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Abstract

As smaller structures are being increasingly adopted in the semiconductor industry, the performance of memory and
logic devices is being continuously improved with innovative 3D integration schemes as well as shrinking and stacking
strategies. Owing to the increasing complexity of the design architectures, optical metrology techniques including
spectroscopic ellipsometry (SE) and reflectometry have been widely used for efficient process development and yield
ramp-up due to the capability of 3D structure measurements. However, there has been an increasing demand for a
significant reduction in the physical spot diameter used in the SE technique; the spot diameter should be at least 10
times smaller than the cell dimension (~30 x 40 um?) of typical dynamic random-access memory to be able to
measure in-cell critical dimension (CD) variations. To this end, this study demonstrates a novel spectrum measurement
system that utilizes the microsphere-assisted super-resolution effect, achieving extremely small spot spectral
metrology by reducing the spot diameter to ~210 nm, while maintaining a sufficiently high signal-to-noise ratio. In
addition, a geometric model is introduced for the microsphere-based spectral metrology system that can calculate the
virtual image plane magnification and depth of focus, providing the optimal distance between the objective lens,
microsphere, and sample to achieve the best possible imaging quality. The proof of concept was fully verified through
both simulations and experiments for various samples. Thus, owing to its ultra-small spot metrology capability, this
technique has great potential for solving the current metrology challenge of monitoring in-cell CD variations in
advanced logic and memory devices.

Introduction

The rapid and precise imaging of three-dimensional
(3D) semiconductor devices is of significant importance
for semiconductor wafer inspection during the manu-
facturing process. In general, imaging techniques can be
classified into two types, namely two-dimensional (2D)
inspection and 3D inspection"”. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) are techniques that can identify defects and mea-
sure the critical dimension (CD) of fine patterns in high-
resolution 2D images®*. In volumetric 3D imaging,
spectroscopic analysis techniques, such as spectroscopic
reflectometry (SR) and spectroscopic ellipsometry (SE),
are widely used to detect 3D structural defects and
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measure various CDs in semiconductor devices simulta-
neously, owing to their advantages of high measurement
speed, low cost, and minimal sample damage’™®. In
addition, several notable spectroscopic methods for 3D
metrology have been proposed to further improve the
metrology sensitivity and precision through extension to
the Mueller matrix and interferometric analysis, as well as
the utilization of the wider wavelength ranges, including
infrared (IR), extreme ultraviolet (EUV), and X-raysg_15.
In all these inspection methods, identifying the defects in
the early stages of the semiconductor manufacturing
process is crucial to optimize the fab process control while
reducing the operation cost.

Despite the importance of high-resolution 2D imaging-
based inspection in manufacturing processing, the field of
view (FOV) of SEM and TEM limits the inspection speed
and throughput. Throughput refers to the productivity of
equipment in the semiconductor manufacturing process and

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

262 | Light Sci Appl | 2022 | Vol 11 | Issue 2

LSA



Kwon et al. Light: Science & Applications (2022)11:32

is generally defined as the number of processed wafers per
hour. These techniques require a greater inspection time
than that of spectral measurement systems to measure the
entire area of an inspection wafer, and consequently, yield a
lower throughput. In addition, the measurement of vertical
dimensions in 3D device structures requires a destructive
sample preparation process, which damages expensive
wafers'®. Unlike the SEM and TEM techniques, the spec-
troscopic inspection technique is a non-destructive metrol-
ogy method, which can provide 3D structure information
based on the spot measurement without damaging the
wafers. However, the size of the illumination spot must be
smaller than the size of the target device, where the typical
spot diameter varies from 30 to 50 um depending on the
spectral range of measurements. Recently, smaller nanospot
measurements have become highly desirable to measure
CDs from both the edge and corner areas in unit cell blocks
of dynamic random-access memory (DRAM) and static
random-access memory (SRAM) devices. However, it is
difficult to measure small corner areas in memory unit cells
with a dimension of 20—40 pm in the x- and y-directions
using conventional SE and SR systems owing to the rela-
tively large illumination spot. Furthermore, reducing the
measurement area significantly complicates the optical sys-
t em17—21.

Various imaging approaches to break the optical reso-
lution limit have been developed, such as fluorescence
microscopy, stochastic optical reconstruction microscopy,
stimulated emission depletion microscopy, and other
techniques™~>*, Although they are widely used for bio-
medical applications, they are not appropriate for semi-
conductors owing to the restrictions on fluorescent
materials, destructive methods, and transmission micro-
scopy. In recent years, the emerging microsphere-assisted
nanoscopy has demonstrated the possibility of observing
nanostructures beyond the Rayleigh limit*>~**, A micro-
sphere has a spherical shape with a radius of 1-50 pum,
typically made of transparent and dielectric materials®~>°.
There are several theoretical models that describe how
microspheres magnify objects and overcome the optical
limit using white-light sources. One of the most interest-
ing models that describe resolution enhancement based on
microspheres is the photonic nanojet effect’”~**, A pho-
tonic nanojet is an electromagnetic beam that is generated
on the far side of the microsphere, which is known for
being able to convert evanescent waves into propagating
waves. This is one of the major theories regarding super-
resolution in microspheres. Although the exact mechan-
ism of super-resolution remains unknown, microsphere-
assisted super-resolution techniques can be practically
applied in various optical measurement systems, such as
interferometry and confocal microscopy™*~**,

