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Abstract

In this review, we describe our research on the development of the 13.5 nm coherent microscope
using high-order harmonics for the mask inspection of extreme ultraviolet (EUV) lithography.
EUV lithography is a game-changing piece of technology for high-volume manufacturing of
commercial semiconductors. Many top manufacturers apply EUV technology for fabricating the
most critical layers of 7 nm chips. Fabrication and inspection of defect-free masks, however, still
remain critical issues in EUV technology. Thus, in our pursuit for a resolution, we have
developed the coherent EUV scatterometry microscope (CSM) system with a synchrotron
radiation (SR) source to establish the actinic metrology, along with inspection algorithms. The
intensity and phase images of patterned EUV masks were reconstructed from diffraction patterns
using ptychography algorithms. To expedite the practical application of the CSM, we have also
developed a standalone CSM, based on high-order harmonic generation, as an alternative to the
SR-CSM. Since the application of a coherent 13.5 nm harmonic enabled the production of a high
contrast diffraction pattern, diffraction patterns of sub-100 ns size defects in a 2D periodic
pattern mask could be observed. Reconstruction of intensity and phase images from diffraction
patterns were also performed for a periodic line-and-space structure, an aperiodic angle edge
structure, as well as a cross pattern in an EUV mask.

Keywords: high-order harmonics, coherent EUV light, EUV lithography, coherent EUV
scatterometry microscope, synchrotron radiation, EUV mask inspection
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1. Introduction
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Extreme ultraviolet (EUV) lithography with reflective pho-
tomasks is currently being refined for high-volume manu-
facturing (HVM) of chips with dimensions of 7 nm or less.
ASML’s NXE scanners are widely utilized by a multitude of
semiconductor manufacturers. EUV scanners can replace the
most critical (difficult multiple patterning) layers and provide
lithography capabilities complementary to ArF technology.
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However, the fabrication and inspection of defect-free masks
still remain one of the most critical issues facing EUV tech-
nology. Although defects on the mask have been reduced
with each passing year, manufacturing defect-free EUV
masks is still extremely difficult in practice. The development
of inspection tools for EUV mask is paramount to detecting
defects and thus producing defect-free EUV masks [1-4]. For
the EUV mask blank inspection, Actinic blank inspection
(ABI) tools [5, 6], based on darkfield microscopy, are widely
used. This system satisfies the requirements for high-sensi-
tivity and high-speed inspection of printable defects on mask
blanks. Additionally, tools with a high magnification review
mode improve defect position accuracy. As a result, infor-
mation about EUV buried defects can be effectively obtained
and analyzed with ABI tools. To mitigate mask defects, a
pattern shift method has been developed to cover the multi-
layer defects under the absorber pattern. Because it is extre-
mely difficult to prevent all defects, an EUV actinic review
tool is essential for the inspection of printable phase defects
on the patterned mask. However, there is no commercially
available tool for the accurate determination of the precise
shape of the buried defects on mask blanks or the printability
of the defects in the patterned mask. Coherent scatterometry
microscopy is one of the most attractive methods used to
solve the aforementioned issues [7—11]. The coherent EUV
scatterometry microscope (CSM) offers reflection mode
coherent diffractive imaging (CDI) [12]. X-ray CDI [13-15]
with synchrotron radiation (SR) has been widely used for
biological and material applications. The CDI is a lensless
system, where the image-forming optics are replaced by an
inverse computation using scattered intensity. CDI is able to
retrieve a phase in frequency space to reconstruct an aerial
image.

We have developed the CSM system with a SR source to
establish the actinic metrology as well as inspection algorithms
[7-11]. We then demonstrated the reconstruction of the inten-
sity and phase images of the line-and-space patterns (L/S), the
cross pattern, and the programmed phase defect [9, 10]. A
micro-CSM [16-19] that uses a Fresnel zone plate (FZP) to
focus the coherent EUV light has also been constructed for the
purpose of evaluating small phase defects on a mask blank.
Observation of actual phase defects on a mask blank was then
demonstrated using this system [12]. This information is crucial
when pattern-shift is employed as a defect avoidance technique.
However, because the SR is a large-scale facility and depletes
most of the flux in obtaining coherent EUV light, it is not
practical for real-world manufacturing applications.

High-order harmonics, however, is a promising alter-
native to SR for a table-top coherent EUV light source
[20-23]. We have developed a phase-matched, high-order
harmonics source for the CSM. In this study, we successfully
generated low-divergence, coherent high-order harmonics in
the EUV region with a commercial pumping laser [24]. Using
the high-order harmonic generation (HHG)-CSM system, we
observed programmed pattern defects in a periodic patterned
mask. In the diffraction pattern from the EUV mask, a 2 nm
wide line defect in an 88 nm line-and-space pattern as well as
sub-100 ns sized absorber defects in a 112 nm hole pattern
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Figure 1. Schematic view of the CSM.

were both detected [25-27]. By further improving the system,
we demonstrated the successful reconstructions of an-88 nm
periodic L/S pattern and a cross-pattern with a quantitative
phase contrast [28]. These results signify the that the stan-
dalone HHG-CSM system has tremendous potential.

