DOC
under arbitrary curing conditions. While excel-
lent agreement was obtained for the heating rate
experiments, this approach proved to be inade-
quate for predicting the DOC evolution under iso-
thermal conditions.?

Therefore, alternate modeling approaches
based on both the isothermal and dynamic DSC
data were pursued, and the results are presented
in this paper. The isothermal and dynamic DSC
experimental data are summarized again to facil-
itate the explanation of the modeling approaches.
The two modeling approaches that have been de-
veloped to predict the evolution of DOC are (1)
based on dynamic DSC data, using a practical
scheme to deconvolute the curing peaks; and (2)
based on isothermal DSC data, using a modified
autocatalytic model with temperature-dependent
kinetic parameters. Additionally, a process opti-
mization strategy is suggested for curing the Vi-
aLux 81 PDDF under isothermal conditions, and
the fabrication of microvias and fine features is
demonstrated. It should be mentioned that the
lack of material composition information makes
the kinetic analysis presented here strictly phe-
nomenological in nature.

EXPERIMENTAL

The dynamic heating rate and isothermal DSC
measurements were performed in a TA Instru-
ments 2920 MDSC (modulated differential scan-
ning calorimetry) instrument. Due to 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. The dynamic heating rate ex-
periments were conducted from room tempera-
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Figure 1 Dynamic DSC data (baseline corrected) at
multiple heating rates (exposure = 2000 mdJ/cm?).

ture 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. The isothermal exper-
iments were done from 110 to 175°C in 5°C incre-
ments until no further heat flow was observed. 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. The heat flow exo-
therms from the heating rate experiments are
plotted in Figure 1. Figure 2(a) shows the heat
flow data for samples cured at different isother-
mal temperatures. The residual exotherms for the
isothermally cured samples are illustrated in Fig-
ure 2(b). As can been observed from Figure 2(b),
curing is incomplete at all of these temperatures.
However, when the cure temperature is increased
to 175°C, no residual exotherm is obtained, indi-
cating complete cure of the material. For an ad-
ditional discussion on these results, please refer
to the earlier work by the authors.?

CURE KINETICS MODELING

To develop a predictive cure kinetics model for the
evolution of degree-of-cure (DOC) with time and
temperature under an arbitrary temperature—
time curing profile, two approaches have been
developed. The basic rate equation associated
with the curing kinetics of polymers is first pre-
sented, followed by the details of the cure kinetics
models based on both dynamic and isothermal
DSC experiments.

Basic Theory

The fundamental rate equation that expresses
the reaction rate as a function of time or temper-
ature with conversion is

da
ar - E(T)f(a) = Ae PRTf(qa) (1)

where « is the degree-of-cure, f(a) is the reaction
model, % is the rate constant, A is the preexpo-
nential or frequency factor, E is the activation
energy, R is the gas constant, T is the tempera-
ture, and ¢ is the time. Under nonisothermal con-
ditions, when the temperature varies with time at
a constant heating rate, B = d7T/dt, this equation
may be transformed as

doa dodT da

= _ —El/|
di ~dT dt —qr P=4¢ "0 @

Equation (2) is often expressed in an integral
form as
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Figure 2 (a) Isothermal DSC data (baseline cor-
rected) at different temperatures (exposure = 2000 mdJ/
cm?). (b) Susequent DSC scan data (baseline corrected)
of the isothermally cured samples (exposure = 2000
md/cm?).
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Figure 3 Schematic of the three-segment deconvolu-
tion scheme (illustrated with the 2°C/min dynamic
DSC data).

* da AT
J ]@=g(a) = Bj e_E/RTdT (3)

0

For thermosetting systems, the commonly used
reaction models are fla) = (1— )" for nth order
reactions, and fla) = «™(1 — «)” for autocatalytic
reactions. Typically, eq. (1) is used for single peak
reactions. However, it can be used for multiple
peak reactions as well.*®

Cure Kinetics Model from Dynamic Experiments

In an earlier publication by the authors,® the evo-
lution of DOC calculated using a model-free ap-
proach by Vyazovkin,® which only required infor-
mation about the cure dependence of the activa-
tion energy, proved to be inadequate to predict
the DOC evolution for isothermal curing condi-
tions.