In this paper, we present a microsphere-assisted spec-
troscopic reflectometry (MASR) system based on the
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combination of super-resolution imaging and SR meth-
ods. The MASR system not only surpasses the optical
resolution limit for normal white-light conditions but also
achieves spectral measurements with a nanospot diameter
of 210 nm, while simultaneously maintaining an accep-
table signal-to-noise ratio (SNR). The MASR system has a
six times higher spectral intensity than the conventional
x100 SR, resulting in an improved SNR.

In addition to the MASR system, a geometric model of
the virtual imaging field is presented to quantitatively
define the optimal position of the microsphere between
the objective lens and sample to be imaged. The image
contrast and magnification of super-resolution images
based on the microsphere varies with the distance from
the microsphere to the objective lens or the sample.
Previous studies have focused on understanding the
super-resolution mechanisms induced by the photonic
nanojet effect, while quantitative analysis is lacking. In
other words, there is insufficient research data on the
relationship between the microsphere position and cor-
responding image qualities of magnified images, including
image contrast and magnification®’. In this study, a novel
geometric relationship is introduced to calculate the
optimal positions of microspheres with various materials
and diameters. Consequently, the best image quality can
be obtained with the desired super-resolution magnifica-
tion and FOV, maintaining a non-contact measurement
condition for semiconductor devices.

The MASR system has the potential to solve current
metrology and inspection challenges in advanced semi-
conductor systems. To the best of our knowledge, this
study is the first to demonstrate the combination of super-
resolution and spectral reflectometry techniques for
semiconductor device measurement. This method can be
applied to monitor in-cell structure variations in extre-
mely small areas. In this study, the usefulness of the
MASR system was experimentally validated by obtaining
spectra and super-resolution images of semiconductor
devices, which cannot be measured and detected using
conventional spectral measurement systems and micro-
scopes owing to the restricted area or nanostructures.

The remainder of this paper is organized as follows. The
second section describes the experimental set-up of the
MASR system used in this study. In the third section, the
geometric model for super-resolution imaging and the
nanospot spectral measurement are introduced and
experimentally validated. The results are discussed in the
fourth section. Finally, the fifth section presents the
materials and methods used in this study.

Experimental set-up of MASR

Figure 1 shows a diagram and photograph of the MASR
system based on conventional microscopy. By adding a
spectrometer in the imaging optics, an ultra-small spot
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Fig. 1 Configuration of the MASR system. a Schematic of the MASR system based on a conventional microscopy configuration. A white-light light-
emitting diode (LED) was used as the light source, and aperture and field stops were used. The light illuminated the objective lens, microsphere, and
sample sequentially. The reflected light from the sample was split between the image sensor to capture the image and the grating to analyze the
spectrum data. b Imaging optics with the microsphere under the objective lens. € The microsphere attached to the micropipette was controlled by
the micromanipulator. d Enlarged image of the microsphere attached to the micropipette.
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reflectometry system could be built based on the super-
resolution effect arising from the microsphere. In this
architecture, a white-light light-emitting diode (LED) with
a wavelength range of 430-700 nm was used as the light
source and three lenses with two irises were used for the
illumination beam shaping, where the two irises were
used as aperture and field stops. The power of the light
source was 5 W and the intensity was 4 mW/cm? at the
back aperture plane of the objective lens. The broadband
light passing through the beam splitter illuminated the
objective lens and microsphere sequentially and was then
directed toward the sample to be imaged. Here, the
microsphere could further magnify the sample image
beyond the Rayleigh limit, where two types of soda lime
glass (SLG) or polystyrene (PS) microspheres were eval-
uated in this study. It is important to note that the
microsphere must be located in the optimal position
between the sample and the objective lens to obtain a
high-quality super-resolution image. Accordingly, the
position of the objective lens was precisely controlled
using a piezoelectric tube controller, and the position of
the microsphere was controlled using a micro-
manipulator, as depicted in Fig. la. The objective lens
turret was set up with the PZT scanner to carry a max-
imum of five objective lenses, and three objective lenses
were prepared (namely, an Olympus LMPLFLN x20,
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Nikon CF Plan EPI ELWD x50, and Nikon CF Plan EPI
ELWD x100) for imaging different types of semi-
conductor devices with different magnifications. The
microsphere was attached to the end of a micropipette so
that its position could be precisely controlled by the
manipulator, as illustrated in Fig. 1c. Although micro-
pipettes are more commonly used for volumetric mea-
surements, previous research has shown that they can also
be used to manipulate microspheres®. Since a micro-
pipette has a sharper tip than a glass rod (which is another
method for manipulating microspheres), it can maneuver
more freely between the objective lens and sample to be
imaged. Thus, the microsphere attached to the micro-
pipette was able to approach the sample without any
interference with the objective lens, sample, or sample
stage”’. The micropipette had a sharp tip with a length of
4mm and diameter of 10 um. The total length of the
micropipette was 50 mm. The broadband incident light
illuminated samples producing multiple internal reflec-
tions in the thin film layers below the nanostructures of
the top layer. The multiple reflections interfered with each
other within the optical system including the microsphere
and objective lens. After traveling to the first beam
splitter, the broadband light passed through a tube lens,
which had a x1 magnification and an effective focal length
of 220 mm, and was split into two beams. One beam was
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directed toward a scientific complementary metal-oxide-
semiconductor image sensor with 6.5 x 6.5 pum pixels to
capture the super-resolution image, whereas the other
was directed to the optical fiber located in the imaging
plane. The optical fiber with a 100-um diameter core was
coupled to the grating, which dispersed light spatially by
wavelength, and the dispersed light was directed into the
charged coupled device sensor. The sensor had 1044 pixel
arrays with a wavelength range of 200-1100 nm (QE65
Pro, Ocean Optics, USA). MASR could provide the
broadband spectra reflected from the spot with a diameter
of 210nm owing to the extremely high magnification
(approximately x530) enhanced by the microsphere.

