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Abstract

Micro-stereolithography (uSL) is capable of fabrication of highly complex three-dimensional (3D) microstructures by selectively photo-induced
polymerization from the monomer resin. However, during the evaporative drying of structures from liquid resin, the 3D microstructures often collapse
due to the capillary force. In this work, a theoretical model is developed to analyze the deflection and adhesion between thin polymer beams under
capillary force. The detachment length of the test structures and adhesion energy of a typical wSL polymer (HDDA) are obtained experimentally
which are important for MEMS structure design. Finally, we successfully developed a sublimation process to release the 3D microstructures without

the adhesion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the capability of building structures in an additive, layer-
by-layer process at micrometer scale, micro-stereolithography
(WSL) enables the fabrication of highly complex, three-
dimensional microstructures, which is critical to the develop-
ment of advanced microelectro-mechanical systems (MEMS)
devices [1]. Although relatively simple 3D microstructures can
be fabricated by silicon micromachining, it remains still a chal-
lenge to fabricate truly complex 3D microstructures, because
of the limited layers one can use in silicon micromachining.
Inspired by the rapid prototype technique, Ikuta first introduced
the stereolithography technique into microscale fabrication [2].
There are several distinct advantages making this method a
unique and promising technique for 3D microfabrication. First,
micro-stereolithography is an additive process. In wSL, poly-
meric structures are fabricated out of UV curable liquid resin
upon photo-induced polymerization reactions. The final 3D
structure is formed by adding the polymers layer-by-layer. Com-
pare with etching or other removal process, additive process is
more convenient for 3D fabrication of complex structures. Sec-
ond, it requires no physical masks. Third, wSL can fabricated
very high-aspect-ratio structures without limitations in vertical
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direction. In the silicon micromachining, due to the alignment
requirement, number of layers of the structure is limited. Fourth,
WSL is highly compatible with the computer aided design (CAD)
making it an agile fabrication method. Using the auto slicing
technique and computer controlled scanning stages, 3D struc-
tures can be copied directly from the computer model into the
real polymer structures in a short time. Continuous efforts have
been made to optimize the wSL. Using large NA lens, local
polymerization with resolution smaller than 1 wm have been
achieved [3]. Two-photon polymerization has been explored to
increase the resolution of wSL process [4]. Although the work-
ing material of wSL is polymer, other materials can also been
applied. Metal structures can be fabricated by using the polymer
structure as mold for casting or electroplating. Ceramic struc-
tures can be achieved directly by mixing the green powder with
the liquid resin [1,5].

After photofabrication, un-polymerized resin has to be rinsed
out to obtain the free standing 3D structures. Strong capillary
force will develop during the final evaporative drying which
deform the microstructures and cause the adhesion and collapse
of polymer structures. The phenomena have been referred to as
“stiction”, a problem that has been studied previously in silicon
surface micromachining [6—11].

The interfacial attractive forces involved in the stiction phe-
nomena can be attributed to Van de Waals force, electrostatic
force, and hydrogen bonding. People use the term of interfa-
cial adhesion energy y; to describe the strength of the attrac-
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tive force. Typically, the adhesion energy is in the range of
5002000 mJ/m? for crystalline solids and 5-100 mJ/m? for
polymers [6]. If the adhesion energy is not strong enough to
withstand the restoring elastic force, the deformed structures
will bounce back to original shape. The competition of the
restoring elastic force and adhesion energy defines a critical
length (detachment length), below which the structures will be
able to return back to the un-deformed state. Determination
of the detachment length and applying it in the design of the
microstructures is essential to enhance the process reliability of
rSL. We have reported a simple method to measure the adhe-
sion force between the polymer structures in Ref. [12]. In this
paper, we will discuss the method more detailed and develop a
new releasing technique for wSL fabricated structures to reduce
the stiction problem.

2. Background/theory

As we discussed before, wSL allows direct fabrication of
polymeric structures from computer generated 3D solid model
in a layer-by-layer additive manner. A typical wSL system is
shown in Fig. 1. The UV beam from the light source is directed
to the beam shaping component, which controls the pattern shape
at the image plane. The 3D computer model is sliced into a series
of 2D layers with specified thickness. Then, the 2D image of each
slide is transferred to the beam shaping component in sequence
to expose the UV curable resin resulting a thin polymer layers
which can be stacked layer-by-layer to form a 3D structure.
After one polymer layer is solidified, the translation stage moves
downward, and allows a new liquid layer to be formed on top
and process repeats. The UV resin is a mixture of monomer
and photo-initiator. When illuminated by UV light, the photo-
initiator will decomposed and generate radicals which initiates
the polymerization. Because of the absorption in UV resin, the
light intensity will decrease when propagating away from the
surface and the polymerization always starts from the interface
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Fig. 1. The set up of wSL system. The computer slices the CAD model into
a series of 2D cross-sections and transfers the 2D image to the beam shaping
element to control the local exposure of each layer.
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Fig. 2. A collapsed 3D microstructure fabricated by wSL. The polymer beams
are bend under the capillary force during evaporation, and adhered together after
drying. Right inset is the original 3D solid model.