2. Key technologies of CSM system

2.1. CSM

A schematic view of the CSM is illustrated in figure 1. The
CSM is composed of a concave mirror, a folding mirror, a
piezo stage placed on the XY motor stage, an EUV filter, an
EUV CCD camera, and a pinhole. These mirrors were coated
with Mo/Si multilayer. A concave mirror placed on the linear
stage is used to focus coherent EUV light onto the EUV
masks. By using a folding mirror, the incident angle to the
EUV mask is set at 6°, which is the same as that of current
EUV lithography scanners. The EUV mask is placed on the
stages to scan the observation points. The configuration is
optimized for each coherent EUV light. The EUV mask is
then exposed to a focused coherent EUV light. The diffraction
patterns from the EUV mask are subsequently recorded by
CCD camera. The surface of the CCD sensor is placed par-
allel to the mask surface. Two CCD cameras are exclusively
used to alter the acceptance angle of the detector. The Roper
Scientific MTE-2048B camera with 2048 x 2048, 13.5 um
size pixels is mainly employed as a detector. The EUV CCD
camera is utilized because it can operate in a high-vacuum
environment. The CCD camera is cooled to a temperature of
—50 °C. Since the distance between the mask and CCD
camera is about 100 mm, the spatial resolution is limited to
59 nm by numerical aperture (N.A.) of 0.14. As signal-to-
noise ratio (SNR) is a key performance metric for the CSM,
thus, we used the camera with 4 x 4 binning, where 4 x 4
pixels are treated as one pixel during readout. Therefore, the
number of pixels with the binning condition was 512 x 512.
The SNR has been thereby improved by a factor of 4.

2.2. CSM equipped with SR

The CSM was installed in the BL-3 beam line of the
NewSUBARU synchrotron radiation facility, which employs
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Figure 2. Experimental setup for high order harmonic generation.

a bending magnet as a light source [7, 8]. Two toroidal
mirrors were used to collimate and deliver the SR to a con-
cave mirror in the CSM system. Since the SR is partially
coherent in time and space, a pinhole with a diameter of 5 ym
was exposed to the SR to extract spatially coherent radiation.
The pinhole is also used to stabilize the observation point on
the EUV mask. The light that passed through the pinhole was
focused onto the mask via a concave mirror with a curvature
of 200 mm and a folding mirror at equal magnification. Those
mirrors were coated with a Mo/Si multilayer and has a
reflection bandwidth of 0.4 nm, which improves the temporal
coherence. As a result of the spatial and temporal filtering, the
coherent EUV power on the mask was reduced to 1.2 pW.
The spatial coherence length of the incident beam is about
90 pm, as estimated from the divergence. This is substantially
larger than the CSM-field size of 5 ym. The x—y stage can
shift the EUV mask along the horizontal plane. The maximum
travel range of the stage is £ 75mm, for the full-field
inspection of a 6” EUV mask. The minimum step of the stage
is 100nm. Two encoders of Magnescale LASERSCALE
were also monitored during the scan, the minimum step size
of which is 34.5 nm.

2.3. HHG source

We have also developed a 13.5nm HHG source equipped
with a commercial Ti:sapphire laser (Spitfire pro 6 W) [24].
The laser delivers 1 kHz pulses with durations of 32 fs and
energy up to 6.0 mJ, at a center wavelength of 796 nm. The
laser beam diameter (1 /ez) was expanded from its original
size of 9.5-12.0mm by altering the configuration of the
Galilean type beam expander, which was placed before the
pulse compressor to reduce self-phase modulation. The laser
system was installed on the Newport RS 2000 optical table.
Figure 2 displays the experimental setup for HHG. A
motorized iris diaphragm was placed in the pump laser path
on the end of the optical table. The pump pulse was intro-
duced through a 1 mm thick MgF, window into the focusing
chamber and was loosely focused with an R = 3000 mm

concave mirror. The angle of incidence on the concave mirror
was optimized to correct the astigmatism of the pump pulse.
The measured beam waist was about 90 ym in the vacuum.
The maximum focused intensity in the vacuum was
1.1 x 10" W ecm 2. Folding mirrors were then used to direct
the pump pulse into the center of the entrance slit of an EUV
spectrometer, which was also employed to adjust the focal
point at the end of the interaction cell. The gas-filled region
was sealed with a Cu foil at the end of the cell and subse-
quently evacuated with a dry pump into a vacuum of less than
10 Pa. A pinhole was drilled into the Cu foil by the attenuated
pump pulses. The cell was mounted on a translation stage,
which was combined with a gonio stage and a rotation stage.
The position of the pinhole was then scanned axially along
the beam. The differential pumping chamber, the branching
chamber, and the EUV spectrometer were all evacuated with
turbo molecular pumps. The spectrometer was maintained at a
pressure below 107> Pa. The spectrometer, which was placed
2.3 m from the exit pinhole, is composed of a grazing incident
flat-field grating and a microchannel plate assembly, coupled
with a phosphor screen and a CMOS camera. In order to
optimize the phase matching conditions for HHG, the target
gas pressure should be adjusted to balance the geometrical
phase shift as well as the dipole phase shift. The diameter of
the iris alters not only the geometrical phase shift, but also the
propagation of the intense pump laser pulse in the target gas.
Therefore, the high-order harmonic output is extremely sen-
sitive to the diameter of the iris. As a result of optimizing the
phase matching conditions, the maximum pulse energy of the
59th harmonic was obtained in helium at a pressure of 15 kPa,
during which the aperture diameter was set to 11.5 mm. The
beam divergence of the harmonics was then measured to be
0.75 mrad. The spectral width of the 59th harmonic was also
measured, resulting in a 0.09 nm full width at half-maximum,
which approaches the resolution limit of the spectrometer.
Figure 3 demonstrates the pressure dependence of the
high harmonic spectrum. At optimum pressure, the effective
interaction intensity estimated from the cut-off wavelength
[29] in the spectrum was 5 x 10'*Wcm 2 When the gas
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Figure 3. Observed high-harmonic spectra in helium.