Results
Geometric model of microsphere-assisted super-resolution

In this section, a novel framework that facilitates the
application of the geometric model to the analysis of the
microsphere-assisted super-resolution imaging system is
presented. The microsphere projects a magnified virtual
image into the far-field, and the image is collected by the
objective lens. The working distance of the objective lens
and the virtual image varies according to the materials
and diameters of the microspheres. Additionally, the
image contrast and magnification of the virtual image
changes as a function of the working distance.

Several methods to improve the optical resolution using
the microsphere and super-resolution principles have
recently been verified experimentally”>~*, while some
have attempted to combine the microsphere with various
optical measurement systems43_48. Furthermore, most
research on imaging has been conducted for the case of
direct contact between the sample and microsphere®”?".
The super-resolution effect of the microsphere has been
widely researched®”*~*’; however, the geometric rela-
tionship between the sample and its magnified virtual
image generated by the microsphere has not been fully
explained and defined thus far*’.

In this study, a geometric model was developed to
determine the optimal distance from the microsphere to
the sample and objective lens to maximize the super-
resolution imaging performance. This model can aid in
quantitatively determining the diameter and material of
the microsphere for the desired magnification and defin-
ing the optimal non-contact position of the microsphere
where the highest-contrast image can be acquired because
it is vital to maintain the non-contact condition between
the sample and microsphere for semiconductor
metrology.

Virtual imaging plane and magnification rule

In this sub-section, the new framework is introduced to
understand and analyze the photonic nanojet effect that
arises from a microsphere for optimizing the MASR
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system. To observe the super-resolution image enhance-
ment produced by the microsphere, a photonic nanojet,
which is a narrow, high-intensity, and sub-diffraction
waist beam, must be generated. The photonic nanojet
propagates into the background medium from the far side
of the microsphere, and can be considered as the focused
energy point of the incident light”’~**. However, this does
not indicate that the objective lens needs to be focused on
the position of the photonic nanojet’*’. Instead, the
focus of the objective lens must be set in the virtual image
plane, resulting in the observation of the super-resolution
image in the microscopy system. This is because the
actual focal length of the microsphere and the con-
centration feature of the light wave after passing through
the microsphere behave significantly differently from
those in the conventional system.

Figure 2 depicts the imaging plane analysis according to
the positions of the sample, microsphere, and virtual
image to calculate the magnification and distance from
the sample to the virtual image plane by classical ray
optics using finite-difference time-domain (FDTD)
simulation. Because the photonic nanojet effect shown in
Fig. 2a cannot be fully explained by ray optics, the position
of the photonic nanojet was calculated via FDTD

e N

Photonic
nanojet

; \ O
A Virtuallimage "B’ Virtual image

Fig. 2 Formation of the virtual image and relationship between
the photonic nanojet and the projected virtual image plane. a
Simulated photonic nanojet effect (indicated by the red arrow) by
finite-difference time-domain (FDTD) method. b Diagram combining
ray optics and FDTD simulation. (AB: sample. A/B': virtual image. f:
photonic nanojet as a front focal point from FDTD. f”: back focal point.
T: microsphere regarded as a thin lens.). ¢ Geometric relationship
between the microsphere, sample, and virtual image. D,: distance
between the virtual image plane and sample. (D,>0) Ds: distance
between the center of the microsphere and sample. (Ds>0) Dx:
distance between the microsphere and photonic nanojet, obtained by
FDTD simulation. (Dr>0) wy: distance between the bottom of the
microsphere and sample. r: radius of the microsphere. (wy > 0). Zy:
axial position of virtual image. (Z, =0 —D,).
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b PS (n=1.60 and A =524 nm). n represents the refractive index for a specific wavelength A. Z, represents the relative position of the virtual image
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simulation®’~*%. In the ray optics approach, the micro-
sphere behaves as a thin lens with a single principal plane
at its center. Therefore, the back and front focal lengths of
the microsphere are defined as fand f, respectively, based
on the thin lens approximation of the microsphere, as
shown in Fig. 2b.

