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Abstract: Modern high-throughput nanopatterning techniques, such as nanoimprint lithography,
make it possible to fabricate arrays of nanostructures (features with dimensions of 10’s to 100’s
of nm) over large area substrates (cm2 to m? scale) such as Si wafers, glass sheets, and flexible
roll-to-roll webs. The ability to make such large-area nanostructure arrays (LNAs) has created
an extensive design space, enabling a wide array of applications including optical devices,
such as wire-grid polarizers, transparent conductors, color filters, and anti-reflection surfaces,
and building blocks for electronic components, such as ultracapacitors, sensors, and memory
storage architectures. However, existing metrology methods will have trouble scaling alongside
fabrication methods. Scanning electron microscopy (SEM) and atomic force microscopy (AFM),
for instance, have micron scale fields of view (FOV) that preclude comprehensive characterization
of LNAs, which may be manufactured at m? per minute rates. Scatterometry approaches
have larger FOVs (typically 100’s of pm to a few mm), but traditional scatterometry systems
measure samples one point at a time, which also makes them too slow for large-scale LNA
manufacturing. In this work, we demonstrate parallelization of the traditional spectroscopic
scatterometry approach using hyperspectral imaging, increasing the throughput of the technique
by a factor of 10°-107. We demonstrate this approach by using hyperspectral imaging and inverse
modeling of reflectance spectra to derive 3-dimensional geometric data for Si nanopillar array
structures over both mm and cm-scale with um-scale spatial resolution. This work suggests that
geometric measurements for a variety of LNAs can be performed with the potential for high
speed over large areas which may be critical for future LNA manufacturing.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Modern high-throughput nanopatterning techniques such as nanoimprint lithography [1] make
it possible to fabricate arrays of nanostructures (features with dimensions of 10’s to 100’s of
nm) over large area substrates (cm? to m? scale) such as Si wafers, glass sheets, and flexible
roll-to-roll webs. The ability to make such large-area nanostructure arrays (LNAs), has created
an extensive design space enabling a wide array of applications. For instance, LNAs exhibit
nanophotonic properties enabling optical devices such as wire-grid polarizers (WGPs) [2],
transparent conducting metal mesh grids (MMGs) [3-5], color filters [6—8], perfect mirrors
[9], and anti-reflection surfaces [10—14]. LNAs can also be utilized for increasing surface area
as well as generally creating large arrays of discrete features to be utilized as building blocks
for electronic components in memory storage devices [15—17], sensors, and microprocessors.
Si nanopillar/nanowire arrays, for instance, are being researched for a variety of applications
including gas sensing [18-20], optical sensing [21-23], battery technology [24], ultracapacitors
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[25,26], memory [15—17], as well as color filtering for printing [6,8], displays, and imaging
devices [23].

With increasing deployment of nanofabrication methods for high-volume manufacturing of
LNAs for these applications, there is an accompanying need for high throughput nanoscale
metrology. Unfortunately, current metrology methods are not directly suited for scaling to very
high manufacturing throughput. Historically, particularly in the semiconductor industry, the
primary metrology approach for all things micro — and eventually nano — has been microscopy.
Techniques like scanning electron microscopy (SEM) and atomic force microscopy (AFM) have
been used extensively. However, microscopy approaches don’t apply well to LNAs, because their
throughput is extremely low due to their limited fields of view (FOVs) which are micron-scale.
Furthermore, 3-dimensional SEM measurements often require sample destruction — such as in
the case of cross-sectional SEM — which makes it ineffective for quality inspection of outgoing
products.

Scatterometry is an optical metrology technique used extensively by the semiconductor industry
that allows for non-destructive geometric characterization at relatively fast speeds and large
areas compared to microscopy approaches [27,28]. Scatterometry measures angle (angular)
or wavelength (spectroscopic) resolved reflectance or transmittance from nanostructure arrays,
typically with a spot size of 100’s of um to a few mm, and infers the average local geometry of the
features through inverse modeling of the features’ optical behavior using numerical simulation
methods like rigorous coupled wave analysis (RCWA) or finite difference time domain (FDTD).
Compared to microscopy, the FOV of scatterometry is relatively large, however, the spot size is
still very small compared to the potentially m? areas of LNAs, and since traditional scatterometry
systems are limited to measuring in a serial point-to-point fashion, they would still be very slow
in this context.