pressure was increased from 15 to 16 kPa, the output of 59th
harmonic decreased by a factor of 5. The results indicate that
the phase matching conditions have been met, and the tun-
neling ionization does not affect phase matching conditions at
this intensity [30]. This output energy was approximated from
a photodiode (IRD SXUV-100) current, which was generated
from two Zr filters. Since the current included not only the
59th harmonic output, but also harmonic outputs of other
orders, the output energy was calibrated by taking the HHG
output spectrum, photodiode quantum efficiency, and the
filter spectrum into account as well. As a result, a high EUV
output energy of 1 nJ/pulse (average power: 1 uW) was
achieved [25].

2.4. Image reconstruction from diffraction patterns

The pattern images were reconstructed via ptychography
[31-33], based on CDI algorithms. The sample is illuminated
with step-and-repeat exposures. Diffraction images are then
recorded at each step position. The step length should be
shorter than the beam diameter such that an overlapped region
is established. Hence, some diffraction images have over-
lapped sample information under different illumination con-
ditions. The resulting redundancy in the data is essential in
iterative reconstruction techniques. A sample aerial image is
retrieved through iterative calculations of Fourier and inverse-
Fourier transforms with constraints. In iterative calculations
used in ptychography, the revised results of the reconstruction
calculation are weighted by the probe amplitude. A nonuni-
form probe distribution is necessary for the image recon-
struction process. Therefore, we used ptychographical
coherent diffraction imaging in the CSM, which consists of a
small probe and a large sample. Additionally, we also applied
a modified phase-retrieval algorithm for ptychography, which
simultaneously reconstructs the probe structure of the illu-
minating EUV light on the sample while the iteration is taking
place. First, a complex amplitude distribution of an illumi-
nation probe was reconstructed using a prior pattern with a
known shape and structure. A sample image was then
reconstructed without the probe reconstruction algorithm.
Lastly, the sample image was reconstructed with the probe
reconstruction algorithm.

Figure 4. (a) SEM image and (b) diffraction pattern of a line-defect
in 88 nm L/S pattern. Reproduced with permission from [9]. © 2011
American Vacuum Society.

3. SR-CSM system

We observed an amplitude defect in the absorber patterns
using the SR-CSM system. Figure 4(a) displays the SEM
image of the defect, which is a line defect in an 88 nm L/S
pattern [9]. The defect line is 30 nm more narrow than the
other lines. The defect linewidth varied from 2 to 40 nm, and
the linewidth of the absorber ranged from 44 to 86 nm.
Figure 4(b) shows the diffraction pattern resulting from the
defect as well as the L/S patterns. The exposure time was
100 s. Diffraction from the defect was clearly captured as a
line diffraction pattern in the transverse direction. As the
defect linewidth was reduced, a broad diffraction pattern
spread out on both sides of the Oth order maximum in the
transverse direction. The defect signal signifying a defect size
of up to 10 nm in width was detected in the diffraction pat-
tern. Thus, the CSM is able to detect the defect as the dif-
ference within the observed diffraction pattern without the
need to reconstruct the aerial image. This CSM inspection
using the diffraction pattern also has the advantage of the
ability to rapidly detect the existence of defects in the field of
view. Nonetheless, image reconstruction is still essential for
detecting the defect position. Theoretical detection limits for
the defect sizes depend on the SNR of the detector noise, the
source brightness, and the substrate roughness. The substrate
roughness generates speckle noise onto the signal. If the
detector noise is at an imaginary zero, then the detection limit
is estimated to approximately 30nm in the L/S pat-
terned mask.

Figure 5(a) exhibits the image reconstruction result of the
defect via ptychographical CDI. The defect was illuminated at
7 x 2 points with a 1 um step [9]. A bright line results from
the defect in the L/S pattern. However, the periodic L/S
pattern around the defect produces a blurred shape due to the
noise in the image reconstruction. We filtered out the dif-
fraction from the periodic L/S signal and reconstructed the
aerial image, as shown in figure 5(b). The defect was clearly
detected without a periodic structure. Thus, the CSM can
effectively inspect the defect positions through the application
of ptychographical CDI.

Figure 6 displays a complex amplitude image with
amplitude represented by brightness and phase represented by
hue [10]. The sample pattern used was a crossed lines pattern
with a width of 2 um and a length of 10 um, where the shape
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Figure 5. (a) Reconstruction image of line-defect and (b) that with
the periodic signal filtered out. Reproduced with permission from
[9]. © 2011 American Vacuum Society.