Therefore, as illustrated in Figure 3, a practi-
cal scheme was developed to deconvolute the two
peak exotherm in the dynamic DSC data, using
the activation energies calculated previously us-
ing the Kissinger method.” For each heating rate
curve, the heat flow data from the beginning until
the maxima of the first peak is stored, and re-
flected to the right about this maxima to create
the first-peak area. Similarly, the heat flow data
from the maxima of the second peak until the end
is stored, and reflected to the left about this max-
ima to create the second peak area. The data from
the two peak areas are then combined by adding
the individual peak areas to yield a combined
deconvoluted data curve. The difference between
this curve and the actual experimental data curve
yields the “deconvolution error,” which is an indi-

cator of the discrepancy we might expect in pre-
dicting the DOC evolution. Each of the peak area
curves are normalized to have a DOC from 0 to 1.
It should be mentioned that the rationale behind
developing this approach was based on the exper-
imental observation that a single peak starting at
165°C was observed on conducting a dynamic
DSC scan at 2°C/min on the uncured and unex-
posed sample, which is consistent with the start
of the second peak area reaction.

Next, to find the kinetic model that best de-
scribes the nonisothermal experimental DSC
data, a useful method suggested by Malek® was
used. This involves the definition of the function
y(a):

d
ya) =7 e = Af(a) (4)

which is proportional to the fla) function, and
therefore provides information about the type of
the reaction model. Since the activation energy is
known for both the peaks, y(a) can be obtained for
each curve using eq. (4). Shown in Figures 4(a)
and 4(b) are the y(a) vs a curves. These curves
imply that an autocatalytic model of the form fla)
= o™(1 — )" might provide a suitable fit to the
data. An intrinsic property of this model is that
the maximum occurs at a fixed DOC «,, = m/(m
+ n). The kinetic parameter ratio p = m/n can be
reexpressed in terms of a,,, as p = «,,, /(1 — «,,). To
calculate the kinetic parameter n, eq. (1) is re-
written in the form

da
ln[dt e(E/RT)} = In[y(a)]

=lnA+nln[e*1—a)] 5B)

The kinetic parameter n for each peak area cor-
responds to the slope of the linear dependence in
the In[y(a)] vs In(1 — «) plots [see Fig. 4(c)]. Fi-
nally, the frequency factor A is computed using

- 6)
- TF(a,) exp(x,)

where x = E/RT is the reduced activation energy,
and the subscript p corresponds to the maximum
in the experimental DSC curve. The average val-
ues for the kinetic parameters calculated for all
the heating rate data are tabulated in Table I.
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Figure 4 (a) Peak 1: Variation of y(«) with « (for the
2°C/min dynamic DSC data). (b) Peak 2: Variation of
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Calculation of the kinetic parameter n (for the 2°C/min
dynamic DSC data).

The average deconvolution error was approxi-
mately 10%.

To simulate the evolution of DOC with temper-
ature, the fourth-order Runge Kutta method was

Table I Average Values for Ultimate Heat of
Cure, Activation Energy, and Kinetic
Parameters

Peak Area 1 Peak Area 2
H . (I/g) 57.59 46.25
E (kJ/mol) 129.17 124.24
m 0.15 0.57
n 1.38 1.28
In[A] (s 30.89 26.75

employed to solve the cure rate equation. The
DOC range was split into the following three seg-
ments: (1) 0 = a = o®, (2) &® < a < P, and (3) o
= a = 1, where o and o® correspond to the DOC
at the onset temperatures 7% and 7 in the actual
experimental data curve. The first reaction rate
equation was solved in the first segment, followed
by a combination of the first and second rate
equations in the second segment, and only the
second rate equation in the third segment. A com-
parison of the result obtained using this three-
segment deconvolution scheme with experimental
DSC results is shown in Figure 5 for 8 = 2°C/min.
While excellent agreement is evident with the
combined deconvoluted data curve, the slight dis-
crepancy with the original experimental data is to
be expected due to the deconvolution error. In
Figures 6(a) and Figure 6(b), the calculated and
experimental results are illustrated for variable
heating rate and isothermal cure conditions.
These results suggest that this practical approach
is good for predicting the DOC evolution in dy-
namic curing conditions, but is inadequate for
curing under isothermal conditions.
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Figure 5 Comparison of the experimental and three-
segment deconvolution scheme results (for the 2°C/min
dynamic DSC data).
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Figure 6 (a) Comparison of the DOC evolution from DSC experiments and the
three-segment deconvolution scheme, for multiple heating rates. (b) Comparison of the
DOC evolution from DSC experiments and the three-segment deconvolution scheme,

for isothermal conditions.