Traditional scatterometry techniques can be parallelized using imaging methods [29-31]
which can dramatically increase their measurement throughput. Spectroscopic scatterometry
can be readily extended to imaging using existing hyperspectral imaging approaches. Angular
scatterometry can be performed in an imaging fashion as well, although there are fundamental
limitations with oblique imaging. Some of these can be mitigated - for instance, focusing
issues can be solved using Scheimpflug imaging [29] - but the image pixels will inherently
become increasingly rectangular as the angle increases. For these reasons, it may be preferred
to use the spectroscopic approach when imaging scatterometry is desired. However, angular
scatterometry may be fundamentally preferred in situations when structure reflectance has
considerably more sensitivity to angle than to wavelength, or when accurate material data across
arange of wavelengths is not available. Regardless, hyperspectral imaging allows for relatively
seamless extension of the spectroscopic approach, and in the context of well-characterized
materials like Si, the approach is very attractive due to the advantages of imaging.

In this work, we demonstrate that imaging spectroscopic scatterometry applied to arrays of Si
nanopillars enables feature geometry at the nanoscale to be determined over mm and cm-scale
areas with um-scale spatial resolution. The highly parallel nature of imaging implies significant
throughput advantages and we show how the spatially resolved measurement can reveal subtle
geometric variations that would otherwise be missed with traditional point measurements.

2. Methods
2.1. Experimental setup

The wafer scale hyperspectral imaging system for reflective measurements used here is shown in
Fig. 1(a). The system uses a Tunable Light Source from Newport (model# TLS-300X) which
directs light from a xenon arc lamp through a monochromator, producing a beam of light which
is tunable to different spectral bands in the visible spectrum and beyond. The beam is collimated
by an achromatic doublet lens and then split by a beamsplitter. One half of the beam is directed
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downwards towards reflective samples which rest on a flat stage. Having a collimated beam
incident on the sample allows for large FOV and also creates a situation which is very similar to
the plane wave approximation used in the FDTD reflectance simulations. The collimated beam is
reflected from the sample, passes again through the beamsplitter, and enters a telecentric lens
attached to a 5S-megapixel monochromatic CMOS camera from FLIR (#CM3-U3-50S5M). Lens
telecentricity assures uniform angular collection over the entire field of view. The system uses
either a 0.367X lens (Edmund Optics #88-602) or a 3X lens (Edmund Optics #63-738) which
produce FOVs of 19 X 23 mm and 2.4 X 2.8 mm respectively and pixel sizes of 9.4 ym and 1.2
um respectively. The actual spatial resolution of the system is ~2-3 times larger than the pixel
size for either lens.
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Fig. 1. (a) Wafer scale hyperspectral imaging system for reflective measurements with beam
path indicated by the yellow arrows. (b) Conceptual illustration of hyperspectral reflectance
image.

Typically, images are taken across the 400 to 700 nm wavelength range in steps of 5 nm (each
having spectral bandwidth of 8 nm) producing 61 different images. The raw image intensities of
the sample are calibrated using corresponding images of a reference bare Si wafer, producing
reflectance images, whose values are scaled from O to 1, at each spectral band. Alternatively, the
dataset can be thought of as being an image in which there is a reflectance spectrum located at
every pixel. A conceptual illustration of the hyperspectral reflectance image is shown in Fig. 1(b).

2.2. Sample fabrication

In this work, Si nanopillar arrays are fabricated using the process flow shown schematically in
Fig. 2. The first sequence in the process flow is nanoimprint patterning performed using jet and
flash imprint lithography (JFIL) [1] in which the features are defined in an imprint resist mask.
Once the imprint process has been completed, a “descum” reactive ion etch (RIE) process (O2
and Ar) is performed to remove the thin layer of resist, called the residual layer thickness (RLT),
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that remains between the features, exposing the underlying SiO, hardmask. After the descum
etch, the pattern is transferred to an SiO, hardmask using an RIE process (CFy4, Ar, and CHF3).
Finally, the pattern is transferred into the c-Si substrate using another RIE process (HBr and Cl,).
During the RIE steps, a significant sidewall angle is imparted to the features, and thus the final
Si features typically have a truncated cone shape. Note that any remaining hardmask and/or
resist mask on the pillars after the Si etch is removed using subsequent piranha and HF cleaning
processes.
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Fig. 2. Exemplar nanomanufacturing process flow enabled by Jet and Flash Imprint
Lithography (JFIL) [1] and plasma etching.
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The template used here imprints pillars that have a nominal feature diameter of 130 nm and
200 nm pitch. The pillar arrays are arranged into 1 X 1 mm squares which are distributed around
the template. The groups of 1 X 1 mm squares can be seen in images of the sample throughout
the paper. In between the patterned squares are regions typically referred to as “streets” which
contain bare Si and occasionally alignment markers.