Amplitude + Phase

Figure 6. Complex amplitude image of crossed line pattern with the
amplitude represented by brightness and the phase represented by
hue. Reproduced from [10]. Copyright © 2013 The Japan Society of
Applied Physics. All rights reserved.

was already known. Thirty-six diffraction patterns were used
for the reconstruction. The sampling position was shifted in
2 pm steps, overlapping its 5 pm diameter with the probe. The
cross shape was well-reconstructed with symmetrical results.
As previously described, CDI retrieves the phase in frequency
space to reconstruct the image. Therefore, the phase data of
the aerial image in real space can be simultaneously recon-
structed. The red region of the crossed line corresponds with
the reflective multilayer region, and the dark green region
corresponds with the absorber region. The phase difference
between the absorber and reflection regions was found to be
approximately 145°. The absorber region has a more
advanced phase compared to the reflection region, similar to a
bump structure, because the refractive index of the absorber is
less than 1. The calculated phase shift is approximately 140°,
comprising of an absorber structure with a 10 nm thick CrN
buffer layer and a 51 nm thick Ta-based absorber, which is in
line with the experimental values. The reflectivity of the
absorber region was less than 2%, while that of the multilayer
region was 62%. Although the reflectivity of the absorber was
31 times less than that of the reflection region, the absorber
region information was not limited. The CSM records the
interference of the reflection amplitude and found that the
reflection amplitudes of the absorber and the multilayers were
0.14 and 0.79, respectively. For example, when the absorber
to multilayer region ratio is 1:1 in the illumination probe field,

Figure 7. Complex amplitude images of a corner part of 88 nm L/S.
The amplitude represented by brightness and the phase represented
by hue pattern. Reproduced from [10]. Copyright © 2013 The Japan
Society of Applied Physics. All rights reserved.
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Figure 8. Profiles of intensity and phase at the position indicated by
the orange line in figure 7. Adapted from [10]. Copyright © 2013
The Japan Society of Applied Physics. All rights reserved.

the contrast of the interference fringe is sufficiently high at
0.34. Thus, the CSM system is adept at providing the
absorber region information.

Figure 7 presents the reconstructed complex amplitude
images of a corner structure of an 88 nm L/S pattern, which is
located on the same mask as the crossed line pattern [10]. 25
diffraction patterns were used for the reconstruction process.
The position of the sample was shifted in 1.5 ym steps. The
L/S structure and the corner structure were both successfully
reconstructed. Figure 8§ details the intensity and phase profiles
at the position indicated by the orange line in figure 7. The
phase difference between the absorber and the multilayer
region is approximately 145°, which is identical to the
reconstructed absorber phase shift shown in figure 8 [10].
This demonstrates that CSM can accurately and thoroughly
evaluate the phase profile of the L/S pattern. These results
clearly display that CSM is proficient at evaluating phase
defects. When this system was put in practice, a programmed
phase defect was evaluated successfully [10]. This technique
has also been extended to a micro-CSM system and was once
again successful in the evaluation of native phase defects.
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4. HHG-CSM system

4.1. Experimental setup

The configuration of the CSM is very similar to that of the
SR-CSM system. Phase-matched high harmonics is used as a
coherent EUV light. The beam divergence of the 59th har-
monic was measured to be 0.75 mrad. Assuming that the
harmonics is a Gaussian beam, the beam size at the exit
pinhole is estimated to be 5.7 um. The setup of the optical
relay system is illustrated in figure 9 [25]. High harmonics is
relayed onto an incident pinhole in the CSM chamber using a
removable concave mirror with a radius of curvature of 2.0 m,
as well as a flat mirror placed in the branching chamber.
Those mirrors were coated with a Mo/Si multilayer which
has a reflective bandwidth of approximately 0.4 nm near the
wavelength of 13.5nm. The 59th harmonic was selectively
reflected and the magnification of the relay optics was 1.0.
The Zr filter was placed between the branching chamber and
the CSM chamber to remove the pump pulse, room light, and
out-of-band radiation. The Zr filter is a free-standing mem-
brane, with a 200 nm thick Zr layer and a 50 nm thick SiSN4
support layer. Since this tensioned filter has no wrinkles, the
high spatial coherence will not be degraded. The 59th har-
monic that passed through the pinhole was relayed onto the
mask with a magnification of 1 x using both the concave
mirror and the folding mirror (optical double relay system).
The diameter of the incident pinhole is 10 um which is
approximately twice the minimum spot size of the 59th har-
monic. The role of the pinhole is three-fold: (1) stabilization
of observation point on the mask, (2) spatial filter to extract
highly spatial coherent light from the 59th harmonic, and (3)
spatial reduction filter for the pump pulse. Number 3 is crucial
to the safe operation of the system. Since the intense pump
pulse co-propagates with the harmonics, without a pinhole, if
the Zr filter was accidentally damaged (such as by pump
pulse, differential pressure, etc), the mask would be damaged
by the pump pulse as well.

