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a  b  s  t  r  a  c  t

A  3D  model  is  set  up  to  simulate  the exposure  process  of  inclined/rotated  UV  lithography  for  negative
SU-8  resists.  The  formation  of  inclined  resist  pillars  and  microstructures  with  truncated  cone  shapes  is
simulated  based  on a 3D  exposure  model  in  combination  with  a post  exposure  bake  model  for  chemically
eywords:
V lithography

nclined and rotated exposure
D simulation

amplified  resists  and  the  Mack  development  model.  As one  of  the  interesting  applications  employing  this
promising  lithography  technique  for MEMS  fabrication,  a  solid  microneedle  for drug  delivery  is  simulated.

© 2011 Elsevier GmbH. All rights reserved.
icroneedles

. Introduction

Even though the feature sizes in projection lithography are con-
inuing to decrease with the forthcoming resolution enhancement
echniques, the conventional contact/proximity UV lithography
till plays an important role in the fabrication of various microstruc-
ures for micro-electromechanical systems (MEMS) due to their
xcellent performance and low processing cost. In 1994, the
nclined UV lithography [1] was invented to fabricate complex
D structures by slanting or rotating the mask and wafer sys-
em against the exposure light. Since then, the inclined/rotated
V lithography has been extensively developed and used for mak-

ng many 3D structures with SU-8 thick resist [2–4], such as
icrochannels, out-of-plane microlenses and plano-convex lenses.
owever, until now there is little work [5] on simulations of the

nclined/rotated UV lithography (esp. in the 3D case). Such work
ould greatly help lithographers to understand the underlying
hysical processes and to find new applications.

In this paper, a 3D model is set up to simulate the exposure
rocess of the inclined/rotated UV lithography. Some nonlinear
roperties of thick resists such as light diffraction in the resist
nd the resist bleaching effect are included in the model. Two
ypical resist profiles, obtained by the inclined/rotated exposure

echnique, are simulated using this model in combination with

 post exposure bake model for the negative-tone chemically
mplified resist (CAR) and the Mack development model. As one of

∗ Corresponding author. Tel.: +49 091 3176 1266; fax: +49 091 3176 1212.
E-mail address: shijieliu@siom.ac.cn (S. Liu).

030-4026/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
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the interesting applications of the inclined/rotated UV  lithography,
a solid microneedle for drug delivery [6] is simulated. The impact
of the exposure angle as the most flexible process parameter on the
tapering angle of microneedles is analyzed.

2. Theory

The setup of 3D inclined/rotated UV lithography is illustrated
in Fig. 1. The mask and resist coated wafer system is exposed by
UV light at the incidence angle of � in order to fabricate oblique
microstructures like inclined pillars. The mask and wafer system
can also be treated by several inclined exposures at different inci-
dence angles. By using this so called multiple inclined exposures,
many interesting inclined microstructures for MEMS  applications
have been fabricated [2].  More complicated microstructures with
truncated cone shapes can be obtained by rotating the mask
and wafer system against the inclined exposure light during the
exposure process. The rotation speed is specified by the angular
frequency ω, which is defined by the change in azimuth angle  
per second.

To simulate the exposure process of inclined/rotated UV lithog-
raphy, the computation of the light intensity in the resist is the
first important step. The intensity distribution below the mask is
determined by light diffraction at the mask, reflection and refrac-
tion at the air-resist boundary, and reflection at the resist-wafer
boundary. Since the feature size of the mask for MEMS  application

is much larger than the wavelength of the exposure light, the light
field behind the mask in the air gap can be well simulated with
sufficient accuracy based on scalar diffraction methods. The fur-
ther propagation of the light in the resist can be calculated by the

dx.doi.org/10.1016/j.ijleo.2011.07.007
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:shijieliu@siom.ac.cn
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Table 1
SU-8 resist simulation parameters.