3. Results and discussion

3.1.  Forward modeling and validation

To demonstrate imaging spectroscopic scatterometry, we apply the technique to a sample of Si
nanopillar arrays that we have fabricated (see Section 2). The cross-section SEM images in
Fig. 3(b) show the general shape of the structure. We choose to use such a simple structure
to keep the generation of the scatterometry library as computationally tractable as possible. A
forward model is developed for this structure using Lumerical FDTD with the following geometric
parameters: Top diameter (D), height (H), sidewall angle (8), and native oxide thickness (N.O.)
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as shown in Fig. 3(c). In actuality, the structure appears to be slightly more complex due to
the varying sidewall angle seen in the SEM images, but the simplified model presented here is
sufficient to capture key aspects of the reflectance spectra and their dependence on the structure

of the Si pillars.
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Fig. 3. Si nanopillar forward model validation. (a) RGB image of a nanopillar array sample
showing locations of the two cross-section SEM images shown in (b) (scale bar = 1 mm).
Note that the photo is not of the cleaved sample itself but is just cropped to show the cleave
location. (b) Representative cross-section SEM images corresponding to the points 1 and 2
from (a) (scale bars =400 nm). (c) Schematic of the nanopillar geometric model showing
the various geometric parameters. (d) Plot of simulated reflectance spectra (red) based on
the SEM measurements and experimentally measured spectra (blue) with red-shift between
experiment and simulation indicated. (e) Plots of reflectance spectra taken at the points 1
and 2 from (a) showing good match between experimental (blue) and simulated spectra (red)
based on the SEM measurements with a native oxide thickness of 5 nm.

The forward model is validated by comparing simulated reflectance spectra based on measured
geometries from cross-section SEM images taken on the cleaved portion the sample shown
in Fig. 3(a) to experimentally measured spectra from the same locations. We chose to take
these measurements near an exclusion zone caused by particle contamination during the imprint
process to take advantage of the fact that a range of geometries typically exists near the edge of
this type of defect, thus providing more thorough validation. As discussed in Ref. [32], a particle
causes a transient region where the RLT is thicker resulting in thicker features (in the area of
point 2) around the exclusion zone. Representative cross-section SEM images are taken at the
points 1 and 2 as shown in Figs. 3(a) and 3(b).

We found that a native oxide layer needed to be added to the model since simulated spectra
based on cross-section SEM measurements of the dimensions D, H, and 6 yield spectra that are
consistently red-shifted from the experimental spectra that are measured by the spectral imaging
system as shown in Fig. 3(d). Based on our previous experience [8], we understood that the
red-shift was due to the presence of a low index layer comprised of native oxide and/or surface
roughness caused by etch damage on the outside of the pillars, creating a core-shell structure.
The core-shell structure is not directly observable in the SEM, and only the total diameter can be
measured. Thus, the measured diameter is somewhat larger than the actual diameter of the Si
core which is what dominates the light interaction. To account for this, we add a native oxide
layer to the simulation. A native oxide thickness of 5 nm was found to produce a good match
between simulation and experimental spectra based on the two measured points as shown in
Fig. 3(e).
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3.2. Inverse modeling and application

