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ABSTRACT

Accurate multi-level overlay capability for nanoimprint lithography (NIL) is essential to integrated circuit manufacturing and other multilayer

imprint applications. Using the “beat” grating image (Moire  ~ fringe) generated by overlaying two sets of gratings that have slightly different
periods, we obtained an alignment signal with a sensitivity better than 10 nm in nanoimprint lithography. The alignment signal is, as expected,
independent of the size of the gap between the wafer and the imprint mold. We achieved a single-point overlay accuracy (error distribution)

of sub-20 nm between the first and second imprinted layers by using two sets of Moire " fringes. With higher precision nanopositioning stages,
better single-point alignment accuracy is expected. Furthermore, we achieved sub-150 nm alignment over an area of 1 sq in and sub-250 nm

over the entire area o fa 4 in wafer using simple low-resolution stages without temperature control or wafer —mold mismatch compensation.
With better stages, precision temperature control, and wafer ~ —mold mismatch compensation, we believe that much higher overlay alignment
accuracy over large areas (either i n a1 sq in die or a full wafer) is feasible.

Since its origination in 1995nanoimprint lithography (NIL) contact, as opposed to a projection stepper where the mask
has found its way to applications in many disciplines where and substrate are separated by lenses. For achieving high
patterning of nanostructures is needed, such as subwavelengtbverlay accuracy in proximity lithography, several novel
optics, single electron and quantum devices, molecular andtechniques have been used. Flanders and Shaitid Uchida
bioelectronics, nanomagnetic devices, and nanobio sensorset al!® used the Moitetechnique by overlapping gratings
One of the most important potential applications of NIL is with equal periods on mask and substrate and detecting the
the manufacturing of integrated circuits (ICs). The superb alignment signal by comparing the intensities of different
resolution (6 nm has been demonstréteshd potential low diffraction beams. Murnane superimposed two sets of
cost make NIL an attractive candidate for the next generation gratings with different periods on the mask and substrate,
of lithography tools for IC manufacturing nodes of 32 nm resulting in a Moifepattern whose period scales inversely
and beyond. In fact, nanoscale transistors ifrand in with the difference between the periods of the original
organic/polymeric materidlg have been fabricated using patterns®* Alignment information was derived from the
NIL technology. But for IC manufacturing, high resolution Moiré pattern. Moel et al. and Moon et al. used similar
alone is insufficient; one must achieve sub-30 nm overlay alignment mark patterns with broadband light illumina-
alignment accuracy in addition to low defect density and high tion.!5'6 A computer-based digital-image-processing tech-
throughpué nigue was used to obtain alignment information and deter-
Several works in NIL alignments have been repofigtf. mine alignment. Zhou et &l.and Chen et &f used a Fresnel
Fabrication of nanoMOSFETSs over 4 in using NIL at all zone plate on the mask to focus a light beam on a diffracting
lithography levels (four layers: active, gate, contact holes, pattern on the substrate and obtain the alignment signal from
and metal) with sub-500 nm overlay alignments has beenthe diffracted light beam. When NIL originated in 1995,
demonstrated However, for state-of-the art IC manufactur- using a Moifepattern for NIL overlay alignment was also
ing, sub-30 nm alignment accuracy is required. In projection conceived-®
steppers, this precision is achieved by dynamically detecting Overlay in NIL is different from that in proximity
the intensity of the alignment signal from alignment marks lithography. In proximity lithography, one can fix the gap
on the substrate and reticieBut it is difficult to implement between the wafer and the mask and then perform the
this method in a proximity/contact lithography system like alignment. In NIL, one needs to do alignment while bringing
NIL, where the mask and substrate are not only close to eachthe mold in contact with the resist on the wafer and imprint
other but also being moved toward each other and being ininto it. Hence, for NIL alignment, we need an accurate
method that does not depend on the gap between the mold
* Corresponding authors. E-mail: chou@princeton.edu; nli@princeton.edu. and substrate because this gap is changing from tens of
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Figure 1. (a) Schematic of alignment system setup. Broadband X misalignment (nm)

illumination is projected onto the mold/substrate, and the diffraction

from the gratings on the mold/substrate is collected by objective Figure 2. (a) SEM image of two sets of alignment marks (four
lens and imaged onto CCD through optics (not shown). (b) SEM hoxes for the first layer and a cross for the second layer). When
image of alignment marks on the substrate. Two sets of boxes aregjigned perfectly, the cross should be at the center of the four boxes
at the upper corners. Three pairs of gratings with permdsdp, ~ (distorted due to EBL proximity effect). (b) Statistics of misalign-
are at the two sides and the top. The center of the image containsment. The average misalignment is 80 nm with standard deviation
tiny boxes (inset: zoom in) that are used to check the result of |ess than 20 nm in both theandy directions.