The large CCD image sensor is the most critical comp-
onent of the CSM system used to directly record diffraction.
The spatial resolution is dependent on the imaging area size of
the CCD chip. Hence, a larger detector can record the dif-
fraction pattern from a larger diffraction angle, which can
provide higher-spatial-frequency information on the absorber
pattern shape. In the HHG-CSM system, a CCD camera
operate in a vacuum due to the optics layout, and the chip
must be cooled down to —40 °C in order to reduce dark

current noise. To achieve higher spatial resolution, we
developed a state-of-the-art CCD camera with a large CCD
image sensor (e2v technologies CCD230-84) of 61.4 x 61.4
mm? [25]. The number of pixels is 4096 x 4096 and the
pixel size is 15 x 15 pm?. The imaging area was then cooled
down to a low temperature of —40 °C using a Peltier device.
Accordingly, a low dark current noise of 0.02 electron/s/
pixel was achieved. The NA is a function of sensor size and
distance from the mask to the sensor, which is directly pro-
portional to size and inversely proportional to distance. Since
distance is restricted by both optics size and oversampling
constraint, the camera recorded a high NA of 0.31 at the
distance of 95 mm. The spatial resolution was thus enhanced
to 27 nm.

4.2. Coherence evaluation of HHG

When the first experiment was conducted to analyze
the spatial and temporal coherence of the harmonics, a
112 nm L/S pattern was used to generate high-order maxima
in the sensor [25]. The coherent length of the harmonics is
calculated to be 1.0 um, while the maximum path difference
at the sensor is calculated to be 3.0 um. Although a full-field
image was difficult to achieve with this setup, there were 10
other diffractions (41st- to £5th-order diffractions) in addi-
tion to the Oth-order diffraction. Thus, the HHG EUYV source
demonstrated successful observation of the EUV mask. The
new CCD camera recorded an extensive imaging area,
including diffractions up to the 5th order. Figure 10(a) shows
a diffraction pattern with a 2 nm wide line defect in an 88 nm
L/S pattern, where the image contrast is adjusted to highlight
the weak defect signal [25]. As indicated by the arrows, the
line diffraction signal from the narrow line defect, which is
not recorded in a defect-free region, is recorded here. The
defect signal profile is illustrated in figure 10(c), the area of
which is indicated by the red line. The signal profile displays
the vertical signal distribution, where averaging in the hor-
izontal direction is applied to reduce signal fluctuation. The
defect signal is approximately 26 counts, where the back-
ground noise signal is approximately six counts. Therefore,
the 2 nm wide defect is able to be clearly shown. Compared to
previous results that used the SR light source, the HHG EUV
source has a detection limit that is five times more narrow.
Although the detection limit is influenced by multiple factors,
the results evidently demonstrates that the spatial coherent of
the 59th harmonic is high enough to observe defects on the
nm-scale.

4.3. Beam pointing stabilization

The beam pointing stability is one of the most critical issues
facing the HHG-CSM. Additionally, the beam size needs to be
small enough to achieve high resolution in the CSM. In the
aforementioned experiment, the diameter of the EUV light on
the mask is approximately the same as that of the incident
pinhole in the CSM chamber. Although the use of a small
pinhole can reduce the beam size, it can also reduce the utili-
zation efficiency of the EUV light. Furthermore, a beam
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Figure 10. (a), (b) Observed diffraction patterns from an 88 nm L/S
pattern, and (c) spatial profile of defect signal. Reproduced from
[25]. Copyright © 2012 The Japan Society of Applied Physics. All
rights reserved.

fluctuation larger than that of the incident pinhole diameter size
is detrimental to the effective application of high harmonic
light. When the EUV light at the exit pinhole is directly relayed
with the concave mirror in the CSM chamber, the EUV light is
de-magnified by a factor of less than 1/10. In this case, the
beam-pointing fluctuations should be smaller than the beam
size. The beam fluctuations of the pump beam was measured
for a duration of 20 min at the focus, at +23 ym (6.7 ym rms)
and +24 ym (7.2 pm rms) in the horizontal and vertical
directions respectively. Relay optics would further increase
beam fluctuations. Therefore, we installed a commercial pro-
duct called ‘Aligna: Automated Laser Beam Alignment and
Stabilization System’ in the HHG source.

The experimental setup is shown in figure 11 [27]. The
system is composed of feedback control electronics, a com-
bined angle and position detector (PSD), and two piezo-driven
mirrors. A beam transmitted through a dielectric mirror was
used as a reference beam for the beam stabilizer. A turning
mirror then directs the beam to the PSD 2. A variable
attenuator and a beam splitter, which direct the beam to the
PSD 1, are both placed in the optical path. The PSD 1 is
positioned at the focal point of the reference beam. The dis-
tance between the BS to the PSD 2 is approximately 40 cm.
The power of the reference beam is at least 10 times stronger
than the upper limit of the operation power of the PSD. During
this experiment, the interaction cell was removed from the
focusing chamber and a viewport flange was mounted on the
exit port of the pump pulse. A CMOS camera was positioned at
the focus to monitor the fluctuation of the pump pulse. The
focusing chamber was subsequently filled with helium gas at a
pressure of 17 kPa. The pump pulse was then attenuated before
the viewport with a dielectric multilayer mirror. Figure 12
displays the X-Y plots of the beam positions observed over a
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Figure 11. Schematic of the experimental setup for beam
stabilization.
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Figure 12. X-Y plots and histogram of the beam position of pump
pulse observed at focus.