Cure Kinetics Model from Isothermal Experiments

Since the modeling approaches based on the dy-
namic DSC data were unsuccessful in predicting
the DOC evolution under isothermal curing con-
ditions, the isothermal data shown in Figure 2(a)
was used to develop a cure kinetics model. Signif-
icant heat flow losses could occur at the start in
such experiments when the sample is trying to
equilibrate at the prescribed isothermal temper-
ature, as well as near the apparent completion,
when the reaction rate falls below the sensitivity
of the calorimeter. With this knowledge, as well
as the fact that very rapid curing rates exist at

the beginning at increased cure temperatures,
only the isothermal data at 130, 135, 145, 150,
and 155°C were considered to develop the model.
The plot of cure rate with DOC at these temper-
atures, as illustrated in Figure 7, clearly shows
the increase in cure rate with increasing temper-
ature, as well as the nonconstancy of the activa-
tion energy (since the DOC at the maximum cure
rate increases with increasing cure tempera-
tures).

A modified autocatalytic model has been devel-
oped, which includes the temperature dependence
of the maximum DOC achieved at different cure
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mental DSC data.

temperatures, as shown in Figure 8. The form of
the cure rate equation is shown below®:

daddt = k(T)a" Ml T) = o™ (D)

The kinetic parameter n is determined first from
the slope of the linear dependence of In[da/dt] vs
In[e?(a,, . — )] for each of the temperatures (see
Fig. 9). Thereafter, m is calculated as in the pre-
vious section, from p = «,, /(I-a,,), where «,, is
the DOC at the maximum cure rate. The rate
constant, &, is computed by transposing the reac-
tion model in eq. (7) to the left-hand side. All the
computed results for the temperature-dependent
kinetic parameters are summarized below:

Amax(T) = —0.0000057° + 0.00199887>
— 0.2453T + 9.4576

’
0.9 | G = -SE-06T* +0.002T* -0.2453T +9.4576 g /‘&‘"’

R*=09882
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07 /
06 ®
0.4 ®

03 - /
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Figure 8 Maximum DOC achieved at various iso-
thermal cure temperatures.
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Figure 9 Calculation of the temperature dependence
of the kinetic parameter n.

m(T) = 0.0041T — 0.4553
n(T) = 0.0224T — 2.0608

k(T) = exp[23.1704 — 11864.2699/T]
= A exp[—98.63/RT| (8)

Solution of the cure rate equation using the
fourth-order Runge Kutta method yields the DOC
evolution with time. Excellent agreement is evi-
dent at the selected isothermal temperatures
from Figure 10(a). However, there does exist some
deviation in the DOC evolution with temperature
for the heating rate experiments [see Fig. 10(b)].
This is primarily due to the underprediction of the
activation energy, which may be calculated from
the £(T) expression in eq. (8) to be 98.63 kd/mol.
Given the environmental (light and moisture) and
solvent effects that affect the DSC thermograms,
this discrepancy was manually corrected for by
modifying the activation energy in eq. (5) to 124
kd/mol, which is equivalent to shifting the calcu-
lated curves to the right. This modification yields
fairly accurate results for the heating rate exper-
iments for temperatures until 175°C, which is the
upper temperature limit to achieve full cure of the
Vialux 81 material. The discrepancy at higher
temperatures cannot be avoided for both isother-
mal and dynamic heating conditions, since the
modified autocatalytic model allows only a single
activation energy for the entire process. However,
it should be noted that the activation energy se-
lected for correcting the autocatalytic model is
consistent with the activation energies computed
earlier from the dynamic DSC experiments for
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(a) Comparison of the DOC evolution from DSC experiments and the

modified autocatalytic model, for isothermal conditions. (b) Comparison of the DOC
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heating rates.

the two curing peaks, which were 129.17 and
124.24 kJ/mol respectively.?

MODEL VALIDATION

To optimize the curing schedule, it is important to
validate the predictive capability of the corrected
modified cure kinetics model for complicated cure
schedules with combined heating rate and iso-
thermal segments. Therefore, a DSC experiment
was conducted with an initial heating rate seg-
ment of 10°C/min from room temperature to

170°C, followed by an isothermal hold segment at
170°C for 30 min. As shown in Figure 11, fairly
good agreement is observed between the calcu-
lated and experimental results. This gives us a
fair deal of confidence in predicting the cure ki-
netics for arbitrary cure schedules using the mod-
ified autocatalytic model shown in eqs. (7) and (8).
Alternatively, one can use a hybrid approach
wherein the DOC evolution for heating rate seg-
ments is computed using the model-free or decon-
volution approach, while the DOC evolution for
isothermal hold segments is computed using the
modified autocatalytic model.
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CURE PROCESS OPTIMIZATION STRATEGY