Having validated the forward model, a library of simulated spectra is then generated. In order
to keep the computation of the library manageable, the model is simplified by removing the
low index layer from the simulation. This removes the ability to determine the thickness of
the low index shell (assumes it is zero) but remains effective for determining the dimensions
of the Si core of the structure. As stated, the Si core dominates the light interaction, such that
for a given Si core geometry, adding a thin low index layer on top of it has little effect. Our
library is generated based on the following parameter ranges: D: 100-190 nm in steps of 3 nm,
H: 150-230 nm in steps of 5 nm, and 8: 80-89° in steps of 1° resulting in a library with 5270
simulated spectra. This geometric range is chosen based on the expected range of geometries
on the sample. Once the library is generated, it is used to inversely determine the unknown
geometry on a sample of Si nanopillar arrays, knowing the measured reflection across the visible
spectrum. The sample, shown in Fig. 4(a), undergoes hyperspectral reflectance imaging and then
each of the millions of spectra from the experimental dataset are compared across the entire
library to find the best match — the one that produces the lowest root mean square error (RMSE)
between simulated and experimental spectra. The geometric parameters corresponding to these
best-matching simulations are then taken as the local geometric parameters of the array in each
pixel location in the image. The three geometric parameters are plotted in colormaps over the
sample as shown in Figs. 4(b)—4(d). Only the square regions containing the pattern are analyzed
using scatterometry. Un-patterned regions, like bare Si and the “streets” in between the squares,
are masked out of the analysis and indicated by the darker gray color in the colormap. Areas
within the patterned regions with an RGB color similar to that of Si are assumed to be Si and
left out of the scatterometry analysis and indicated by a lighter gray color. Areas that do not
produce a low enough RMSE value to be considered a good match are indicated by the color
black. The maximum threshold for a good RMSE is set at 0.03. The RGB image is obtained
via transformation of the hyperspectral reflectance image using the CIE 1931 color matching
functions [33].

The imaging measurement reveals changes in the various geometric parameters of the array
over the sample. For instance, the diameter colormap shown in Fig. 4(b) indicates that the
diameter increases significantly as the pattern edges are approached. This diameter increase
occurs because of increased imprint RLT near the edges of the pattern, which causes the features
in these regions to be larger as a consequence of resist feature shrinkage in areas with thinner RLT
during the descum etch. As expected, we also see this diameter increase around the perimeter of
exclusion zones in the pattern which were caused by particle contamination during imprinting.
At the edges of these particle exclusion zones, the RLT is thicker as a consequence of a particle
having raised the template away from the substrate [32]. We also observe that the sidewall angle
increases in tandem with the top diameter near the edges of the patterned area and the edges of
the particle zones. In some instances, near the top of the pattern, the height increases in tandem
with the diameter as well which, based on the typical behavior of the fabrication process flow, is
unexpected behavior, although in most areas of the sample the height seems uncorrelated with the
diameter variations. This is expected, since diameter variations usually occur due to lithographic
issues like RLT variations, which don’t affect etch depth except for the case when the RLT is so
thick as to delay the etch processes that follow the lithographic step, but this sample does not
appear to have experienced much etch delay except for at the very edges of the particle zones.

To provide further validation for the scatterometry results, we obtained cross-section SEM
images of the cleaved portion of the sample near the edge of the particle exclusion zone as
shown in Fig. 5(a). For this experiment, we take SEM measurements starting at the left edge of
the square to the left of the exclusion zone and proceed in 50 pm increments towards the right,
approaching the particle exclusion zone. In total, 11 SEM measurements were taken, some of
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Fig. 4. Scatterometry results for full wafer of Si nanopillar arrays. (a) RGB image of a
sample of Si nanopillar arrays. (b) Colormap of scatterometry measured top diameter (D). (c)
Colormap of scatterometry measured height (H). (d) Colormap of scatterometry measured
sidewall angle (). Scale bars are all 5 mm. Each of the colormaps has 3 colors dedicated to
results that belong to areas that were masked out of the analysis (“m”), areas that did not
produce an acceptable match (“x”), and areas that were determined to be bare Si (“'s”).

which are shown in Fig. 5(c), for a distance of 500 um covering the area shown by the yellow
bracket in Fig. 5(b).

Comparisons of the SEM measurements and the scatterometry results are shown in Fig. 5(d).
The diameters of both the SEM and scatterometry measurements increase in tandem as the edge
of the particle exclusion zone is approached, and the quantitative agreement between them is
excellent. The SEM diameter is slightly larger than the scatterometry value at all points, but the
difference between the two datasets is ~10 nm in diameter which corresponds to the native oxide
thickness of 5 nm (radius) that produces a good match to the experimental spectra demonstrating
that the 5 nm native oxide assumption works well across a range of top diameter values. The
height and sidewall angle values are very similar between SEM and scatterometry. Unlike the
diameter, the height should be the same for SEM and scatterometry, because the low index layer
should exist equally on the trench floor between the features and on the tops of the features. The
sidewall angle measurements should also be unaffected by the low index layer. Interestingly, both
systems measure a slight increase in the sidewall angle as the particle zone is approached. It’s
possible that the etch naturally produces a directly proportional relationship between diameter
and sidewall angle, at least for these features and this range of geometric values. Overall, the
scatterometry measurements agree well with cross-section SEM measurements.

