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Diffracted moiré fringes as analysis and alignment tools for multilayer
fabrication in soft lithography
Abstract

We studied the first-order diffractedmoiré fringes of transparent multilayered structures comprised of
irregularly deformed periodic patterns. By a comparison study of the diffractedmoiré fringe pattern and
detailed microscopy of the structure, we show that the diffractedmoiré fringe can be used as a nondestructive
tool to analyze the alignment of multilayered structures. We demonstrate the alignment method for the case of
layer-by-layer microstructures using soft lithography. The alignment method yields high contrast of fringes
even when the materials being aligned have very weak contrasts. The imaging method of diffractedmoiré
fringes is a versatile visual tool for the microfabrication of transparent deformable microstructures in layer-bylayer fashion.
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We studied the first-order diffracted moiré fringes of transparent multilayered structures comprised
of irregularly deformed periodic patterns. By a comparison study of the diffracted moiré fringe
pattern and detailed microscopy of the structure, we show that the diffracted moiré fringe can be
used as a nondestructive tool to analyze the alignment of multilayered structures. We demonstrate
the alignment method for the case of layer-by-layer microstructures using soft lithography. The
alignment method yields high contrast of fringes even when the materials being aligned have very
weak contrasts. The imaging method of diffracted moiré fringes is a versatile visual tool for the
microfabrication of transparent deformable microstructures in layer-by-layer fashion. © 2005
American Institute of Physics. 关DOI: 10.1063/1.1927268兴
Soft lithography has attracted the attention of researchers
over the past few years because of its versatile capabilities
for generating patterned structures.1 The growing demand for
patterned multilayer structures2–5 will require more accurate
and reliable alignment methods for soft lithography. Since
alignment techniques are very critical in layer-by-layer fabrication of multilayered devices, various techniques based on
alignment markers are used in semiconductor processing.6,7
In soft lithography, however, elastomeric stamps and molds
replace photomasks in conventional lithography. In general,
the main drawback to using elastomeric materials, such as
poly dimethylsiloxane 共PDMS兲, is distortion by stress, due to
contraction on curing of the elastomers and contact with a
substrate. Although rigid back planes have been introduced
to elastomeric stamps to suppress the distortion,8,9 it is not
clear that they can be used for all applications. For example,
the flexibility of the mold is required to facilitate release of
transferred structures in microtransfer molding 共TM兲.10
Consequently, we need to monitor the whole sample area for
the multilayer alignment if there is substantial pattern distortion.
In this letter, we present a simple and versatile free-space
moiré fringe-based scheme for vertically integrated optically
transparent structures, for example, in the case of layer-bylayer fabrication using soft lithography. Metrologies based
on moiré fringes have been widely used as diagnostic tools
for stress-strain analysis,11,12 because of their high sensitivity
to spatial displacements. We will study the use of the zerothand the first-order diffracted moiré fringes 共zeroth- and firstDMFs兲 to visualize the alignment of multilayered threedimensional 共3D兲 grating structures. We found that DMFs
a兲
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offer a nondestructive way to obtain structural information.
Furthermore, the use of higher-order fringes can help to
clarify complex irregular moiré fringes effectively during an
alignment in 3D multilayer microfabrication.
To image moiré fringes, we used the two configurations
shown in Figs. 1共a兲 and 1共b兲 since the whole imaging area
can be placed at the same working distance. The dotted arrows in Fig. 1 represent the first-order diffraction angle for a
certain wavelength. However, the beams emerging at this
angle comprise mainly two different diffracted beams, the
zeroth-order at the lower grating and the first order at the
upper grating and vice versa. We will simply call the moiré
fringe imaged at this angle the first-DMF. A white-light
source is positioned at a selected angle, and a microscope
objective lens 共achromatic plan 4⫻, numerical aperture
= 0.17兲 with a 0.66 in. complementary metal-oxideseimiconductor camera is placed normal to the sample plane.
A circular aperture of 3 mm diameter was mounted in front
of a condenser lens to increase depth of field. The distance
between the aperture of the illuminator and the sample plane

FIG. 1. Schematic illustration of configurations for 共a兲 zeroth-DMF and 共b兲
first-DMF imaging.
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FIG. 2. 共Color兲 Moiré fringes of a four-layered grating structure monitored by 共a兲 zeroth-DMF and 共b兲 first-DMF with 共c兲 their imaging configuration. The
white dashed lines represent boundaries of color domains in the first-DMF.