1 h period at the CMOS camera. The plots show that the
fluctuation of the pump beam position has been markedly
reduced to 0.3 ym rms (vertical) and 0.5 ym rms (horizontal).

4.4. Upgrade of optical relay system

The beam pointing fluctuation of the pump pulse was reduced
to much less than that of the 59th harmonic beam size. Since
the removal of the incident pinholes was made possible in the
CSM chamber, we were able to enhance the relay optics to a
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Figure 13. Upgraded optical relay for the HHG-CSM system.

single optical relay that can directly transfer the 59th har-
monic beam to a mask. Instead of the incident pinhole, a
reduction pinhole with a diameter of 300 yum was positioned
inside the differential chamber for the purpose of spatial fil-
tering the pump pulse and extracting the highly coherent EUV
light [27]. The power of pump pulse was reduced by a factor
of 100 by the pinhole. The transmitted EUV light was then
directed to a concave mirror in the CSM chamber with a
mirror coated with molybdenum thin-film. The angle of
incidence on the mirror was 75°. The pump pulse power was
further reduced by a factor of 10 after reflecting off the mirror,
since the mirror serves as a Brewster plate for the pump pulse
[34, 35]. The curvature radius of the concave mirror in the
CSM chamber is approximately 350 mm. The distance from
the EUV source to the focusing mitror and from the focusing
mirror to the mask were 3.1 m and 185 mm, respectively. The
magnification of the relay optics was approximately 1/17.
Consequently, the utilization efficiency of the EUV light on
the mask was improved 130 fold via beam pointing stabili-
zation. The experimental setup is illustrated in figure 13.

4.5. Observation of diffraction pattern of programmed
(absorber) defect

When a 2D periodic hole pattern mask is exposed to a
coherent EUV light under the assumption that the beam
diameter is much larger than the period of the pattern, intense
interference maxima is expected appear in the diffraction
pattern. In other words, in any location besides the inter-
ference maxima, the interference is almost destructive.
Alternatively, if there exists a defect in the exposure area, a
diffraction pattern would also be generated. In the destructive
interference area, the diffraction pattern originated from the
appearance of the defect. When such a diffraction pattern is
observed, the shape of the defect can be approximated. In this
experiment, a peak intensity ratio of two diffraction patterns
resulting from a periodic pattern and a defect was con-
siderably wider than the dynamic range of the CCD camera.
To enable the observation of a defect’s diffraction pattern, the
defect signal needs to be higher than both the total integrated
noise and the total diffraction pattern originated from the
incoherent portion of the EUV light. Under such conditions,
the resulting interference maximum was much higher than the
saturation level of the sensor, while blooming and smear

effects also appeared in the diffraction pattern. A 0.8 mm
diameter pinhole was installed between the folding mirror and
the EUV mask in order to reduce scattering from the optical
element [27]. The focused beam radius (1/ ¢* radius) on the
mask was measured to be 3.9 pum, using knife edge method.
We observed the EUV mask with hole patterns, which was
fabricated in a square region measuring 25 x 25 pum?, using a
programmed absorber defect in the center. A 10 x 21 region
of the hole in a block contained 10 defect shapes and 21
defect sizes. The block was surrounded with an absorber line
that is 10 um wide. We observed two hole blocks (112 and
180 nm in diameter), where both had a 1:1 ratio of hole to
space width. Since the magnification of the exposure tool for
EUV lithography is 1:4, the hole diameters correspond to 28
and 45 nm, respectively, on a wafer plane.

Figure 14(a) shows the difference image resulting from
two diffraction patterns developed from defective (with 40
nm oversize defect) and defect-free areas in the 180 nm hole
pattern [27]. The Gaussian blur filter is used to smooth the
image, where the exposure time was 1 s. Figure 14(b) display
a scanning electron microscopy (SEM) image of the defective
area and corresponding defect shape, which are represented
by the solid-orange region. As presented in figure 14(b), the
shape of the hole and oversized defect is closer to that of a
rounded square than a circle. The defect shape is the same as
that of the region bounded by two concentric rounded
squares. In the SEM image, a fringe pattern appears around
the central maximum in both vertical and horizontal direc-
tions. The 1st and 2nd dark fringes are clearly observed. The
distance between the dark fringes and intensity ratio of the
Oth, 1st, 2nd fringes are accurately replicated by the calcul-
ation results. When double-relay optics was employed to
detect the same defect, the required exposure time was 1000 s.
This system reduced the exposure time dramatically to only
1 s. Figure 15(a) exhibits the SEM image of the defective area
in the 180 nm hole pattern, as well as the difference image
resulting from the two diffraction patterns produced by the
defective and defect-free areas, respectively [27]. The solid-
green region in figure 15 (a) represents the shape of the defect
(no-hole defect). The diffraction pattern from no-hole defect
is illustrated in figure 15(b). This pattern is identical to the
diffraction pattern from a single hole. Since the intensity
distribution of the interference fringes become close to that of
the Airy-disc, the intensity of the 1st bright fringe is less than
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Figure 15. (a) SEM image and (b) diffraction pattern of no hole
defect in 180 nm hole pattern.
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Figure 16. (2) SEM image and (b) diffraction pattern from line-end
oversize defect in 112 nm hole pattern.