The magnification, M, between AB and A’B’ is defined
according to the geometric relationship depicted in
Fig. 2c. This magnification rule for the super-resolution of
the microsphere can be expressed as follows:

M:g:Ds+Dv:Df+Ds+Dv (1)
AB Ds Df

The distance between the microsphere and sample is
the sum of r and wy. From the FDTD simulation, Dy is
determined, and D, can be derived using Eq. (1) as
follows:

2 2
p=_ D _ (rtw) @)
Dt —Ds Dt — (r+wq)

where the sample and microspheres can either be in
contact (wq = 0) or not in contact (wq >0).

Figure 3a, b shows the variations of Z, with wq and r,
calculated by Eq. (2), for various microspheres. It is fea-
sible to calculate the distance between the virtual image
and sample (Z,) for the various microspheres, particu-
larly in the cases where the sample and microsphere are
not in contact (wq >0). For non-destructive inspection, it
is important to calculate D, and Z, when the microsphere
is not in contact with the target sample (wq > 0) in Eq. (2).
Therefore, rapid and precise positioning of the
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microsphere and objective lens can be performed to
obtain the best possible quality image with desired
magnification.

The magnification, M, is calculated from Eq. (1).
Therefore, not only the theoretical magnification during
imaging, but also the diameter of the spectral measure-
ment area used in the MASR system can be calculated.
Furthermore, it is possible to control the magnification by
varying the vertical position of the microsphere or dia-
meter or material of the microsphere.

Experimental results

To experimentally verify M and optimal Z, according to
the proposed geometric model in Egs. (1) and (2), it was
necessary to measure the distance from the sample to the
virtual image, Dy, , and the measured magnification, Meyp.
Zy,,, was identified by the axial position of the virtual image
where the image contrast was highest in the vertical (z)
direction. The magnification in the x—y plane measured
from the image at Zy,, Was defined as Meyp.

To measure Z,,, and Mep, a 3D image stack was
obtained by vertically scanning the objective lens while
maintaining the microsphere in the same position. The
image stack was made by capturing images, while chan-
ging the objective focal plane from the sample surface to
80 um below the surface providing a sufficiently wide
range to identify the position of the maximum image
contrast. A scan interval of 0.08 um was used, which
provided a sufficient vertical resolution to determine the
optimal position of the microsphere. Zy,,, was determined
through image processing by calculating the highest edge
sharpness of all the images in the stack using the Sobel
filter. The total magnification of the super-resolution
image acquired by the MASR system was the product of
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Fig. 4 Image stack of standard grating patterns, consisting of a 0.35-um line width and 0.7-um pitch, gathered by the MASR system with a
%20 objective lens to experimentally verify the axial position of the virtual image Z, and the magnification M. SLG microsphere with a radius
of 12 um was used. Images at different vertical positions (negative sign indicates a lower position from the sample): zza —25.7 um, b —28.7 um, ¢
—31.7um, and d —34.7 um are shown. e x-z projection image of the image stack with the background signal removed. For analyzing the optimal
position of the virtual image with the highest contrast, the edge sharpness in a specific region (red-dashed box) was calculated. f Variation in the
image contrast (sharpness) and magnification according to the axial position of the objective focal plane. The experimental magnification was

calculated by counting the number of pixels with the image processing software, where the scan position was defined at the point of best image
contrast. The experimental magnification of the 12 um radius SLG microsphere was x3.61, and the axial position of the virtual image was —31.7 ym.

Axial position of objective focal plane [um]

J

the enhanced magnification by the microsphere and
optical system magnification determined by the objective
and tube lenses. Therefore, the total magnification has to
be divided by the optical system magnification to evaluate
the microsphere magnification Me. More details
regarding image processing, image stack, and magnifica-
tion are presented in the section “Vertical scanning and
calculation of sharpness score and magnification”.