tions of each layer to observe a cross section, we compared
was about 120 mm. By choosing an illumination angle as the
first-order diffraction angle of green light 共 = 550 nm兲, firstthe first-DMFs with SEM micrographs as shown in Fig. 3.
From the mapping, we can see that the dark fringes in the
order diffracted beams for most visible light can be monifirst-DMF appear when the bars in the third layer are positored with the imaging system when using gratings having a
tioned in the middle of a gap between the bars in the first
periodicity of 2.5 m.
layer. According to the calculation of Yamamoto et al.,13
We prepared a transparent four-layer polymer grating
structure on a glass substrate using TM. The bars of each
when two identical gratings are aligned in the same direcgrating layer were 1.4 m wide and 1.1 m high, and the
tion, the intensity of the first-order diffraction is minimized,
orientation of each layer was perpendicular to that of the
as phases of the gratings are opposite.13 The dark fringe in
neighboring layers. Figure 2 shows the moiré patterns of the
the first-DMF can be interpreted in a similar manner. The
four-layer grating structure using the two different configudark fringe enhances the contrast of the first-DMF and serves
rations depicted in Figs. 1共a兲 and 1共b兲. The zeroth-DMF in
as a reliable marker showing alignment information.
Fig. 2共a兲 shows more complex features than that of firstAn alignment technique for the soft lithography should
DMF in Fig. 2共b兲 since the zeroth-order beam carries all
be able to align patterns under various situations, even when
alignment information for both independent orientations of
the contrast of patterns is insufficient. For example, a transgratings without discrimination, and one period of the fringes
parent PDMS mold used in TM may carry transparent
is composed of similar subperiods. Moreover, the higher
polymers within its patterned channels. The moiré fringes
background signal due to the bright field may reduce the
become significantly fainter after the channels are filled with
signal-to-noise ratio in imaging when superimposing optia polymer to be transferred if the refractive index of the filled
cally transparent patterns.
polymer is close to that of the PDMS mold. In multilayer
In contrast, the first-DMF in Fig. 2共b兲 clearly shows the
fabrication, the recognition of the faint moiré fringes may be
moiré fringe formed by a pair of gratings in which bars are
difficult in the background of pre-existing moiré fringes from
aligned perpendicular to illumination angle. In addition to
previously stacked structures.
the selective visualization as the grating layers are aligned,
To show the feasibility of this moiré alignment scheme
the first-DMF is much more distinct than the zeroth-DMF by
based on the first-DMFs, we tried an alignment of a threevirtue of high contrast in fringe formation. This enhanced
layer grating structure on a glass substrate and a patterned
contrast is due to dark fringes, not observed in the zerothPDMS mold whose channels are filled with a polymer. The
DMF. The multicolor feature in DMFs originates mainly
experimental schemes are shown in Fig. 4共c兲. The refractive
from the dispersive nature of the gratings. This dispersive
indices of cured PDMS 共Sylgard 184, Dow Corning兲 and the
first-DMF seems effective for the visual analysis of irregular
filled polymer 共J-91, Summers Optical兲 are 1.43 共Ref. 14兲
moiré fringes. For example, the first-DMF in Fig. 2共b兲 has
and 1.55 共Ref. 15兲 in visible ranges, respectively. As a result
several color domains, and the domains coincide with the
of the filling, the contrast of the PDMS pattern, ⌬n / nPDMS, is
moiré fringe of the second and fourth grating layers as seen
significantly decreased from 30% to 7%, where nPDMS and
in Fig. 2共a兲. By this correlation, we can get the information
⌬n are the refractive index of cured PDMS and the differof the other orientation without deteriorating the contrast of
ence of the indices of PDMS and filled material, respectively.
the first-DMF of the first and third grating layers. Note that
several straight lines in both optical images in Fig. 2 are
defect sites where some pattern bars are missing from errors
in fabrication. Since these linear defects show the actual orientation of the grating structures in the DMFs, we can see
that the orientation of the irregular moiré fringe is altered
dramatically, while the orientation of actual bars did not
change much.
Knowing the correspondence between a multilayer structure and its moiré fringes allows us to develop a simple nondestructive evaluation method. We performed a comparison
FIG. 3. 共Color兲 Mapping of first-DMFs, generated by the first and third
mapping study between the moiré fringes and the real struclayer of a four-layered grating structure, to their corresponding SEM microture based on scanning electron microscopy 共SEM兲. After
graphs
is shown.
first and third layers, and the second and fourth
layers to IP:
This article is copyrighted as indicated in the article. Reuse of AIP content is subject
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FIG. 4. 共Color兲 共a兲 zeroth-DMF and
共b兲 first-DMF in alignment are shown
with 共c兲 their imaging configuration.
The solid and dashed lines are inserted
in both images along preformed and
newly formed fringes, respectively.

First, the upper three-layer structure was focused, and
then the lower polymer-filled PDMS was raised to the upper
structure. In the case of the first-DMF, the angle of illumination was perpendicular only to the orientation of the second
layer and the PDMS mold to suppress the moiré fringe from
the first and third layers. The images of both zeroth- and
first-DMFs are shown in Figs. 4共a兲 and 4共b兲, respectively,
when the PDMS mold was apart from the three-layer structure about 50 m. Although the absolute brightness of the
zeroth-DMF is higher than first-DMF’s, the brightness, not
contrast, was adjusted to have a similar level automatically.
The first-DMF was clearly visible at a separation from
around 300 m and the contrast increased as the separation
decreases. The large proximity gap gives sufficient room for
relative movement for sample alignment before contact. As
shown in Fig. 4共a兲, the preformed moiré fringe by the first
and third layer is more distinct than that of the newly formed
moiré fringe by the second layer and the polymer-filled
PDMS mold. The faintness is because of the low contrast of
the pattern on the PDMS mold due to the polymer filling and
the PDMS mold not being in exact focus. Under the same
conditions, the faint fringe in Fig. 4共a兲 became significantly
clearer in the first-DMF shown in Fig. 4共b兲 and comparable
to the preformed moiré fringe. Although the preformed moiré
was not suppressed entirely, the enhanced contrast facilitates
alignment in layer-by-layer fabrication.
In conclusion, we demonstrated a visual alignment system for layer-by-layer microfabrication based on diffracted
moiré fringes with white light. The comparison study between the moiré pattern and SEM cross section micrograms
demonstrated that DMFs can be used as a noninvasive optical inspection tool for obtaining structural information of
multilayer samples. The imaging of first-DMF has a number
of attractive features for analysis and alignment of multilayer
microstructures: Selective imaging depending on aligned orientation; enhanced contrast of moiré fringes; availability of a
visual inspection of alignment status; and simplicity in the

multilayer alignment even under low contrast of patterns.
With these advantages, the imaging method of the first-DMF
should be applicable for 3D fabrication of microstructures
using soft lithography, as an inspection and alignment tool
even when moiré patterns are extremely complex.
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