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Characterization of Negative Photoresist Processing by
Statistical Design of Experiment (DOE)
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Abstract—SU-8 is a epoxy based photoresist designed
for MEMS applications, where a thick, chemically and
thermally stable image are desired. However SU-8 has
proven to be very sensitive to variation in processing
variables and hence difficult to use in the fabrication of
useful structures. In this paper, negative SU-8 photoresist
processed has been characterized in terms of delamination,
based on a full factorial designed experiment. Employing
the design of experiment (DOE), a process parameter is
established, and analyzing of full factorial design is
generated to investigate degree of delamination associated
with three process parameters: post exposure bake (PEB)
temperature, PEB time, and exposure energy. These
results identify acceptable ranges of the three process
variables to avoid delamination of SU-8 film, which in
turn might lead to potential defects in MEMS device
fabrication.

Index Terms—SU-8, Post Exposure Bake (PEB),
Statistical Design of Experiment (DOE)

L. INTRODUCTION

SU-8 is a high contrast, epoxy based photoresist designed
for micromachining and other microelectronic applications,
where a thick, chemically and thermally stable image are
desired. It is non-conductivity and so can be used to a
dielectric in electroplating. Thus SU-8 potentially has
many advantages of other thick film techniques, and few
of their specific disadvantages. For these reasons, it has
been widely used by MEMS devices.

Despite the advantages of SU-8, Thick layers of SU-8
experienced more stress, and the structures tended to
delaminate more quickly than thin layers [1]. SU-8 has
proven to be very sensitive to variation in processing
variables and hence difficult to use in the fabrication of
useful structures. The literature describes wide variation
in values for processing parameters which reflects the
different SU-8 recipes used [2]. Therefore, this paper
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investigates the variation of SU-8 processing, with the
ultimate goal of minimizing delamination, using statistical
design of experiment (DOE).

II. EXPERIMENT

A. Statistical designed experiment

The traditional method of collecting large quantities of
data by holding each factor constant in turn until all
possibilities have been tested is an approach that quickly
becomes impossible as the number of factors increases.
Statistical experimental design is a systematic, efficient,
and alternative methodology for characterization and
modeling using a relatively small number of experiments [3].

Full factorial experiments are suitable when there are
many factors of interest in an experiment. The perfect
experimental design is a full factorial, with replications,
that is conducted in a random manner. The number of
treatment conditions is determined by:

TC =k" m

Where TC is the number of treatment conditions, k is
the number of levels, and n is the number of factors.
However, a good experiment must be efficient. If the
experiment is conducted on production equipment with
long setup times, full factorial design may be in efficient [4].

In this paper, three input factors with three levels of
each were considered: Exposure energy, post exposure
baking (PEB) temperature, and time. Since cross-linking
takes place after exposure, the variables in the soft baking
step were later omitted. Instead, the soft baking step was
performed in a consistent manner for all samples.

B. Fabrication

SU-8 was spin coated on 4 inch silicon wafers to a
thickness of 100um, and the samples were soft baked at
70°C on a hot plate to drive off solvents. Based on the
designed experiment, all possible orthogonal combinations
of three parameters were applied. All samples were
developed for a fixed time, and the degree of delamination
was measured. The degree of delamination was quantified
by the following expression:

Delamination = (

L;”xmm%) ¥))

where L is the length of the original bar pattern, and / is
the length of bar pattern that remained on substrate (see
Figure 1). To minimize measured error, / was averaged
over eight bar patterns in one location.
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Fig. 1 Different degrees of delamination

III. RESULT AND DISCUSSION

Once a series of experiment for investigating the
delamination, the amount of delamination was measured
from each sample, and a statistical regression model for
delamination was established followed by the suggested
order provided from the Minitab (commercial statistical
analytic software). To investigate the fitness of the model,
first, residual analysis has been performed. Residuals mean
how the observed value is far from main trend of data,

and they are used for the analysis of variability of the model.

Fig. 2 Residual plots for delamination

According to the normal probability plot provided in
Fig. 2, we have confirmed that the data set follows
underlying assumption of normal distribution. In addition,
other residual plots vs. fitted value and observation order
show fairly random distribution. From this result, one
can infer that the established model was not biased or
violate underlying assumption in basic statistics.