alignment.

micrometers to zero during the imprint process and may not gratings, nor the wavelength of the illumination. This means
be uniform over the whole substrate because of substratethat we can use the Mdirfeinges for an accurate alignment
non-flatness. In this paper, we describe our alignment methodduring an imprint process without worrying about the
for NIL with a demonstrated sub-10-nm alignment sensitiv- changing gap between mold and substrate. It also means that
ity, sub-20-nm, sub-250-nm, and sub-500-nm alignment we can use white-light illumination for accurate Moire
accuracy between two layers for a single point, 1 sq in area, fringes.
and 4 in wafer area, respectively. In our experiments, the alignment marks are the grating
When two sets of gratings with slightly different periods, periodsp; = 1 um andp, = 0.95um, forming a magnifica-
p: and p,, are superimposed under illumination, a “beat” tion factor of 20. To further improve Moir&inge precision,
grating image (Moirefringe) will form because of the  we put both gratingg; andp; side by side on the substrate
obstruction of two geometric light beams. This Mdirege (shown in Figure 1b and the complementary markodnd
has a period oP = p; x p2/(p1 — p2), which is much larger  p; on the NIL mask. When the substrate and the mask
than bothp, andp,, hence magnifying of the original period overlap, two sets of Moiréinges are formed side by side
by a factor of aboup:/(p; — p2). This amplification can be  (Figure 3a), which move in opposite directions during the
used to detect a minute relative shift between the two layersmovement of the substrate relative to the mold, therefore
of gratings with accuracy in the nanometer range. Wihen  enhancing the magnification in overlay alignment accuracy
andp, have dimensions comparable to the light wavelength by another factor of 2. The alignment marks are designed
of interest, diffraction and interference have to be consideredso that the mold and substrate are aligned only when the
to derive the above relation. As depicted in Figure la, two sets of Moifefringes are aligned with each other.
incident light is diffracted by gratings; andp,, and imaged However, the alignment of Moiringes does not guarantee
by a lens, forming Moirdringes on the CCD image plane. the alignment of the mold and substrate because the"Moire
The Moirefringes are particularly well suited to NIL. A fringe repeats itself when the mold and substrate are offset
diffraction analysis shows that the periods and locations of by a base period. To eliminate the ambiguity, traditional
the Moirefringes do not depend on the gap between the two optical alignment marks of the crosses and boxes, as well
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aligning was adjusted according to the Mdirages. When
aligned, the substrate was brought closer to the mold, while
monitoring the Moifdringes carefully, adjusting the position

of the substrate when necessary. Because the vertical motion
of the substrate toward the mold often results in a lateral
shift, fine alignment has to be adjusted carefully several times
before the mold and substrate finally come into contact. Even
when the patterns on the mold are fully immerged in imprint
resist after contact, the Mdirginges and other alignment
marks are still clearly visible because the top of the alignment
pattern on our mold is coated with opaque chromium and
SiNy, the material composing the mold pattern itself, has a
reddish tint under optical microscope. After curing the resist,
the mold and substrate were separated. The alignment result
was checked by optical and scanning electron microscopy.