and stops at certain distance from the surface (curing depth)
for a given light intensity and exposure time. The relationship
between the curing depth (D), light intensity (), and exposure
time (7) is described by following equation:

It
D=D,ln (E> ()

where D, is the penetration depth of UV light in the resin and
E. is the critical dose. For a given UV resin, D}, and E. are
constants. Eq. (1) is defined as the working curve of the resin.

In macro-scale stereolithography, evaporation drying is suf-
ficient to release the fabricated 3D polymer structures because
volume force is stronger than surface tension at macro-scale
[13]. However, in wSL, as discussed above, the strong capil-
lary force will cause stiction problem during evaporation drying.
Fig. 2 shows a collapsed pSL fabricated microstructure due to
the capillary force during the evaporative releasing. The original
designed structure is a 3D cubic lattice.

The adhesion of silicon beams to substrate, known as “stic-
tion” problem, has been found and studied in the 2D silicon
surface micromachining [6,7]. It has been referred as a major
factor influences the reliability of the silicon surface microma-
chining. In wSL, the adhesion among different parts of the 3D
microstructures is more prominent and may also leads the total
structure failure, as shown in Fig. 2. Due to the complexity of
the geometry, stiction problems in 3D microfabrication are more
likely to occur within the microstructure and it is different than
the case for 2D microfabrication, which only concern the stiction
from microstructure to the substrate. Thus, the model established
in Mastrangelo’s work [6,7] need to modified to study the stic-
tion problem specific for the 3D microfabrication. To simplify
the problem and isolate the influence of substrate, we designed
a test structure with two parallel beams on top of high-aspect-
ratio supporting posts (Fig. 3). The parameters obtained from
this test structure, e.g. the surface adhesion energy of photopoly-
mer, are not geometry specific and thus, will be used to design
the 3D microstructure to avoid stiction problem. Fig. 3(b) illus-
trates the mechanism of stiction during evaporation drying. The
beams are distorted by capillary force from the captured liquid
between them, and are kept adhering to each other by interfacial
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Fig. 3. Schematic of the model used to calculate the detachment length /4 in
WSL. (a) Top view of the designed beams; (b) the beams are distorted during
evaporation drying by the capillary force, the shaded regions represent the sol-
vent liquid captured between the beams.

adhesion force. 2x; is the length (adhesion length) of the part
where two beams adhere together, / and ¢ are the original length
and width of beams, respectively, and 2/ is the spacing between
parallel beams.

We consider the energy stored in the system shown in Fig. 3(b)
to derive the detachment length. The total energy of the system
comes from three major sources: the elastic energy U, of the
deformed polymer beams, the solid—liquid surface energy Uy
stored in the wetted areas, and the solid—solid surface energy
U, stored in the contact areas. Since the two beams under con-
sideration are identical, we only have to solve the stored energy
for one beam. From Euler’s approximation, the elastic energy of
one beam under deflection can be written as

EI 2 ()’
U = — — |4 2

where E is the Young’s modulus of polymer, / the moment of
inertia of the beam, and u(x) is the position of the deflected beam.
The solid-liquid surface energy and solid—solid surface energy
is given by

Uy = —4yw cos B:(x] — xs) 3)
and
Use = —2yswxs “)

where w is the thickness of the beam, . the contact angle, and
y1 and y; are the surface energy of liquid and solid, respectively.
Thus, the total energy of the system is

Ui = Ue + U + Uy (5)

The displacement of the beam u(x) can be expressed as [6]:

2
X — X
=h|l-— 6
u(x) [ <l/2—xs) ] (6)
When the beam is at equilibrium, x and x; does not change,
e.g.

U, U,
“t_t_p 7
0x] 0xs

From the equations above, and let x; =xg, which means the
liquid is totally evaporated, we derive the adhesion length, 2xg,
of the drying beams:

v |y (128 ER? A )
Xs = - ——
: 5 yl4
The detachment length is defined as
1286\ /4
la= ( ) 2" ©
Sys

As mentioned before, the detachment length is a critical
parameter. When the designed beam length exceeds the detach-
ment length, stiction will most likely occur. We will discuss how
to obtain the detachment length experimentally in the next sec-
tion. It is also possible to derive the polymer—polymer surface
adhesion energy ys from Eq. (9) given the detachment length
and the Young’s modulus. Based on this model, we can provide
a relatively simple, indirect method to measure the yx.

