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Abstract We have previously demonstrated that it is
possible to fabricate densely-packed high aspect ratio
structures in SU-8 by means of a top-plate support
member which stiffens the overall structure and prevents
pattern collapse. In this work we have computed the
tensile stresses induced in the top-plate structures due to
the capillary forces that arise between the columns due
to the surface tension of the drying liquid. We have
further studied the dynamic behavior of the structure
after an instantaneous force. Based on these results, we
have shown that the predicted optimal thickness of the
top-plate structure is sufficient to maintain structural
integrity.

Keywords Deep X-ray lithography Æ Densely packed
high aspect ratio structures Æ Stiction

1 Introduction

Deep X-ray Lithography (DXL) is a technique used to
produce high aspect ratio submicron, micron or mm
structures with high resolution (Ehrfeld and Lehr 1995;
Guckel 1996; Kupka et al. 2000). High energy (>1 keV)
synchrotron radiation (X-rays) with wavelengths as low
as 0.5 nm are used to define patterns in the X-ray
photoresist using an X-ray mask. The resist is then

developed and depending on the tone of the resist, po-
sitive or negative features are produced. The developed
areas are electroplated often using nickel or copper and
the resist is removed to yield the metal part, which can
be either final product or can be used as a mold for
injection molding or hot embossing as in the original
LIGA process (Kupka et al. 2000).

SU-8 is a negative-tone epoxy-type, UV photoresist
that can be patterned to produce high aspect ratio
structures with near vertical sidewalls. Various exposure
techniques, including UV, X-ray, e-beam and proton
beam, have been demonstrated (LaBianca and Gelorme
1997; Bogdanov and Peredkov 2000; Cheong et al. 2004;
Chammika et al. 2003). UV lithography is by far the
most common exposure technique or patterning SU-8
(LaBianca and Gelorme 1997; Shaw et al. 1997; Despont
et al. 1997). However, due to optical diffraction, it is not
possible to fabricate high aspect ratio structures with the
same quality when the resist thickness exceeds 500 lm.
Use of SU-8 photoresist for very high aspect ratio X-ray
lithography was first investigated by Bogdanov in 1998
(Bogdanov and Peredkov 2000). Since then, it has been
proved that the resolution and quality of SU-8 using X-
ray lithography is as good as PMMA (Jian et al. 2003)
and its sensitivity is 70 times greater (Singleton et al.
2001).

In MEMS fabrication, the adhesion of microstruc-
tures to the substrate during the drying step after wet
etching of the sacrificial layer is termed as ‘stiction’
(Alley et al. 1992). The cause of stiction is attributed to
the surface tension force of the rinse liquid trapped in
the small space between the substrate and microstruc-
ture (Nathanson and Guldberg 1975). The magnitude of
these forces is strongly dependent on the surface tension
of the rinse liquid and the gap between the substrate and
microstructure. Depending on the stiffness of the
microstructure, they will be released from the substrate
or adhere to the substrate permanently (Mastrangelo
1997). Several authors have proposed theoretical models
to explain this phenomenon (Alley et al. 1992;
Nathanson and Guldberg 1975; Mastrangelo 1997;
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Raccurt et al. 2004; Niels et al. 1996; Maboudian and
Howe 1997).

In our case, we wish to fabricate high aspect ratio
structures (HARS) consisting of long, densely-packed
channels for their potential application as X-ray reflec-
tive optics (Kupka et al. 2003; Peele et al. 2002). Other
applications include mammography (Makarova et al.
2003; Fischer et al. 2000) and gamma-ray (Makarova
et al. 2004) collimator grids and channels for electro-
phoresis (Fujimura et al. 2003). While it is possible to
fabricate high aspect ratio isolated structures (Friedrich
et al. 1997) it is a more difficult task to create structures
where there is a densely-packed array of free-standing
high aspect ratio structures. The surface tension from
the rinse liquid present in the small gaps between the
columns creates capillary forces that make the columns
likely to suffer from the same type of stiction problem as
seen in traditional MEMS fabrication. Other authors
have also considered densely-packed high aspect ratio
structures in SU-8 and have characterized various pro-
cess parameters (Becnel et al. 2005). In previous work
(Peele et al. 2004), some of us demonstrated that a
support structure at the top of the channels can be used
to prevent the movement of structures and hence, stic-
tion in densely-packed HARS. We have further analyzed
the mechanical properties of the support structures and
have demonstrated optimal (or minimal) thickness
structures that can prevent pattern collapse in our den-
sely-packed HARS.