Figure 4a—d shows the captured virtual images of
standard grating patterns, consisting of a 0.35-pm line
width and 0.7-pm pitch at four different virtual image
planes. As the scan length increased, the space between
the grating patterns increased. This implies that magni-
fications in the image stack gradually increase according
to the scan length. Figure 4e depicts the projected x—z
image from the center of the image stack where the virtual
image was formed. In this projection image, the edge
sharpness in a specific region of interest was analyzed to
obtain Z, . The magnification and sharpness of the
grating line in each image were also analyzed, as shown in
Fig. 4f. The Z,,, of the 12-um radius SLG microsphere
was —31.7 um, and M., was x3.61. Since the obtained Z,
and M from Egs. (1) and (2) were —31.66 um and x3.60,
respectively, utilizing the best image contrast was con-
sidered adequate to calculate Z,,, and Mey,. From these
results, the proposed theoretical framework agrees well
with the experiments. The slight differences between the
experiments and the results from the geometric model
were caused by using the image processing software to
count pixels, where the pixels had to be converted to
micrometers to obtain the total magnification of the
MASR system.
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Fig. 5 Z,,,, obtained from the actual measurement and Z,
obtained from the proposed geometric model. Note that, 7,
and Z, represent the relative positions of the virtual image from the
sample. Two different materials were evaluated. The red-dashed line
and error bars represent the SLG (n=1.52 and A =524 nm)
microspheres with radii of 8.8, 12.0, and 24.5 um, and the blue dashed
line and error bars represent the PS (n = 1.60 and A =524 nm)
microspheres with radii of 4.9, 9.0, and 24.5 um. The evaluated
microspheres were commercial products from Cospheric LLC.

Figure 5 presents both the experimental and theoretical
results for two different types of microspheres to verify Z, in
Eq. (2) when wyq = O um. Commercially available SLG and
PS microspheres with three different radii were used. Z,,
was obtained using the same method as described in Fig. 4.
In Fig. 5, the dashed line represents Z, calculated by Egs. (1)
and (2), where the error bars indicate the standard deviation
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of ten measurements and the center value of the error bar
represents the average value of Z, . The experimental
results were found to be consistent with the results obtained
from the geometric model.

In Fig. 5, the trend between Z, and radius for the SLG and
PS microspheres are different. Since the refractive indices of
the SLG and PS microspheres were 1.52 and 1.6, respec-
tively, the D¢ values consequently differed even with the
same radius. At the same radius, a virtual image occurred at
a lower position from the PS microsphere than from the
SLG microsphere, owing to the higher refractive index of PS.
Therefore, the magnification of the virtual image by the PS
microsphere was higher than that by the SLG microsphere.

In a previous study”, the best resolution was obtained
with a 6-pm diameter microsphere, which generated a
photonic nanojet with a minimum waist. Similar to the
previous study, when the radius of the microsphere was
smaller, a better resolution was acquired in the experiment.
However, the FOV of the virtual image varies according to
the radius of the microsphere. The smaller the microsphere
radius, the smaller the FOV. From a productivity perspec-
tive, this smaller FOV means that more measurements must
to be taken when using a smaller microsphere to cover a
given area of the sample to be imaged, resulting in a lower
throughput. In other words, there exists a trade-off between
imaging resolution and FOV, similar to that in conventional
optical imaging systems.

Consequently, the appropriate radius and material for a
microsphere can be determined using the presented geo-
metric model to obtain a super-resolution image with the
desired FOV and magnification. Moreover, this model can
provide optimal positions of optical components for non-
contact measurement, which enables the application of this
technique to semiconductor inspection and metrology.

Ultra-small spot spectral measurements

The ability of the MASR system to magnify images is
clear from the previous sections. Small spot spectral
measurements using super-resolution were experimen-
tally verified, as reported in this section. The measure-
ment area and SNR were evaluated under super-
resolution conditions. The influence of the microsphere
on spectral reflectance is also introduced in this section
and evaluated by the standard thickness sample.

The MASR system requires a reference spectrum to
calculate spectral reflectance. The spectral reflectance, R,
can be obtained by the following equations:

2 Toutmeas
Eout> Rmeas I; Iout
=R = . Rref = o Rref == Rref

E. meas — R Toutrg
in ref —ref. Outyef

in

(3)
where E denotes the electric field, I denotes the optical
intensity, and the subscripts “meas” and “ref” refer to the
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target sample and reference material, respectively, the
latter of which has a well-known spectral reflectance.
Iyt can be measured using the spectrometer; however,
it is not obvious how to obtain [;,. Equation (3) shows that
it is possible to alternatively calculate Re,s by measuring
Iout,.» which is the spectroscopic intensity of the reference
sample, although Ij, still remains unknown. The reference
material is necessary to calculate Rpe,s without fiy.

Spot size verification

A 23-pm SLG microsphere was used to evaluate the
performance of the MASR system. A x100 objective lens
with 0.9 numerical aperture (N.A.). was used to measure
spectral reflectance.

To verify the reflectance measurements made by the
MASR system, two SiO, standard film wafers were pre-
pared and evaluated by an RC-2 ellipsometer (Woollam).
Figure 6a, b depicts the results measured by the MASR
system. The blue lines represent the reflectance measured
by the MASR system, and the red dotted lines represent
the best-fit regression result of the simulation curve cal-
culated by the Fresnel reflectance. These results indicate
that it is possible to measure the spectral reflectance,
although the incident light passes through the micro-
sphere, which has its own refractive index and volume.