Parameters Values

Initial thickness 5 �m
Refractive index nbleached = nunbleached = 1.6
Dill parameters A = −0.01 �m−1, B = 0.3 �m−1, C = 0.01 cm2/mJ
PEB parameters Deprotection rate = 0.35 s−1, acid

neutralization rate = 5 × 108 s−1,  acid diffusion

If the mask and wafer system is rotated against the inclined
exposure light during the exposure process, resist profiles with
truncated cone shapes can be obtained by overlapping the exposure
steps at different azimuthal angles. When the angular frequency
Fig. 1. Schematic diagram of the inclined/rotated UV lithography setup.

requency domain formulation of scalar diffraction theory with the
elp of the transfer matrix method, which assumes that the resist

s consisting of homogeneous horizontal layers. Finally, one inverse
ast Fourier transform step is required to obtain the spatial distribu-
ion of the diffraction field in the resist. This calculation method is
emonstrated to have fast computation speed with relatively high
ccuracy [7].

The SU-8 resist is a very popular CAR material to record the bulk
mage created by the intensity distribution of the diffracted light in

EMS  fabrication. Acid is produced in the exposed region during a
hotochemical reaction process between resist and photons, which
an be modeled by the Dill exposure model [8].

∂m(x, y, z, t)
∂t

= −CI(x, y, z, t)m(x, y, z, t) (1)

(x, y, z, t) = m(x, y, z, 0) − m(x, y, z, t) (2)

(z, t) = (nunbleached − nbleached)maver(z, t) + nbleached (3)

(z, t) = Amaver(z, t) + B

4�
� (4)

ere m(x,y,z,t) is the relative photoacid generator (PAG) concentra-
ion in the resist. I(x,y,z,t) and h(x,y,z,t) are the light intensity and
he relative acid concentration in the resist, respectively. n(z,t) and
(z,t) are the horizontal average values of the resist refractive index
nd extinction coefficient at depth position z, respectively. They are
ssumed to be linearly dependent on the horizontal average rela-
ive PAG concentration maver(z,t). A, B and C are Dill parameters.

 is the wavelength of the exposure light. nunbleached and nbleached
re the refractive index of the resist before exposure and after fully
xposure, respectively.

Eqs. (1)–(4) describe the exposure process including the bleach-
ng effect inside the resist independent of an eventual inclination or
otation. The PAG concentration and the light intensity in the resist
re coupled during the exposure process. They are solved with the
nitial condition of m(x,y,z,0) = 1.0 and a quasi-static approximation
f 1 s time interval. The equations are also applicable to a multiple
nclined exposure process and an inclined and rotated exposure
rocess. When either the incident angle � in multiple exposures or
he azimuth angle   in inclined and rotated exposure is changed,
he relative PAG concentration resulting from the previous expo-
ure will be used as the new initial value to calculate the optical
onstants of resist, the light intensity and the relative acid con-
entration inside the resist. The output of the simulation is the

elative acid distribution inside the resist. Finally, the 3D resist pro-
les are simulated using a post exposure bake (PEB) model for the
egative-tone CAR in combination with the Mack development
odel, which uses the relative acid concentration as the input
length = 0.073 �m
Mack parameters Rmin = 0.08 nm/s, Rmax = 248 nm/s, mth = 0.33,

n = 19.8

data. The detailed descriptions of the PEB model for CAR and the
Mack development model can be found in references [9,10].  These
methods have been implemented in the research and development
lithography simulator DrLiTHO [11].

3. Simulation results

A mask with a 4 �m × 4 �m contact hole is used in the simula-
tions. The exposure is performed by 365-nm UV light in air ambient.
The other simulation parameters for SU-8 resist [12] are listed in
Table 1. Two kinds of microstructures are simulated in the follow-
ing sections: inclined resist pillars based on the inclined exposure
technique, and truncated cone shaped profiles based on the inclined
and rotated exposure technique.