In this work, we first outline our theoretical result of
when stiction becomes an issue in HARS (Vora et al.
2005). We present new studies demonstrating the ex-
pected tensile stresses in the support structures and how
this relates to the failure of those structures and conse-
quent stiction. We also consider a simple dynamical
scenario showing vibrations in the array as a result of
impulse loading from a rapid change in surface tension
forces.

2 Review

Figure 1 shows four square columns with length, L, and
width, w, separated from each other by a gap, g. As we
have previously discussed (Vora et al. 2005), each column
can be considered as a cantilever, which is subjected to a
pressure due to capillary forces arising from the fluid
between the two columns. In a real array fluid levels on
different sides of a column may become uneven due to
factors such as contaminants and asymmetry in the
structures. There will also be a force imbalance at the edge
of the array where columns have no outside neighbor.
Accordingly, we treat the case of the 2 · 2 array of col-
umns with a capillary fluid on the inside surfaces only as
producing an upper limit on the forces involved.

By means of considering the maximum deflection,
dmax, arising from the pressure imbalance between the
interstitial rinse fluid and the air we have shown that:

dmax ¼
6c cos hL4

Egw3
ð1Þ

where c is the surface tension of the final rinse liquid and
E is the Young’s modulus of the column material
(ESU�8 = 2.7 Gpa ; Matthew et al. 2003). We used iso-
propyl-alcholol (IPA) with c = 21.7 · 10�3 Nm�1 and
h = 90� as the final rinse liquid (Raccurt et al. 2004).

Fig. 1 Four columns of length L and width, w attached to a
substrate, S, separated by a gap, g, experience a capillary pressure
which tends to stick them together. The fluid forms a meniscus with
a contact angle of h to the column

Fig. 2 Graph of attachment length as function of gap between
columns for a 50 lm, b 30 lm and c 10 lm square columns. The
experimental results are shown by squares where the structure
collapsed and by triangles where the structures were freely
standing. The two squares below the curve in (a) and (b) indicate
that the structures collapsed despite being shorter than the
theoretical attachment length
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Fig. 3 Top-plate process steps.
a X-ray exposure through an X-
ray mask. b Low-dose UV
exposure using a mask that
links the structures exposed in
step a and c develop.
Microscope top view d and side
view e of 50 lm square columns,
1.5 mm tall with a 60 lm gap
and 70 lm thick top-plate

Fig. 4 Simulation results to
determine tensile stress in top-
plate structure with thickness of
a 15 lm, b 30 lm and c 70 lm.
The columns are 50 lm wide,
1.5 mm tall with gap of 60 lm
between them. The z-scale is
demagnified by factor of 0.5
whereas the x and y scale are
magnified by factor of 3.
Microscope top view of the
structures with top-plate
thickness of d 35 lm and
e 50 lm
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Now, L/w is the aspect ratio of the features in the
structure, Af and L/g is the aspect ratio of gap between
columns, Ag. Putting this into Eq. 1 we get:

dmax ¼
6c cos hA3

f Ag

E
: ð2Þ

It can be seen that as the spacing between the features
increases, the deflection decreases. In the absence of ef-
fects such as tip shear and column surface adhesion, the
structures are likely to attach to each other if the
deflection is equal to or more then the gap. We define an
attachment length, La, as being the height of the column
above which the deflection is greater than half the gap
between the columns. Substituting dmax = g/2 in Eq. 2
and solving for length we have:

La ¼
Eg2w3

12c cos h

� �1
4

: ð3Þ

We have demonstrated that this approach gives a
reliable lower limit to the estimated attachment length.