One of the great advantages of the MASR system is that
the reflectance can be obtained by the super-resolution of
the microsphere. Figure 7a, b depict a 0.5-um width and
1-pm pitch grating pattern obtained by the MASR system.
Spectral reflectance or optical CD was measured using an
ellipsometer. Ellipsometry is generally performed with a
60-70° angle of incidence (AOI) and 25-30 pm major axis
length of beam spot. In this experiment, the AOI was
fixed at 60°, and the major axis length of the measurement
spot was 25 um. Measurement spots at different positions
are schematically superimposed on the x100 image in Fig.
7a because they could not be visualized in the actual
measurement. The area of the spectral measurement spot
can be verified using the spotlight connected by an optical
fiber. By comparing the line width, spatial patterns, and
spot diameter in the captured image, the pixel resolution
of the MASR system and the diameter of the measure-
ment spot can be calculated. By using the super-
resolution of the microsphere, the pixel resolution was
enhanced by a factor of up to x5.3 and the spot diameter
was 0.21 pm with a x100 magnification objective and an
optical fiber with a diameter of 100 um. In other words,
the measurement area became extremely small owing to
approximately x530 imaging magnification.

The spectral reflectance values of the grating patterns
were measured to verify the measurement area in Fig. 7.
The results indicated that the diameter of the measure-
ment spot was smaller than the line and spatial width at
500 nm, and the spectral signal varied according to the
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location of the measurement spot. The result is depicted
in Fig. 7d, where the spectrum varies according to the
location of the grating. In the conventional ellipsometer,
spectral signals do not vary with the location of the
measurement spot, as the spot of the spectral measure-
ment is larger than the width of the grating. Average
values of the width and thickness can be measured by
rigorous coupled-wave analysis, because the conventional
ellipsometer acquires averaged signals of lines and spaces.
However, it cannot determine the thickness of each
grating pattern or edge area of the grating.

SNR enhancement

Another advantage of spectral measurements using the
MASR system is SNR enhancement. The SNR of an image
or a spectral signal from a detector is relatively high with
high optical power at the same acquisition time because
the detector has a constant level of dark noise. Com-
mercially available objective lenses have different back
focal aperture designs, which cause the beam size at the
back focal plane to decrease to compensate for the side-
effect of high N.A., such as aberrations. Therefore, the
optical power detected by a camera or spectrum detector
typically decreases at high magnifications. In other words,
it is difficult to avoid SNR loss at high magnifications.
However, in the case of the MASR system, the SNR loss
was minimized by the photonic nanojet effect, which
concentrated the incident and reflected light.

Average intensities of the reflected light in the wave-
length range of 430-700 nm, corresponding to each
magnification, are shown in Table 1 and Fig. 8. The
spectrometer counted the number of photons of each
wavelength with an integration time of 100 ms. The
intensity is given in arbitrary units (a.u.), which represent

the optical power according to wavelength. As presented
in Table 1, MASR achieved the highest pixel resolution
(0.012 um/pixel). The relative intensity to x50 SR was also
calculated. The relative intensity of MASR was 70.2%,
which was significantly higher than that of the x100 SR
(10.5%) despite the x5.3 higher magnification.

A normalized intensity was introduced to account for
the different measurement area sizes under different
magnifications. It was calculated as the average intensity
divided by the measurement spot area, representing the
signal efficiency per unit area for a given magnification.
The MASR system exhibited the maximum normalized
intensity and highest magnification in comparison with
the other systems under the same conditions; the nor-
malized intensity of MASR was approximately 80 times
higher than that of x50 SR. These results experimentally
verify the concentration of light by the microsphere.

Semiconductor applications

This section describes the evaluation of the semi-
conductor devices by the MASR system. Both super-
resolution imaging and small spot spectral measurements
were applied to different devices.

First, the sub-word line driver (SWD) area in a DRAM
was imaged by the MASR system. This is a narrow area in
the device and consists of small structures having CDs
under 200 nm, which is smaller than the optical limit for
conventional white-light microscopy. The Rayleigh cri-
terion was calculated to provide an optical resolution of
approximately 280 nm for a broadband light source. The
57 nm lines were distinguished by the MASR system,
which were originally unresolved at x100 magnification
without the microsphere, as depicted in Fig. 9a, b. The
146 nm lines were also blurred at x100 magnification but
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Table 1 Comparison of magnification, pixel resolution,
spot diameter, intensity, relative intensity, and normalized
intensity of the experimental results.

x50 SR %100 SR MASR
Magnification x50 X100 %530
Spot diameter (um) 224 1.12 0.21
Pixel resolution (um/pixel) 0.119 0.059 0.012
Intensity (a.u.) 1749 201 1227
Relative intensity to x50 SR 100% 11.5% 70.2%
Normalized intensity (a.u.) 444 204 35426

were clearly resolved in the MASR system. For reference,
an SEM image is illustrated in Fig. 9c. The SWD area is
important to control features, such as gate oxide (GOx)

270 | Light Sci Appl | 2022 | Vol 11 | Issue 2

thickness and dent (slightly etched area) depth, which can
affect the dielectric characteristics. This area is considered
as a weak point in the measurement process, as it is dif-
ficult to measure this area directly with a conventional
ellipsometer owing to its large measurement spot, which
has a major axis length of 25-30 um. The MASR system
allows this area to be monitored with super-resolution
and can locate spectral measurement spots below a 100-
nm resolution.