To estimate the uncertainty of the measurement, we show in Fig. 6 a set of contour plots of
RMSE as a function of D, H, and 6 for a representative point from the results in Fig. 4. The point
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Fig. 5. Comparison of scatterometry to SEM results. (a) RGB image of Si nanopillar array
sample showing the line at which it was cleaved for cross-section SEM (scale bar = 5 mm).
(b) Cropped RGB image showing the cleaved portion of the sample and the measurement
region indicated by the yellow bracket for cross-section SEM measurements which were taken
along the edge (scale bar = 1 mm). (c) Examples of cross-section SEM images (every other
image) taken left-to-right along the measurement region shown in (b). (d) Plots comparing
the results of the cross-section SEM measurements and scatterometry measurements for the
three geometric parameters D, H, and 6.

of the best match is indicated by the red “x” and the dotted black line shows where the threshold
of an acceptable match (RMSE =0.03) was set. This threshold includes our estimate of the
uncertainty in experimentally measured reflectance values, taken to be + 0.01. Anything within
this contour could have been considered an acceptable match, although the best match in this case
has considerably lower RMSE. The uncertainties in the determination of D, H, and 6 are then
estimated to be on the order of the range that this contour spans for each of the three parameters.
In this case, the range for D is =10 nm, for H is + 20 nm, and for 6 is +2°. The sensitivity of
the reflectance to these structural parameters is the primary factor governing the uncertainty of
the geometric measurement via scatterometry. Other structures, for instance hourglass shaped
Si nanopillar resonators [8], have considerably higher sensitivity to dimensional changes, and
therefore the uncertainty in the geometric determination for these structures would be less.

3.3. Detection of imprint template artifact

A higher magnification spectral image was taken of another sample using a 3X magnification lens,
and scatterometry analysis produced the colormaps shown in Fig. 7. Here, the pixel size is about
1.2 ym. Again, only the square regions containing the pattern are analyzed using scatterometry
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Fig. 6. Contour plots of the RMSE as a function of the three parameters D, H, and 6 based
on a representative point from Fig. 4. having D=121 nm, H=185 nm, and §=84°. Because
there are three dimensions the plots must be shown with two of the parameters at a time.
In each plot, two parameters are shown varying while the third parameter is held constant
at whatever its value was for the best match determined by the lookup procedure. The
acceptable match threshold of 0.03 is shown by the dotted black line and the location of the
best match is indicated by the red “x” marker.

and this time areas that do not produce a good match (RMSE > 0.03) are indicated by the color
magenta.
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Fig. 7. Scatterometry results for a sample containing Si nanopillar arrays at high magnifi-
cation. (a) RGB image of a sample of Si nanopillar arrays taken with a 3X magnification
hyperspectral imaging system. (b) Colormap of scatterometry measured diameter. (c)
Colormap of scatterometry measured height. (d) Colormap of scatterometry measured
sidewall angle. Scale bars are all 1 mm. Each of color bar has 2 colors dedicated to results
that belong to areas that were masked out of the analysis (“m”) and areas that did not produce
an acceptable match (“x”). The sample is cut off at the bottom at an angle due to the way it
was cleaved.



Research Article Vol. 28, No. 10/11 May 2020/ Optics Express 14218 |
Optics EXPRESS b Ny \

The most interesting aspect of this result is the emergence of a square grid pattern exclusively
in the diameter colormap with period ~300 um. We believe this to be an artifact created on the
template itself during its fabrication. Template master fabrication is done using electron beam
(e-beam) lithography tools which is followed by a template replication step creating daughter
templates. These daughter templates are then used to fabricate the silicon wafers used in this
study. E-beam lithography tools generally write individual fields with typical size of 100’s of
um which are stitched together rectilinearly. It is known that feature size variations can occur
over the e-beam write field, causing lateral dimension variations [34]. In this case, diameter
is the lateral dimension. Naturally, the height, a dimension defined by etching and not by the
lithographic process, should not be influenced by the artifact, and indeed the height does not vary
according to the same signature.