Figure 2 shows a graph of our attachment length as a
function of gap for 30 lm square channels. The solid
symbols are the calculated points for the column widths
and gaps considered in our experimental work. It can be
seen from Fig. 2 that as the gap increases so too must
the aspect ratio of the structure in order that the col-
umns do not attach. Using this curve we predict that
structures that fall in the unshaded area will suffer from
pattern collapse due to stiction. It is precisely these
structures that will benefit from the mechanical stiffen-
ing provided by our top-plate support structures.

3 Support structures

In our previous work (Peele et al. 2004), we have fab-
ricated support structures, which we refer to as a ‘top-
plate’ to prevent stiction in densely-packed HARS using
a second low-dose UV exposure into the same X-ray
exposed resist. The design of the top-plate mask is a
reverse of the square hole pattern so that a grid of lines is

Fig. 5 Time-series results for
900 lm high, 30 lm square
arrays with a 12 lm gap and a
135 lm thick properly aligned
top-plate a after 1.3 ms, b after
2.9 ms, c after 6 ms and d after
an infinite time of an impulse
force
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exposed in the resist. The UV dose is kept low enough so
that the cross-linking occurs to a shallow depth. This
results in a bridge-like structure between the adjacent
columns, which helps prevent them from collapsing.
Figure 3 a–c shows the steps in fabrication of densely-
packed columns with a top-plate support. Figure 3d, e
show an experimental example of the resulting top-plate
structure.

3.1 Tensile Stress

Once it is known that a top-plate is required, it is impor-
tant to determine its minimal thickness. Thinner top-
plates will break during the drying step while excessive
top-plate thickness is wasteful as in some structures the
top-plate is removed at the final process step. The struc-
ture shown in Fig. 3c is similar to 3D frame structures

Fig. 6 Time-series results for
900 lm high, 30 lm square
arrays with a 12 lm gap and a
135 lm thick top-plate
misaligned at the edges a after
1.3 ms, b after 2.9 ms, c after
6 ms and d after an infinite time
of an impulse force

Fig. 7 Microscope images of
the structures a corresponding
to Fig. 5 and b corresponding
to Fig. 6
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used in civil engineering. In an ideal array of such col-
umns, the net capillary force would be zero. However, as
mentioned above, in a real array, fluid levels on different
sides of columns may become uneven due to factors such
as contaminants and asymmetry in the structures. Let us
take an extreme case whereby columns A and B (Fig. 3d)
experience a net force in the direction of column C and D
aswell as between them.We also assume that the net force
on columns C and D is equal in all directions. Columns A
and B will therefore be pulled towards columns C and D.
Because the columns are fixed at the bottom and sup-
ported at the top, themiddle portion of the columnsAand
B will suffer the greatest stress. This in turn produces a
reaction force at the top and bottom of the columns,
which thereby produces tensile stress in the top-plate
structures. The magnitude of the tensile stress will depend
on the area of the cross-section of the top-plate structure.
The lateral width of the top-plate was chosen to be one-
third of the feature size so that the developer can penetrate
into the array with minimal obstruction from the support
structure. Since, thewidth is fixed, the cross-sectional area
of the top-plate can be changed only by changing its
thickness. The ultimate tensile strength of SU-8 resin
is � 50 MPa (Ru Feng and Farris 2003). If the tensile
stress in the top-plate is more then 50 MPa, the top-plate
will break or plastically deform and the columns are likely
to stick together.We have used a finite elements approach
to determine the stress induced in the support structures
and hence, to predict the minimum top-plate thickness
required for a given feature size and spacing for an aspect
ratio of 30. Figure 4a–c shows the tensile stress developed
in the top-plate structures with thickness of 15, 30 and
70 lm for 1.5 mm long 50 lm square column.