In testing the overlay accuracy, we tested alignment
accuracy at a single point first and then between two points
over a certain field size. The alignment accuracy at a single
point is a direct measurement of the alignment method and
the accuracy of the stages, whereas the alignment accuracy
of two points includes the additional effects of temperature

nonuniformity, thermal expansion difference between the
| ) ol ) substrate and the mold, and the mismatch of the mask and
side. (b) Spatial frequency spectrum of the Mdiiege. The main

peak around 2@m is the peak for Moirdringe. The double peaks substrate pattem?' .
around 1um are the two base gratings. (c) Spatial phase as a The overlay alignment accuracy was judged by SEM
function of location. The standard deviation at each side is less measurements of the alignment of the cross and the box

than 7 nm. marks (Figure 1b inset). For a perfect alignment, the cross

as verniers, are put on the substrate and the mask beside thghould be located at the center of the four boxes. A
grating marks. The combination of these alignment marks misalignment was characterized by the distance from the
ensures a unique position for alignment of the mask and theCenter of the boxes to the center of the cross. Figure 2a shows
substrate. Furthermore, additional fine verniers and cross/a typical image of the cross mark and box mark (note the
box marks with dimensions of 50 nm are put alongside the distortion of the four boxes due to the proximity effect of
alignment marks (Figure 1b inset), serving as the check €lectron beam lithography (EBL) that created the marks).
marks for SEM evaluation of the precision of alignment The average misalignment for a single point (Figure 2b) is
accuracy after an imprint is done. These tiny patterns are 80 nm. The standard deviatiom)(of the misalignment is
barely visible with an optical microscope during alignment. Pelow 20 nm in both thex andy directions. The relatively
The substrates used are silicon or fused silica with a 20 nmlarge average misalignment (80 nm) was a systematic error
chrome pattern. The mask material is fused silica coated with due to the relative pattern placement error of the molds used
100-nm-thick silicon nitride (Sily. The topographical pattern ~ for the two layers of lithography, which can be readily
is etched in the SiNlayer. The top of the SiNpattern is corrected by more precisely fabricated molds. Although

coated with a 10-nm-thick layer of chrome. This chrome reducing the pattern placement error in multilayer lithography
layer is used as a SiNetching mask and also helps to Masksis critical to reduce the alignment error and numerous

increase optical contract during alignment. works has addressed it, we focus on the study of issues in
The experiment was carried out with a commercial mask alignment for a given set of masks, rather than improvement
aligner that has simple manual stages. An optical microscope©f the mask accuracy itself. The 20 nm distribution is the
with maximum magnification of 2@ (NA = 0.40) and CCD  real uncertainty in our alignment method.
cameras were used to capture the images of both coarse The 20 nm alignment uncertainty comes mainly from our
alignment marks and the Méimattern. Broadband illumina-  stage accuracy because our Maiietection system allows
tion was brought to alignment marks through objective lensesus to see 7 nm misalignment, as discussed below. In our
by optical fiber from the lamp housing. Alignment was done setup, although the human eye can detect, for example, 1/10
by hand/eye coordination of the aligner operator. An imprint of the Moire fringe period due to misalignment, which
resist with a thickness of 80120 nm was spin coated on corresponds to 1/20 of base grating period, namely, about
the substrate. During alignment and imprint, the aligner first 50 nm, computer-aided image processing offers much better
closed the gap between the mold and substrate to about 2Gensitivity on detecting misalignment. Figure 3a is the optical
um. A coarse alignment was performed using the cross/boxespicture of an actual Moir&inge formed after imprint. Figure
and vernier pattern, to better thanufin accuracy. Then the  3b and c are its Fourier transforms. The difference in spatial
gap between mold and substrate was further reduced belowphase of the two sides reflects the fact that the two sets of
10 um, where Moifefringes became clearly visible. Fine Moiré fringe are not aligned. As shown, the noise level

Figure 3. (a) Optical image of two sets of Mdiringe side by
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the substrate, local temperature variation, and local variation

a . .
) ; of stress (hence related distortions) on the mask or the
alignment error . . L. .
substrate during imprinting. The factors must be dealt with
200nm care in the manufacturing with good alignment needs.
In conclusion, a broadband illumination Moifenge-
1 > 3 based mole-substrate aligning scheme demonstrated a
- sensitivity better than 7 nm. The alignment signal does not
i depend on the gap between mold and substrate and remains
\4 5 6 measurable throughout and after the whole imprint process.
With this method, we achieved an accuracy of 20 nm for
> 2 3 single point alignment, sub-150 nm alignment#&ol inarea
3 3t subsiate e walse _dle, and stu,b-_250 nm for a full 4 in wafer. The hlgh se_n_sm\_nty
in the Moirefringe can also be used to help the identification
b) and correction of the alignment errors caused by pattern
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