The spectral reflectance of a cell block in the DRAM
depicted in Fig. 10a was evaluated by the MASR system.
There has been an increasing demand for measuring the
edges and corner areas of cell blocks; however, it is dif-
ficult to measure these areas using conventional spectrum
systems. It is crucial to control the in-cell locality
including the edges of the cell block because defects often
occur at the edges during the multiple etching steps in
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Fig. 9 Images of the SWD area in the DRAM. Images of the SWD area in the DRAM imaged by a x100 with 0.9 N.A. and b MASR. ¢ Corresponding
SEM image. 57 nm CD indicated by yellow arrows and 146 nm CD indicated by red arrows.
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DRAM. Sampling and destructive methods are the only
ways to analyze the device after defects occur. MASR can
measure the spectral reflectance in the edge area, whereas
both ellipsometers and imaging spectrum systems cannot.

As depicted in Fig. 10a, b, the reflectance at the center
and edge of the cell block was compared for five positions
by MASR. The distance between each position was
0.5um. This measurement density was considered
appropriate for observing the reflectance changes in the
edge area, as it is known that DRAM edge defects often
occur within 2um from the edge. The central spectral
reflectance shown in Fig. 10c varied slightly between
positions, indicating that there were small structural
dimensional changes. Conversely, the reflectance at the
edge shown in Fig. 10d significantly varied between
positions, indicating substantial changes in the structure
and the occurrence of either defects or imperfect
structures.

The spectral map rapidly collapsed near the edge area of
the cell block in Fig. 10b. This indicates the feasibility of
the MASR system to monitor the edge, particularly 2 um

from the end of the cell, which cannot be measured using
conventional spectrum systems. Microsphere super-
resolution has the potential to be used in the semi-
conductor industry, which requires the measurement of a
large number of steps and structures.

Discussion

The performance of the MASR system, which can
obtain an image resolution better than the Rayleigh limit
with white-light illumination, was demonstrated. By uti-
lizing the super-resolution image enhanced by a micro-
sphere lens, it was possible to use nanospot spectral
reflectance to inspect 3D structural defects. This is the
first reported approach that combines spectral measure-
ments and microsphere super-resolution imaging.

A super-resolution capability of approximately x2 was
verified by resolving a 57-nm feature, while a conventional
microscope could not resolve patterns smaller than
274 nm in the visible wavelength range of 430-700 nm.
The MASR system could achieve a total magnification of
approximately 530X, resulting in an image sensor
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resolution of 0.012 pm/pixel. A geometric model was
introduced to explain the magnification rule for the
microsphere super-resolution, by combining an FDTD
simulation and the theory of classical ray optics. This
model could aid in selecting the appropriate microsphere
and optimal contactless positions of the objective lens and
microsphere to obtain a high-contrast image with the
desired magnification. It was possible to monitor features
under 100 nm in the SWD area of DRAM by using MASR,
which could not be resolved using conventional white-
light microscopy. Structures under 100nm could be
resolved without an immersion medium and without
contact.

In addition to the super-resolution imaging, the spot of
the spectral measurement was successfully reduced to a
diameter of 210 nm using the MASR system. To date,
most studies have focused on super-resolution cap-
abilities; however, the MASR system extends the useful-
ness of the photonic nanojet effect to spectroscopy

272 | Light Sci Appl | 2022 | Vol 11 | Issue 2

metrology. The measurement spot is x119 smaller than
that of conventional spectral systems, which have major
axes with a length of 25-30 pm. Furthermore, the MASR
system achieved a spectral resolution of under 1 nm in the
visible wavelength range. Conventional imaging spectrum
systems, which require a change in the wavelength of the
incident light, are limited by their low spectral resolution.
There have been increasing demands for direct spectral
measurements to investigate nanostructure changes and
the locality of semiconductor devices because test element
group patterns cannot represent cell patterns. However,
conventional spectrum systems cannot satisfy these
demands owing to their lower spectral resolution or larger
measurement spot. The MASR system demonstrated
great advantages over conventional systems owing to its
small measurement area. Spectral changes at the edge of
the cell block were successfully monitored using the
MASR system. Furthermore, the SNR losses were sup-
pressed despite the extremely high magnification.
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Nevertheless, several points should be further con-
sidered for use in in-fab metrology equipment. Precise
control of short working distances (under 1pm) is
necessary. The microsphere must be located at a proper
position and the distance between the microsphere,
objective, and sample needs to be robustly maintained.
Additionally, sensitivity enhancement needs to be studied.