It can be seen from Fig. 4 that as the thickness of the
top-plate structure increases, the magnitude of tensile
stress decreases. For top-plates with a thickness of 15 and
30 lm, the tensile stress is higher than the tensile yield of
SU-8 and we predict that the top plate will either deform
permanently or eventually break. This is demonstrated
experimentally as can be seen in Fig. 4d, e. Another
interesting observation from the experimental result is
that for thin top-plate supports the structures will attach
as seen in Fig. 4d whereas if the thickness is increased
(but is still below the minimal required thickness for
structural integrity) then the structure will deform but the
top-plate still acts to prevent adhesion (see Fig. 4e). This
is suggestive that in Fig. 4d the ultimate tensile yield is
exceeded whereas in Fig. 4e we are in the plastic defor-
mation region, which is in reasonable agreement with the
simulations. For the top-plate with a thickness of 70 lm,
the tensile stresses are well below the tensile yield of SU-
8. This thickness would therefore be sufficient to prevent
pattern collapse as seen in Fig. 3d, e.

3.2 Dynamics

The capillary force arising due to the surface tension of
the drying liquid is transient; that is it is not permanent.

We modeled an extreme case whereby the capillary force
on one side of channels A and B (Fig. 3c) is instanta-
neously removed. This impulse force will cause the
microstructure to vibrate. Our simulations show that the
middle portion of the column is displaced more during
the vibration. The top-plate thickness should be de-
signed so that it does not break or deform under the
impulse load and so that it is sufficient enough to restrict
the maximum displacement during the vibration to less
then half the gap. After determining the required top-
plate thickness we used our finite element approach to
calculate the system stresses and strains as a function of
time after the application of the impulse force. We found
that the minimal top-plate thickness that was estimated
in the static case is sufficient to withstand the maximal
impulse. In this case lateral vibrations are observed as
well as vertical motion due to the column bending.
Figure 5 shows a time-series for an array of 30 lm wide
and 1 mm tall columns with 12 lm spacing and a top-
plate thickness of 135 lm. It can be seen that the
structure survives the impulse. If the top-plate thickness
is reduced sufficiently then large lateral and vertical
vibrations sufficient to cause deformation in the columns
is observed.

During the UV exposure of the top-plate structures,
which takes place after the X-ray exposure, there is a
possibility of misalignment such that the top-plate is
not exactly in the middle of the structures. This case
was also modeled to find out the effect of misalign-
ment. Figure 6a–d shows the simulation results of a
time-series analysis for an array with the same
dimensions as in Fig. 5 but without proper top-plate
alignment. Figure 7a, b show experimental examples
corresponding to the simulations in Figs. 5 and 6,
respectively. Figure 6a–d shows the displacement after
1.3, 2.9, 6 ms and an infinite time after the impulse
force, respectively. The maximum displacement was
found at 2.9 ms and is equal to 4.1 lm, much less
then half the gap. Upon relaxation, however the
column is permanently bent as seen in Figs. 6d and
7b. For the aligned case, the displacement was found
to be constant and almost negligible in the lateral
direction and this was verified experimentally (Fig. 7a).
It is seen clearly from Fig. 6 that the maximum dis-
placement occurs at the mid-height of the columns
when the top-plate is misaligned. When the top-plate
is aligned properly, the displacement is an order of
magnitude smaller than for the misaligned case
(Fig. 5). Hence, to prevent pattern collapse, the top-
plate thickness for the misaligned case would need to
be thicker then that for the aligned case.

4 Conclusions

We have extended our process work that predicted the
onset of stiction in certain densely-packed HARS and
which defined the minimal top-plate thickness required
to prevent pattern collapse. Here we have expanded on
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the finite elements analysis of stresses in the top-plate
structures and shown that the observed breaking and
plastic deformation in the structures is well modeled in
our approach. Furthermore we have investigated the
effect of transient forces and shown that, provided the
design tolerances for the static case are met, then the
structures will survive the likely maximal impulses that
should be present during the drying procedure.
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