The typical curing process steps for the ViaL.ux 81
interlayer dielectric material are shown in the
schematic in Figure 12. The original manufac-
turer recommended cure (MRC) cycle conditions
consisted of an exposure dose of 1200 mdJ/cm?, a
postexposure enhancement bake at 110°C for 1 h,
and a final thermal bake at 150°C for 1 h. By
increasing the exposure dose to 2000 mJ/cm? (se-
lected earlier), the goal was to affect a reduction
in the postexposure enhancement bake time and
the final thermal bake time, and thereby reduce
the cure cycle time. The following cure optimiza-
tion strategy was adopted here: (1) to reduce the
postexposure enhancement bake time at 110°C, a
trial-and-error experimentation approach was
employed, since the reaction heat flow is very
small at this temperature for the cure kinetics
model to adequately predict the evolution of DOC,
and (2) to optimize the final thermal bake condi-
tions (time and temperature), the modified auto-
catalytic cure kinetics model was used.

Temperature
Final Thermal
Bake
Post-cxposure
enhancement bake

[\
444

Surface UV -exposure
preparation

™ Time

Laminate PDIF Develop

Figure 12 Schematic of process steps for the inter-
layer dielectric material.

o o

i1

Figure 13 Representative microvias, fine lines and
features.

Using this approach, an alternate curing
schedule under isothermal cure conditions is sug-
gested. The postexposure enhancement bake time
at 110°C is reduced from 60 to 20 minutes, i.e., a
40-min reduction in cure cycle time. Under these
conditions, development in y-butyrolactone (GBL)
solvent resulted in the successful definition of fine
features and microvias (see Fig. 13). Next, to re-
duce the final thermal bake time, the cure kinet-
ics model was used to select an isothermal cure
temperature of 170°C for 15 min, instead of the
original condition of 150°C for 1 h. This implies a
45-min reduction in the cure cycle time, and re-
sults in a maximum DOC of 94%. It should be
emphasized that while a high DOC implies better
electrical and thermomechanical properties, it
might lead to a significant reduction in plated
copper adhesion with the polymer. Therefore, ad-
ditional experiments were done to assess the ad-
hesion peel strength (under constant swell/etch,
electroless and electroplating conditions) for cure
temperatures in the range from 150 to 185°C. In
all the cases, the peel strength was greater than 5
Ibs/in. Another concern was the increase in resid-
ual stress that would result due to the increase in
the cure temperature. Interestingly, the residual
stress, measured using the Flexus Thin Film
Stress Measurement Apparatus (TFSMA) Model
2-300, only varied between 15 and 17 MPa for
cure temperatures in the range from 150 to
185°C.

CONCLUSIONS

DSC experiments on the ViaLux 81 PDDF UV
exposed to 2000 md/cm? reveal a high degree of
complexity in the curing mechanism. Two model-
ing approaches are presented in this work to pre-
dict the evolution of DOC: (1) based on dynamic
DSC data, using a practical scheme to deconvo-
lute the two curing peaks, and (2) based on iso-
thermal DSC data, using a modified autocatalytic
model with temperature-dependent kinetic pa-
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rameters. The predictive capability of the cure
kinetics model based on dynamic DSC data was
found inadequate for arbitrary heating condi-
tions. However, with due consideration to envi-
ronmental and solvent effects and to the unavail-
ability of material composition information, the
isothermal data based model produced reasonable
results even with complex curing schedules hav-
ing combined heating rate and isothermal seg-
ments. Subsequently, the cure cycle time was re-
duced by over an hour through a suitably de-
signed cure process optimization strategy for
isothermal curing conditions. Furthermore, using
the suggested cure schedule, the fabrication of
microvias and fine features within the ViaLux 81
material has also been successfully demon-
strated.

Future work will include a thorough investiga-
tion into the feasibility of other cure processing
histories [thermal convection ovens, hot plate cur-
ing, and rapid thermal curing (RTC) in continu-
ous belt furnaces]. Besides, the cure kinetics anal-
ysis will be used in conjunction with the ongoing
thermomechanical characterization of ViaL.ux 81
PDDF to develop cure-dependent phenomenolog-
ical models for the viscoelastic stress relaxation

modulus and the coefficient of thermal expansion,
inclusive of polymerization-induced shrinkage ef-
fects.
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