The proposed technique can be applied to conduct non-
destructive, direct measurements of various semi-
conductor devices including Logic SRAM and local areas
of DRAM. Furthermore, MASR can be easily applied to
various optical measurement systems. It can enhance the
optical resolution by x2 and add an additional x4 to x5
magnification to any white-light-based imaging system at
a low cost. To the best of our knowledge, this is the
world’s first demonstration of a novel system concept to
overcome the current metrology challenges.

Material and methods
FDTD simulation and D¢

The location of the photonic nanojet generated by
microspheres with different diameters and materials was
obtained using the MEEP toolkit, which can also be used
to perform FDTD simulations. A plane wave with a
wavelength of 547 nm, the central wavelength of the
white-light LED used in the hands-on system, propagated
downward to the microsphere, forming a photonic
nanojet on the far side of the microsphere. Various
microspheres, including those with radii of 2.5, 5, 10, and
20 pm, for SLG (n = 1.52) and PS (n = 1.6) were simulated
using MEEP to determine the distance between the
microsphere and photonic nanojet, Dy. n represents the
refractive index for a wavelength of 532 nm. Dy for each
radius was calculated by linear interpolation including a
constant term for calibration depending on the refractive
index.

Vertical scanning and calculation of sharpness score and
magnification

Vertical scanning images could be obtained using the
MASR system by employing the PZT scanner comprising
a PZT actuator and crafted flexure-hinge system. The
PZT actuator (custom product, Physik Instrumente,
Germany) had a travel range of 150 um, with a resolution
of 1 nm and linearity error of 0.01% in the travel range.
The push/pull full force capacities of the actuator were
3000 and 700 N, respectively. The mass of the lens turret
was approximately 1kg including the objective lenses.
The scanning system included a flexure-hinge connected
with the actuator (SNU Precision, South Korea), which
could move the lens turret with multiple objective lenses
precisely and stably. The system improved the push/pull
forces of the PZT actuator, enabling the system to move
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the lens turret vertically with sufficient force for stable
high-speed scans.

The measurement scan range was 80 pm and the scan
interval was 0.08 pm in the section “Semiconductor
applications.” Consequently, the total number of images
in one image stack was 1000, and this range could cover
the range of vertical positions from the original image by
the objective lens only to the magnified virtual image. By
using a projected x-z image in the image stack, the
background signal was removed by calculating the median
value of the moving kernel. The position of optimal focus
was determined by calculating the edge sharpness using
the Sobel filter. The Sobel filter uses two 3 x 3-pixel ker-
nels that are convolved with the original image in the x-
and y-directions. At each point in the image, the sharp-
ness score was defined as the gradient magnitude between
two kernels and was calculated at the center of the virtual
image in each x—y image of the 3D image stack. The
optimal distance of the virtual image plane where the
averaged sharpness score was maximized in the z-direc-
tion was defined as the vertical position of the best focus.

The total magnification My, described in the section
“Experimental results” can be expressed as follows:

_ ) __ imagewidth
Mol = MOPUCS X Mexp ~ object width (4)
__ number of pixels in image x pixel size
- object width

where Mpiics is the optical system magnification, Mey, is
the measured microsphere magnification, and “image” in
Eq. (4) means the super-resolution image having magni-
fication Mot Therefore, Mey, in the super-resolution
image acquired by the MASR system can be obtained by

Mo — number of pixels in image x pixel size
ep object width x Mpics

(5)

In this study, the object was a standard grating pattern
of 0.35 um line width and 0.7 um pitch. The pixel size is
defined as the width of a single charge-coupled device
pixel. The pixel size of the camera was 6.5 pm (Panda 4.2,
PCO, Germany). A x20 objective lens (LMPLFLN,
Olympus, Japan) and x1 tube lens (custom product, SNU
Precision, Korea) were used. The data were processed and
analyzed with Matlab (MATLAB R 2019A, MathWorks,
Inc., USA) and Image] software (provided in the public
domain by the National Institutes of Health, USA; http://
imagej.nih.gov/ij/).

For MASR imaging, commercial microsphere products
were used from Cospheric LLC, USA (PSMS-1.07
9.5-11.5 um, PSMS-1.07 14-20 pm, PSMS-1.07 38-48 pm,
S-SLGMS-25  15-19pm,  S-SLGMS-25  23-26 um,
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S-SLGMS-2.5 48-51 um). The exact radii of the micro-
spheres had to be measured, as the product was provided
only with a range of radii. This could be measured by the
MASR system, which could also calculate the lateral
dimensions of the specimen. For MASR imaging, the
microsphere was attached to a 10 um tip of a glass micro-
pipette (Fivephoton Biochemicals, USA) using a UV-curable
optical glue (NOAS81, Thorlabs, USA). The pipette was
mounted in a micromanipulator (the Patchstar from Sci-
entifica, United Kingdom), which could translate in the x-, y-,
and z-axes.
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