To investigate individual effect of input parameters on
delamination, main effect plots were studied in Fig. 3. In
the figure, if the line is straight line through out the
parameter window, one can infer that the corresponding
parameter does not affect on the response; however, we
can confirm that all the parameters at different levels are
different from each other, and this shows significant
main effect of all three input parameters on the delamination.

Traditionally, experimenters tend to investigate their
experimental parameters by fixing other associating
parameters at certain values under the assumption that
those parameters are independent and do not interact each
other.

Fig. 4 Interaction plots for delamination

This is not true for most of the case, especially in this
type of experiment. Therefore, we also have investigated
interaction between parameters. If there is any interaction
between two or more parameters, then the interaction
must be considered in the statistical model to increase
model accuracy. As shown in Fig. 4, any two parallel
lines present no interaction between two parameters.
For instance energy and temperature has very little
interaction between 30-40% of delamination range,
and this interaction can be neglected in this statistical
model. However, most of the case, the interaction between
parameters associated with measured delamination cannot
be neglected, and this should be included in the model
for higher accuracy and model credibility. In this sense,
we have included two interaction terms in the model and
they are listed in Table 1.

The analysis of variance (ANOVA) table derived from
the established model present statistical model accuracy.
Main effects and interaction terms included model were
statistically tested by (F-test), and their individual p-
value (the probability that the term falls beyond the
confidence level, in this case confidence level a=0.90) is
presented. According to the p-value of the interaction
between PEB temperature and PEB time, it slightly
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slipped out statistically not significant region; however,
it was not omitted in the model since it was regarded Oelaminaton
somewhat significant factors in negative photoresist , C
processing based on previous experience. In this sense, ’f‘g - gg
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Table 1. ANOVA table for the general linear model &
Source DF SeqSS AdjMS F |
Exposure energy 2 2881.3 1440.6 2.96 0.090
PEB temperature 2 10688.2 5344.1 1098 0.002 i = @
. PEB Temp
PEB time 2 2153.6 1076.8 2.21 0.152
Fig. 5 Countour plot (Energy 580 mJ/cm?)
Exposure energy &
*PEB temperature 61540 15385 3.16 0.054
PEB temperature @ Fieiaminatan
*PEB time 3869.5 9674 1.99 0.161 . e
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Error 12 5869.5 4868 pellt
Total 26 315885 . -~
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[t is observed that the higher the temperature, the large g TEEle 3

the degree of delamination. In addition, PEB time also
somewhat affects the degree of delamination at a given
temperature. The shorter the PEB time, the less cross-
linking, increasing the degree of delamination after a
certain temperature. The high degree of delamination
over 720C is primarily due to the coefficient of thermal
expansion (CTE) mismatch between SU-8 and the
silicon wafer with native oxidation. CTE mismatch can
be explained in the following equation.

o, = (asaf)AT( E ) (3)

1-v

a, and a, are the coefficient of thermal expansion of

substrate and film, AT is the temperature range, E is
Young's modulus of substrate and v is Poisson's ratio
of substrate. We can know effect that three factors get to
delamination through contour plots provided in Fig. 5-7.
It is observed that the higher the temperature, the
large the degree of delamination. In addition, PEB time
also somewhat affects the degree of delamination at a
given temperature. The shorter the PEB time, the less
cross-linking, increasing the degree of delamination after
a certain temperature. The high degree of delamination at
temperatures above 70 T is primarily due to the coefficient
of thermal expansion (CTE) mismatch between SU-8 and
the silicon wafer with native oxidation. As the exposure
energy increases, the degree of delamination decreases,
while the temperature at which the delamination starts to
oceur decreases. Lower exposure energy tends to decrease
cross-linking of the polymer in the exposed area, and
consequently, this decreases adhesion. Lake of resist
adhesion leads to distorted patterns on the wafer surface.
The PEB time is less than 30 minutes and the exposure
energy is less than 580 m.J/cm’, showed some degree of
delamination due to incomplete cross-linking.
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Fig. 6 Countour plot (PEB time of 30min)
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Fig. 7 Contour plot (PEB temp of 70C)

IV. CONCLUSION

In this paper, three significant parameters associated
with SU-8 delamination were investigated, and their effects
on delamination determined found. Higher PEB temperatures
at a fixed PEB time result in more delamination due to
CTE mismatch. In addition, the greater dose of exposure
energy at which cross-linking occurs, the less degree of
delamination. These results identify acceptable ranges of
the three process variables to avoid delamination of SU-8
film, which in turn might lead to potential defects in
MEMS device fabrication.
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