3. Characterization of stiction

The test structures are fabricated by a projection pwSL sys-
tem developed in our lab [14]. The UV curable resin contains
1,6-hexanediol diacrylate (HDDA) monomer and 5 wt.% ben-
zoin ethyl ether as photo-initiator. A mercury arc lamp is used
as UV light source. To select the i line (365 nm) emission of
the mercury lamp, a narrow band filter (10 nm bandwidth) is put
inside the optical path. The optimized exposure dose in ambi-
ent environment is 200 mJ/cm?, correspond to a curing depth
of 5 wm. After fabricated, the polymer structures are rinsed in
isopropanol alcohol (IPA) and then dried through evaporation in
air.

The dried structures were observed using environmental
scanning electron microscope (N-SEM), which does not require
the samples being conductive. Fig. 4(a) is the N-SEM image
of two pairs of beams released by evaporation method. The
picture clearly shows that the beams stick each other at the cen-
ter, which agrees with our model. The beams in Fig. 4(b) is
released by sublimation method, which we will discuses later.
On the other hand, because we purposely designed the beam
far away from the substrate, no adhesion was observed between
beam and substrate. The two test structures have same beams
length, but different width. The adhesion lengths can be mea-
sured directly from N-SEM pictures. To study the dependence of
adhesion length on the width and spacing, we fabricated a group
of test structures with same length and spacing, but different
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(a)

(b)

Fig. 4. SEM picture of suspended beams (top view). The beam length is larger than the detachment length. (a) Released by evaporation; (b) released by sublimation.

The scale bar is 200 wm.

width. After releasing these structures, we measured the adhe-
sion lengths and beam width. Fig. 5 shows the experimental data
of adhesion lengths as a function of (hzt3 ) /4 The curve was fitted
linearly according to Eq. (8). At point xg = 0, the value of (h23) /4
corresponded to the specific detachment length /g (in this case,
lg =525 pm, which is predetermined when it was fabricated) was
found.

With the same approach, we derived the geometry factor
(K23)V* corresponding to different detachment lengths. To do
this, we fabricated varies groups of beams with different lengths
(from 300 to 600 wm). Each group of the beams has same length,
which corresponding to one data point in Fig. 6. Within each
group, we measured the adhesion length and used the method
mentioned in last paragraph to determine the value of (h%r3)"*
for the detachment length. The data was plotted in Fig. 6, and
fitted linearly as a function of (h%#3)"4. The slope of the fitting
curve is (5ys/128E)~ ", from Eq. (9). While applying Young’s
modulus of HDDA (930 MPa) [15], we calculated the value of
ys for HDDA is 72 mJ/m?.

The linearity of the curve indicates good experimental agree-
ment with the theory. Eq. (9) predicts that detachment length is
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Fig. 5. Plot of the adhesion length. The beam length is fixed to 525 wm for each
point. The linear fitting is according to Eq. (8). The geometry factor (h2£3)"/*
corresponding to detachment is derived at the point where 2x¢ equals to zero.
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Fig. 6. Relationship between the detachment length /g and (h2%)!**. The value
of (h23)"* corresponding to each detachment length is derived by the method
shown in Fig. 5. From the slop of the fitted line, we can calculate the surface
energy of HDDA according to Eq. (9).

a weak function of polymer surface energy ys, since it is propor-
tional to ys 74, Therefore, modification of the polymer surface
will not result in a significant increase of detachment length.
On the other hand, /4 has a stronger dependence on scale (/4 is
proportional to (h2£3)"/#), which means decreasing the dimen-
sion D of polymer structures will decrease detachment length
in a factor of (D)**, if keeping the same shape. This explains
why adhesion is significant in wSL when using evaporation dry-
ing. The detachment lengths and polymer surface energy ys we
obtained from experiment can be used in the designing of poly-
mer structures to reduce the stiction problem, and to increase
the reliability of wSL fabrications.

4. Solution: sublimation drying

There are several methods to reduce the stiction problem.
Choosing low surface tension liquid to rinse the microstructures
is one of the options. This will decrease the capillary force devel-
oped during evaporation. If the surface tension induced capillary
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Fig. 7. Phase diagram of normal materials. We have three choices to release the
microstructures from the liquid: evaporation, supercritical drying, and sublima-
tion.

force is not strong enough to attract the microstructures con-
tact each other or touch to the substrate, stiction will not occur.
Howeyver, the effect of this method is limited because when the
dimension scales down, capillary force will eventually increase
and weights over volume force. The second method is modifying
the surface property of polymer to decrease the surface energy
ys [11]. It is not widely used because of the sophistication of
chemical treatment. Also, as we mentioned before, detachment
length is a weak function of polymer surface energy yg, which
indicates that surface modification will not be an efficient way to
reduce the stiction problem. To address this problem effectively,
different releasing processes other than evaporation drying are
needed to avoid the liquid—solid interface. There are two drying
techniques available for this purpose: supercritical drying [9] and
sublimation drying [8,10], both do not involve the liquid phase
(Fig. 7). Therefore, no surface tension induced capillary force
will develop during drying. We took the sublimation approach
to address the stiction problem, because it is easy to access and
can be optimized for pSL.

