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The adhesion between microstructures represents a great challenge in reliability of polymeric
three-dimensional structures fabricated by microstereolithogrgpBy). During the evaporative
releasing, the capillary force of the solvent causes the deformation and adhesion of the fabricated
beams. We present a method to determine the adhesion force of polymeric microstructures
fabricated byuSL. The test structures with parallel beams were fabricated and released from the
liquid resin via evaporation. By measuring the relationship between the adhesion length and the
geometry of the beams, the adhesion force between two 1,6-hexanediol diadiyRA)
polymeric parallel beams is determinechas 72+ 5 mN/m. This simple method and the determined
adhesion force provide a key in designing reliable polymeric microelectromechanical systems in
preventing the stiction problem. @002 American Institute of Physics.
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Microstereolithography(uSL), evolved from the tradi- of the mechanical structure can be much higher than the
tional rapid prototyping technology, is introduced to fabricateadhesion force. However, in microscale, the adhesion force
truly three-dimensional3D) polymeric and ceramic micro- may be strong enough to cause the permanent distortion of
structures for microelectromechanical systefiddEMS) the microstructures and the failure of the devices. This phe-
devices"? This promising technique provides the designersnomenon is known as “stiction problem” in silicon
with a simple approach to converting the computer aidednicromachining. For the same reason, and because the
designedCAD) model into truly 3D microcomponents and Young’s modulus of the polymeric material is smaller than
devices with complex geometry. jmSL, the microstructures silicon, the stiction problem is even more severeuSL
are fabricated by UV light localized photopolymerization of fabricated 3D polymeric structures. It is therefore important
the liquid resin, in a layer-by-layer manner. A 3D CAD to characterize the adhesion force between the polymeric
model is sliced into a series of two-dimensioridD) sec-  structures to provide a better design for the MEMS devices.
tions, and each of the sections is then used to direct thk this letter, we present a method to determine the adhesion
localized UV beam exposure to form a specific layer. Byforce which is characterized by the surface energy between
stacking the layers, one can fabricate 3D complex structurefie 3D structures fabricated ySL.
designed by the CAD model. Using two photon polymeriza-  Figure 1 shows the test structure designed to measure the
tion, the resolution ofuSL has recently been increased from adhesion force between polymeric microstructures. Because
several microns to sub-microfié.The uSL technique pro- the adhesion between the parallel beams is of interest, the
vides a manufacturing method for truly 3D MEMS devices.supporting post is designed high enough to avoid the influ-
This technique also can fabricate microstructures with mangnces of the substrate. Aftg/SL fabrication, the 3D struc-
functional materiafSother than those used in integrated cir- ture is rinsed by solvent to remove the unpolymerized resin
cuit industry for MEMS. Compared with the traditional 2D and then released by solvent evaporation. Figuke illus-
or 2.5D silicon micromachining technique, the capability oftrates the mechanism of the adhesion phenomenon during
fabricating complex 3D microstructures along with very evaporation drying. The beams are distorted by capillary
broad materials selections makeSL especially attractive in  force from the solvent captured between them. The beams
realizing applications of 3D MEMS devices, such as minia-will keep adhering even after drying, if the mechanical re-
ture sensors and actuators, by integrating the microelectrorstoring force is smaller than the adhesion force between the
ics and micromechanical machines. Among them, one caheams. We define the adhesion lengtky s the section
find the successful applications giSL in microfluidic =~ where two beams contact.
system$ optical waveguide$,and 3D photonic band gap An analytical model was developed previously for the
structure$ stiction between planar polysilicon beam and the silicon sub-

One of the key factors that influences the performancstrate in the silicon surface micromachinitfg! We use a
and reliability of MEMS devices is the undesired adhesionsimilar approach to analyze our 3D polymer structures and
between the microstructures during fabrication or during dederive the adhesion lengthxg, as
vice operation. In macroscale devices, the adhesion problem
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is usually less significant because the elastic restoring force oy =|j1—| — — ' (1)
s 5 yd

dElectronic mail: xiang@seas.ucla.edu whereE is the Young’s modulus of polymef; the adhesion
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(a)
/\ FIG. 2. N-SEM top view of suspended beams, released by evaporation. The
beam length is 412m, spacing is 5um, thickness is 2@m, and the width
r > is 9 um. The adhesion lengthx2 measured is about 124m.
(b) /