These results show the power of using hyperspectral imaging to perform imaging spectroscopic
scatterometry measurements. The imaging approach reveals defects that would be impractical to
identify using methods such as SEM or traditional non-imaging scatterometry. Detection of the
e-beam write field signature, for instance, is only possible by virtue of the spatially resolved data
and similar spatial resolution would require serial measurement of millions of individual SEM or
point scatterometry measurements to be stitched together. This would be highly impractical for
in-line manufacturing diagnostics and even challenging for off-line analysis.

The acquisition of the hyperspectral image using the current system took a few minutes;
however, most of this time is due to the slow wavelength switching in the tunable light source.
Considering the max framerate of the camera is 30 fps and the exposure times are on millisecond
scales, the total hyperspectral image acquisition time can be reduced to ~2 seconds if the
wavelength switching is optimized. Also, since fast wafer scanning capabilities exist, there is
the potential to quickly image very large areas. It should be noted that computing the library
matching procedure for the sample took a considerable amount of time (~5-10 minutes) on a
typical PC. This can be sped up using better computational resources as well as more efficient
algorithms for the search (e.g. gradient descent or clustering [35]). Furthermore, it would
be more practical in a manufacturing scenario to have a hierarchical approach which avoids
unnecessary computations by reserving the lookup procedure for areas that have been determined
to be defective via, for instance, calculation of RMSE from a single target spectrum.

Naturally, this approach has all of the usual limitations of scatterometry. For instance, the
accuracy of the geometric determination is only as good as the forward model being used. In
this case, a simplified 3-parameter model was used to limit the computational complexity, but
the actual nanopillar structure appears to be slightly more complex. This inherently means that
the results are approximate to some extent, although the accuracy ultimately depends on the
requirements of the manufacturing tolerances, and this was simply meant to be a demonstration.
Also, in scatterometry there is an assumption of uniformity within local groups of pillars existing
within a single pixel area that may not actually exist. In fact, the results contain a significant
number of “no match” values, particularly at the edges of particle voids where there exists
partial breakthrough caused by extreme etch delay. In these areas, the array is not uniform,
and this compromises the scatterometry procedure. The effect of longer-range non-uniformity
can be mitigated by increasing the spatial resolution of the measurement, but shorter-range
non-uniformity can occur over single periods, in which case this strategy doesn’t help. Non-
uniform arrays can technically be captured by increasing the complexity of the scatterometry
forward model to capture multiple periods of the array with varying geometry, but the potential
complexity of such a model would increase computational expense dramatically.
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4. Conclusions

These results demonstrate massive parallelization of traditional spectroscopic scatterometry
metrology using hyperspectral imaging. This approach is valuable, because it enables scattero-
metric measurements at much higher throughput while simultaneously providing high spatial
resolution, which allows for detection of specific types of patterning defects that would be
impractical to obtain using traditional non-imaging scatterometry measurements as well as mi-
croscopy measurements. The capabilities of this approach do not transcend the usual fundamental
limitations of scatterometry, but nonetheless offer a very useful extension.

The demonstrations that were provided dealt exclusively with wafer samples, although a large
portion of LNA manufacturing is expected to take place on roll-to-roll (R2R) systems in the
near future. For the case of continuously moving webs, hyperspectral linescan imaging, done
either with imaging spectrometers [36,37] or linear variable filter cameras [38,39], should offer
a similarly seamless extension for spectroscopic scatterometry. As discussed, the extension
of angular scatterometry to imaging involves fundamental challenges which may be further
complicated in the context of R2R manufacturing. Whereas wafers, by virtue of their discrete
nature, can be rotated to assist with angular measurements, R2R web roller systems are relatively
bulky and therefore metrology systems must adapt to the fixed web system. An in-line R2R
angular scatterometry approach has been developed which, using scanning optics, can collect
angular spectra from individual points at kHz frequencies allowing it to measure while the web is
moving [40]. Though fast compared to traditional angular systems, this system still measures the
web point-by-point and would require thousands of individual beam paths to provide high spatial
resolution measurements. There may be a way to extend this technology to linescan imaging, but
to our knowledge this has not been demonstrated. For the time being, hyperspectral imaging and
in-line angular scatterometry can be used as complimentary techniques. One approach would
be to use hyperspectral imaging for the throughput advantage it offers. Angular scatterometry
can then be used as a complement at lower throughput to provide calibrating measurements for
structures lacking spectral sensitivity, or where uncertainty may exist in material index data over
large spectral ranges.
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