The variation of the exposure angle � is expected to create
inclined resist pillars with different slanted angles with respect to
the z-direction. An exposure angle of 40◦ yields an inclined resist
pillar as shown in Fig. 2, where the contact exposure method is used
and the exposure dose is 65 mJ/cm2. The bottom CD of the inclined
resist profile, defined as the cross section of the 3D resist profile in
the xz plane at y = 0, is 3.46 �m.  The slanted angle of the resist profile
as shown in Fig. 2 with respect to the z-direction is 31.3◦. Accord-
ing to Snell’s law, the theoretical slanted angle for � = 40◦ should be
23.7◦. The deviation mainly results from the Fresnel diffraction of
the mask image and the light absorption in the thick film resist. Nev-
ertheless, through predicting the slanted angle with the established
models, desirable inclined pillars can be easily obtained.
Fig. 2. Inclined pillars exposed at � = 40◦ .
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ig. 3. Resist profile with truncated cone shape by the inclined and rotated exposure
ethod.

 is 10◦/s, a truncated resist profile with a smooth cone shape is
btained as shown in Fig. 3. In this simulation the exposure angle �
as 40◦ and the exposure dose was 3600 mJ/cm2. Discretization of

he azimuthal angle has to be done in the simulation process. The
iscretization is dependent on the angular frequency. Therefore,
ifferent angular frequencies will result in some variations of the
one shaped profile with the same exposure dose. However, our
imulation results show that the bottom CD and the tapering angle
ith respect to the z-direction of the truncated cone shaped pro-
les show little changes when the angular frequency is increased

rom 10◦/s to 80◦/s in steps of 10◦/s, as shown in Fig. 4.

. Application to microneedles design

Microneedles have been an attractive topic in the MEMS  field.
hey can pierce through the outmost layer of the skin either to
eliver drugs or to extract bio-liquid from the human body with-
ut pain. Polymer microneedles fabricated by UV lithography [13]
ave the advantages of low cost, low weight and bio-compatibility.

 larger base of the polymer microneedle is required in order to
mprove its mechanical robustness. Therefore, a good microneedle
hould have a tapered microstructure with a smaller head and a
arger bottom. To get this kind of resist profiles with negative SU-8

esists, Huang and Fu proposed to expose the resist from the back
ide of the wafer (so called backside exposure method [13]). But
nly a transparent substrate can be used in this method. Here, the

ig. 4. CD and tapering angle of truncated cone shaped resist profiles as functions
f  angular frequency.
Fig. 5. Solid microneedle designed by the inclined and rotated exposure method.

inclined and rotated exposure method is applied to design SU-8
resist microneedles with no limitation on substrate material.

Fig. 5 shows a simulated design of a solid microneedle of SU-
8 resist by the inclined and rotated exposure method. A mask of
4 �m × 4 �m contact hole is used. The exposure is performed by
365-nm UV light in liquid ambient with a refractive index of 1.45.
The exposure angle � and the angular frequency ω are 20◦ and
10◦/s, respectively. The obtained resist microneedle has a top CD
of 4.93 �m,  a bottom CD of 6.74 �m,  and a tapering angle of 5.3◦

with respect to the z-direction. The tapering angle as the most
critical parameter of microneedles is usually controlled by adjust-
ing the threshold exposure dose to initiate the SU-8 cross-linking
in the backside exposure method. A more flexible method in the
inclined and rotated UV lithography is to vary the exposure angle.
The impact of the exposure angle on the tapering angle and CD of
microneedles is shown in Fig. 6. As it can be seen, a big range of
tapering angles can be obtained with this new method. The linear
relationship also indicates that the exposure angle is a critical pro-

cess parameter to control both the tapering angle and the CD of
microneedles.

Fig. 6. Tapering angle and CD of resist microneedle as functions of exposure angle.
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. Summary

A 3D exposure model for the inclined/rotated UV lithography
s described for SU-8 thick resists in this paper. The forma-
ion of two kinds of 3D microstructures is simulated based
n the exposure model in combination with a PEB model for
hemically amplified resist. The incidence angle, the exposure
ose and the angular frequency in rotation exposure process
re important process parameters to affect the shapes of the
icrostructures with this lithography technique. As one of the

nteresting applications of this promising lithography technique
or MEMS  fabrication, a solid microneedle is designed by using
his technique. It is found that the exposure angle is an excel-
ent process parameter to control the tapering angle as the

ost critical parameters of microneedles. Compared to the
ackside exposure method commonly used to fabricate micronee-
les, the inclined/rotated UV lithography has no limitations on
ubstrate materials and more flexibility of tapering angle con-
rol.
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