1/20 of that of the central bright fringe. Thus, the 1st dark
fringe is barely noticeable, and the hole diameter calculated
from the diameter of the 1st dark fringe is 200 nm.

Figure 16 reveals the SEM images of the line-end 24 nm
oversized defect as well as the diffraction pattern resulting
from the line-end 24 nm oversized defect in the 112 nm hole
pattern, respectively [27]. This image is obtained using the
following procedures (batch processing): (1) prior to the
creation of a difference image, a Gaussian blur filter is applied
to each diffraction pattern with a radius of 1 pixel. This
processing is crucial to the reduction of camera noise in a
difference image. When this processing is applied to the dark
frame of the camera, a total noise count in the difference
images of each dark frame is reduced by a factor of 3; (2)
outliers are removed from the difference images and replaced
by the mean value of the periphery areas; and (3) the Gaus-
sian blur filter is applied to smooth out the image. In the
diffraction pattern resulting from a line-end 24 nm oversized
defect, an averaged signal (count) is only three. Nonetheless,
the shape of the diffraction pattern is accurately replicated by
the calculation. The result suggests that the incoherent portion
of the EUV light does not affect the observation of small
signals. We observed these defects using the line step-and-
scan method. A defect can be detected with 1 um steps in a
single direction, scanning from one edge to the other of a hole
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Figure 17. Total count of the defect signal from extended defect via
step-scan measurements.

region (25 pm length). The fluctuation of the diffraction
signal intensity is 1.8% (1o) over 10 min.

Figure 17 illustrates the relationship between the position
of the defect and the integrated total count of the defect signal
resulting from 24 and 76 nm line end oversized defects. The
total count of defect signals is calculated via the aforemen-
tioned batch processing method. The background noise con-
sists of the CCD camera and EUV mask noise. The CCD
camera noises are results from dark current and readout noises.
EUV mask noises are induced by the roughness of the multi-
layer and the absorber. The integrated defect signal for each
defect shape is almost proportional to the defect area size and
the illumination power. In this study, the shape of the defects
can be deduced from the diffraction pattern without recon-
struction of the image. Specifically, when the interference
fringe appears, a more detailed shape can be approximated.
Obviously, the diffraction pattern does not include the position
information of the defect, though the approximate position can
be determined by a step-scan measurement. A diffraction pat-
tern be generated not only from a pattern defect but also from a
phase defect. If a phase defect exists under the hole pattern, the
diffraction pattern of the phase defect can be identified. The
detection limit is a line-end 24 nm oversized defect with a 10's
exposure time, which has an area of 2688 nm?2. This area is
equivalent to that of a 52 x 52 nm? absorber defect. These
results indicate that the spatial coherence of the 59th harmonic
is high enough to observe such a small signal within a high
contrast signal. The detection limit of the defect size is roughly
proportional to the illumination size. Thus, reduction of the
illumination size will dramatically improve the detection limit.
However, reconstruction of complex images is required to
obtain detailed characteristics of the defect.

4.6. Reconstruction of absorber patterns from diffraction
patterns

In order to reconstruct the EUV mask pattern through pty-
chography, diffraction images were obtained via step-and-
repeat measurement. Ultra-precise sample stage positioning is
required to reconstruct the images. Similarly, the beam
pointing and beam profile needs to be stable. In the above
experiment, the reduction pinhole was fabricated with a
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Figure 18. Reconstructed results of the corner structure of the 88 nm
L/S pattern in terms of (a) intensity and (b) phase. Adapted from
[28]. Copyright © 2017 The Japan Society of Applied Physics. All
rights reserved.

SUS304 steel plate of 1 mm thickness [28]. However, the
pinhole was deformed due to heat produced by the high-
power pump laser beam. The deformation of the pinhole thus
affected the beam quality of the 59th harmonic. Therefore,
reconstructing the EUV mask pattern was challenging. To
improve the stability of the EUV light spatial profile, a
tungsten pinhole with high thermal resistance was used. The
thickness of this tungsten pinhole was the same as that of the
SUS304 pinhole (1 mm). The melting point of tungsten is
3,420 °C, which is 2.4 times higher than that of SUS304
(1400 °C). Thus, the 1/¢* spot radius of the focused EUV
light, measured using the knife edge scan method, was
reduced to 1.6 um.