FIG. 1. Schematic of the micro-beam structures used to determine the agplacing the test structure in the oven for 1 min with a UV
hesion force(a) 3D model of the designed beams suspended on two post§rradiation intensity of 50 mW/cf The final structures were

on a silicon substratéb) The beams are adhered during evaporation drying o, saryed and measured under environmental scanning elec-
by the capillary force of liquid solvent and stay adhered afterwards if the

elastic restoring force is not enough to overcome the adhesion fwpe  {ron miCFOSCpr(N-SEM). _
view). Figure 2 is the N-SEM picture of a test beam structure

after solvent evaporation. The picture shows that the beams

force (per unit length of the contact lengthetween polymer ~@dhere to each other abouts2=124 um at the center part.
surfaces) is the total beam length, i2is the spacing be- In order to study the relationship between the adhesion

tween parallel beams, arids the beam width. According to length and the beqm geometry from which the adhes_ion force
Eg. (1), the adhesion lengthx changes linearly with the ¥s €an be determined, a group of test structures with same
geometry factorF = (h2t3)Y4 At the critical geometryFy beam length and spacing, but different widths, were fabri-
the adhesion length equals zero, which means no stictiofdted. After re_leasing these structures, the adhesion Ieng.ths
occurs even though the capillary force may bring the beamé&*s Were obtained by N-SEM. Figure 3 shows the experi-
in contact with each other during the releasing process. wiental data of adhesion lengths as a function of geometric
define the length of the beam at this critical geometry adactor F. It is observed that the adhesion length is linearly

detachment lengthy, in Eq. (2): dependent orf-, which is in good agreement with the ana-
lytical model according to Eq1). By extrapolating the fit-
12eE\ Y L, (128E\Y* ting curve in Fig. 3 to the point where,=0, the critical
lq= (5_75) (hg"ta”) :( 5y, ) d (2 value of the geometry factd¥y=21.5um®? is obtained and

then, the detachment length=525um is defined as the

When the beam length is larger thepn adhesion likely length of the beam at this critical geometry. This has been
occurs. When the beam length is smaller thgnno adhe-
sion occurs. The latter is due to the fact that as the beam
length becomes smaller, the elastic restoring force increases
for the same deformation of the beams and prevents perma-
nent adhesion of beams. Thgis related only to the geom-
etry factorF4 of the test structure, the Young’s modulks
and adhesion force of the polymer beams. With known
Young’s modulus of theuSL fabricated polymer beams,
which is measured in previous stuthpne can determine the
adhesion forcey, from Eq. (1) or (2).

The test structures are fabricated by®L system- The
UV curable resin is a mixture of 1,6-hexanediol diacrylate
(HDDA) and 5 wt% benzoin ethyl ether as photoinitiator.

400 T d T T T

The optimized exposure dose is 200 mFcwith the UV 0 .
wavelength at 365 nm. After fabrication, the test structures 1'0 1'5 2'0 )
are prepared by the post processes, which include rinsing in F= (b2 ™ 5/4

a solvent, post-curing in the UV ovédeta™ 7200, Loctitg =(ht) (nm)

and releasmg through evaporation at room temperature. SpEI-G. 3. Dependence of the adhesion lengty 2n geometrical factoF.

cifically, the mercury lamp is used as the UV light source forthe total beam length is 525m. The data are fitted linearly to extrapolate

the post-curing process. The post-curing is performed byhe critical geometrical factd¥ .
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30 v T — T T suggests the adhesion forggmeasured is the intrinsic prop-
1 erty of polymeric microstructures and is independent of the
T 254 1 beam geometries. Compared with other methods, such as the
’é‘ peel-off test and AFM measureméfithis approach is much
S 20+ . simpler because it only requires the measurement of the ge-
- 1 ometry of the test structures. This method and the measured
=_. 154 1 adhesion forceys provide a key in the designing of 3D mi-
= crostructures iruSL to reduce and prevent the stiction prob-
oo 104 - lem and improve the reliability of MEMS devices.
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FIG. 4. Relationship of the detachment length velSys (h4%t4%)Y* of the
test structures. The data Bf; are from the fitting parameter in Fig. 3 at zero

adhesion length. . ) . .
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