Among a variety of solvents that may be selected, we chose #-
butyl-alcohol as the working medium, because its melting point
is near the room temperature (Table 1). This enables us to elim-
inate the bulky refrigeration set up used in past. In addition, the
relatively high vapor pressure of #-butyl-alcohol ensures a short
sublimation time (less than 30 min). However, #-butyl-alcohol
has its drawbacks: it will absorb water vapor from atmosphere
and form droplet during sublimation drying. This will influence

Table 1
Material properties of some liquids

Material Melting Boiling Vapor pressure
temperature (°C)  temperature (°C)

t-Butyl-alcohol 26 82.2 27 Torrat20°C

IPA —88 82 33 Torrat20°C

Water 0 100 17.5 Torr at 20°C

T To pump
Vacuum chamber [I J‘

Pol
Peltier chip olymer
structure
Solution
Heat sink

Power source

+ -

Thermometer

Fig. 8. The sublimation set up. The desiccator connected to the vacuum chamber
is not shown in this figure.

the performance of the process. Therefore, special consideration
must be paid for moisture control.

In our set up, the sample to be released is placed inside a
small vacuum chamber (a bell jar) with a solid-state refrigera-
tor. A desiccator is connected to the vacuum chamber in order to
reduce the moisture level from the inlet. The solid-state refrig-
erator is made of a Peltier chip embedded in a thick metal plate.
The Peltier chip is small and can be totally enclosed in a vacuum
chamber of 4 in. diameter. With this advantage, solidifying and
sublimation can be done without breaking the chamber sealing,
which further reduces the absorption of moisture. The cooling
speed is controlled by adjusting the current going through the
Peltier chip. In addition, a pressure gauge and thermometer is
used to monitor the working pressure and temperature, respec-
tively.

A typical sublimation process starts from immersing the poly-
mer structures in a small IPA bath for more than 5 min to remove
the un-polymerized resin. It is followed by gradually replacing
IPA by dispensing #-butyl-alcohol into the immersed sample and
keeping the bath with constant volume of liquid solvent. After all
solvent is replaced in the bath, the wet sample, together with the
solution and container, is placed on top of Peltier chip (Fig. 8).
Refrigeration will start after the chamber is sealed. To reduce
stress development during crystallization of #-butyl-alcohol, the
sample temperature is decreased slowly. When the liquid solvent
is totally frozen, pumping will begin till all the #butyl-alcohol
solid in the container disappears.

To compare with evaporation drying, test beams in Fig. 4(b)
are designed such that their lengths are longer than the detach-
ment length we obtained from the experiment of evaporation
drying. The test structure in Fig. 4(b) is then released using
the sublimation method we discussed above. The result of sub-
limation drying shows no adhesion occurs. More examples of
sublimation drying is shown in Fig. 9. The structure in Fig. 9(a) is
an 800 wm cubic mesh similar to the structure shown in Fig. 2,
but released using sublimation. Fig. 9(b) is a lattice of high-
aspect-ratio (>30) polymer cylinders. Because the ends of the
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Fig. 9. Free standing 3D microstructures after sublimation drying. No adhesion
between polymer beams observed. (a) A 800 wm cubic mesh with 200 pm spac-
ing between beams; (b) a lattice of high-aspect-ratio polymer cylinders. The
diameter of the cylinder is 30 pm, the height is 1000 pm. The scale bar in the
picture is 500 pwm.

cylinders are free, these wire-like structures are extremely vul-
nerable to the stiction problem.

The success of releasing benefits from the elimination of
liquid—solid interface in sublimation drying. However, we also
observed the structures crack sometimes after the releasing.
This may be caused by the stress developed during the freez-
ing of working medium. Decreasing the temperature slowly and
smoothly will reduce the stress development and the probability
of crack.

5. Summary

In this work, we studied the stiction problem of polymer
structures fabricated by wSL. A series of test structures were
fabricated and analyzed. We measured the adhesion length of
parallel beams with different beam parameters and derived the
detachment lengths. By fitting the curve of detachment length,
the solid surface tension of HDDA was found to be 72 mJ/m?.
This work provides an indirect way to measure the solid sur-
face tension of materials. A sublimation drying set up is used
to replace evaporation drying as the releasing process for wSL.

The results of sublimation experiment show no stiction prob-
lems even when beam lengths are longer than the detachment
length in evaporation drying.
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