For high-precision sample positioning, a piezo flexure xy
stage (Piezosystem Jena PXY 200SG) was installed onto the
pulse motor stage, which had an integrated strain gauge for
position feedback. The stroke length is 160 ym in the x- and y-
directions. The resolution is 4nm and the repeatability is
45 nm. The accuracy of the mask stage position for ptycho-
graphy was significantly improved with this setup. To establish
an accurate comparison, this experiment used the same sample
as before. Two types of absorber patterns were observed. One
is an 88 nm L/S pattern, designed in a square region with an
area of 25 x 25 pm?. Its line-to-space ratio is 1-1. The other is
a cross line-pattern with a width of 2 ym and length of 10 pm.
Diffraction patterns from the cross-line pattern and the 88 nm
L/S pattern were recorded by the CCD camera. The mea-
surement was conducted at 15 x 15 points for step-and-repeat
measurements. The exposure time was 0.3 s at each point and
the readout time of the CCD camera was 4.5 s per image. The
total observation time was 17 min at 15 x 15 points, where the
readout time was dominant to the observation time. Since the
spatial profile stability of the HHG EUV source was greatly
improved by the tungsten reduction pinhole, diffractions from
the pattern were clearly recorded. Figure 18 displays a recon-
structed image of the corner structure of the 88 nm L/S pattern
[28], where figure 18(a) shows the intensity image and
figure 18(b) exhibits the phase image. As revealed in figure 18,
the line and corner structures are well-reconstructed. Addi-
tionally, the phase image demonstrates that the phase mod-
ulation of the line pattern is clearly observed. Thus, the CSM
can clearly and accurately observe the absorber pattern phase,
which is critical in predicting the mask-induced aberration.
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Figure 19. Reconstructed results of the cross-line pattern in terms of
(a) intensity and (b) phase contrast. Native defect on the cross-line is
also reconstructed. Adapted from [28]. Copyright © 2017 The Japan
Society of Applied Physics. All rights reserved.

Figure 19 illustrates a reconstructed image of the cross-line
pattern [28]. The intensity image is shown in figure 19(a) and
the phase image in figure 19(b). The cross structure shown here
is also well-reconstructed. The reconstructed image quality
resulting from the HHG-CSM is higher than that resulting from
the SR-CSM (figures 6 and 7) since both the EUV light power
and position accuracy was significantly improved. Using the
phase image, we were able to estimate the phase shift of the
absorber pattern. The cross-line region is the reflective multi-
layer without the absorber. The outer region of the cross
structure was covered by the absorber layer. The difference
between the absorber and reflective regions was estimated to be
2.8 rad (160°). The CSM can estimate the absorber phase shift,
which is essential to achieving the attenuated phase-shift mask
[36-39]. In addition to the cross pattern, a natural defect that
appears to be a particle of ~2 ym on the pattern was also
observed. The phase shift of the particle was the same as that of
the absorber pattern, which indicated that this particle is a
peeled absorber. As shown, the phase shift is extremely
advantageous for characterizing the defect origin. Hence, phase
information is essential for achieving an accurate and thorough
inspection of the mask.

5. Advanced HHG-CSM system

For the inspection of printable defects, the probe beam size
should be less than ~100 nm. An FZP is a key optical element
for focusing of high harmonics on the sub-um scale. An off-
axis short focal length zone plate can be integrated into an
EUV mask scanning microscope equipped with an HHG
source [40-42]. A lower divergence beam is required to
increase the coupling efficiency between an EUV light and an
FZP. With a lower divergence, a Gaussian profile harmonic
emission with a divergence of 0.18 mrad (1/¢*) was obtained
under another phase matching condition in helium. The beam
divergence of the 59th harmonic is approximately 1/20 of that
of the pump pulse. Thus, the majority of the low divergence
beam can pass through the reduction pinhole. Compared to
previous results, though the pulse energy of the 59th harmonic
is about 1/3, the fluence of the harmonic is ~5 times higher.
Therefore, the advantage of the low divergence beam is the
ability to not only improve spatial coherence, but also the
utilization efficiency of the HHG-CSM system harmonic.
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Consequently, the illumination power on the mask is increased.
The beam radius of 24 um at the exit pinhole, estimated by the
relationship between the beam waist and the divergence of
Gaussian beam, is much larger than the pointing fluctuations of
the pump pulse. The pointing stability of the EUV light on the
mask will be further improved by applying the low divergence
beam. Combining the lower divergence coherent high harmo-
nic beam with FZP technologies will significantly improve the
resolution limit of the HHG-CSM system.

6. Conclusion

We have developed a CSM system using a SR source to
establish actinic metrology and inspection algorithms. The
diffraction patterns of an 88 nm L/S pattern and crossed-like
pattern with a width of 2 ;zm on the EUV mask were observed
using the SR-CSM system. The complex images of the mask
patterns were accurately reconstructed from the observed
images through applying the modified phase retrieval algo-
rithm. The results demonstrate that the SR-CSM system can
evaluate absorber phase shift values qualitatively. For the
practical application of the CSM, we also developed a stan-
dalone, coherent EUV light source based on high-order har-
monic generation with a table-top, commercial Ti:sapphire
laser. By installing the beam stabilization apparatus, the beam
fluctuation of the pump pulse becomes much smaller than the
radius of the 59th harmonic. Consequently, the utilization
efficiency of the EUV light on the mask was drastically
improved with the usage of upgraded relay optics. Even dif-
fraction patterns of small defects (on nm-scale) can be
observed. The results indicate that HHG-CSM inspection
using the diffraction pattern can both efficiently and effec-
tively detect the existence of defects in the field of view, as
well as the fact that the 59th harmonic meets the spatial
coherence requirement for the CSM. Furthermore, the
reconstruction of the complex image of the mask pattern was
also demonstrated using the 59th harmonic. The reconstructed
image quality resulting from the HHG-CSM was higher than
that resulting from the SR-CSM, due to the improvement of
both position accuracy and EUV light power. Thus, the state-
of-the-art HHG-CSM will undoubtedly be a powerful tool for
EUV mask inspection in factories, such as mask shops and
semiconductor fabrication plants, around the world.
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