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Development of Flagship Full-Size Mirrorless Camera
with Interchangeable Lenses: Nikon Z 9

Koji OZAKI and Yoshihisa SAITO

ZIVORSTinEiEEECE, Bl - BEEDICZIVE FREOKEE - Mz [ZTIVZNIV N =
RALAD IS v Iy FPEFIVERBRD IITAX (ZOAVFX T4—< v ) TS—URAAS [Z3Y Z9] =

021 128ICHFE L.

ZTl&, Z9 ORLBPRFEERICOVTERT 3.

In December, 2021, we launched the sales of the full-frame (Nikon FX-format) mirrorless camera Nikon
Z 9. The Z 9 is the first flagship model of the Z series mirrorless cameras, combining Nikon’s leading-
edge technologies to deliver the best still and video features and performance in Nikon'’s history. Here,
we explain the various development elements of the Z 9.
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interchangeable lenses, mirrorless camera
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Development of the Lasermeister1000SE/1000S
Optical Processing Machine
Shigeki EGAMI

FNTHEFE = D DFEREEBEDEMZIGE U TR TH Y, 20214 9 BICHDOAREN LR TH
% [Lasermeister1000S] #UU—X Ufz. Lasermeister1000S DEMZER (G SHEE - [LEHICEESNTHY, NL7—
IEJRRICEIRTDENTED. HRICIEFBE/ VALV —F—ZFHALTHY, H50D#RHITH UTIERD L ——
PIU—Y3aVNIEFRIRTES. 51T, #EICEF3D XEHAEEH UL TWLD Iz, SHARSRZRBIEICT «— Ry
IMI T3 ENTRETHD. MIL/SRIE CAD F—9, MIL/INSA—9—, WHEYD3D sHAKSEN S BEERIND
e, FEEBEODRFIVICKEESTICHIVNATOX—RMNUVOERBENLTHRIETED. XETlE, NS5O
Lasermeister1000S MEEHEERE, 7 USr—ya v EULTEZTVDESS, BESR, 25X vIAMEONIS
Bl 7ZiEERT B.

An optical processing machine has been developed by applying Nikon’s semiconductor lithography
technology. The first optical subtractive processing machine, “Lasermeister1000S,” was released in
September 2021. The coordinate system of the Lasermeister1000S is adjustable with high accuracy over
a wide range. Therefore, model data can be accurately reproduced with high fidelity in processing. An
ultra-short pulse laser is used as the light source, with which non-thermal laser ablation processing can
be applied to almost all materials. Furthermore, because a high-precision three-dimensional (3D) optical
measuring device is mounted on-machine, accurate feedback of the measurement results to the laser
processing for improved process quality is realized. The machining path is automatically generated from
computer-aided design (CAD) data, processing parameters, and 3D measurement results of the object;
hence, sub-micrometer processing accuracy can be achieved without relying on the operator’s skill. In
this paper, the development of the aforementioned elements is explained and processing examples with
scraping, precision molding and processing on ceramic material are discussed, which are areas of
application for this optical processing machine.

Key words ¢hiT#, #B@/SLRAL—H—, L—H—F7TL—v 3y, #13D

sHEI

optical processing machine, ultra-short pulse laser, laser ablation, on-machine 3D measurement
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Nikon’s X-Ray CT Technology that Contributes to the
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With the rapid adoption of Electrical Vehicles, proper inspection of battery cells is critical to guarantee
their long term performance and safety. This paper introduces Nikon's new XT H 225 ST 2x X-ray
Computed Tomography (CT) system as well as the new features that come with the system to meet this
market need. First the principles of X-ray generation and imaging are explained as well as the traditional
CT acquisition and reconstruction techniques. Next, we will introduce new features and applications. The
improved Rotating.Target 2.0 makes it possible have a 3 times higher X-ray flux for a given focal spot size
compared to a traditional static reflection target. The unique Half. Turn CT acquisition and reconstruction
algorithms enables faster scans while X.Tend helical CT provides high-resolution, artefact free data. Auto.
Filament Control doubles the lifetime of the filament. All these new 2x features enable fast and high quality
CT scans that are a key requirement for the usage of X-ray CT for end-of-line testing and process control
in a production environment. Finally, as an example of such an industrial application, the paper discusses

the usage of the XT H 225 ST 2x system for fast inspection of Li-lon battery cells.
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1 Introduction

Nikon offers a wide range of industry-leading X-ray and
Computed Tomography (CT) systems to do non-destructive
inspection of parts as small as MEMS up to large castings
and this for a wide range of industries including aerospace,
automotive, consumer products, electronics and much more.
At the heart of these systems are Nikon’s X-ray microfocus
sources, ranging from 130 kV through to 450 kV, that Nikon
X-Tek Systems in Tring (UK) has been developing and
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manufacturing in-house since 1986. Unique X-ray source
technology such as rotating target, integrated generator and
the worlds-only 450 kV microfocus source allow superior
image quality across the entire range of systems.

In the early days, X-ray CT was mainly used in Research
& Development (R&D) and Failure Analysis. More recently,
production quality control teams have seen the benefit of
using CT to shorten production set-up time by doing
detailed first article inspection and to improve process con-

trol by doing systematic end-of-line inspection. In both cases,
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a single CT scan enables inspection of internal and external
dimensions and reveals defects and assembly issues, all in a
non-destructive way and faster than other technologies. The
latest trend is to move CT inspection into the production line
to catch issues as early as possible. This trend can certainly
be seen in the growing market of Li-Ion battery cells that
power hybrid and electrical vehicles. Manufacturing quality
in this case is important to guarantee long term battery per-
formance and safety.

In the production line, the challenge is to reduce inspec-
tion cycle times as much as possible without compromising
on data quality. The remainder of the paper will explain how
Nikon has responded to this challenge by further improving
source performance and implementing innovative CT scan-
ning techniques and reconstruction algorithms which
resulted in the new XT H 225 ST 2x X-ray CT system.

2 Technology Background

2.1. Principle of X-ray Imaging

X-rays are a form of electromagnetic radiation, just like
visible light, but compared to many other types of radiation,
X-rays are more energetic. An X-ray photon can be hundreds
or thousands of times more energetic than a photon of visi-
ble light, see Fig. 1.

Wilhelm Roentgen first described X-rays in 1895, an
achievement for which he was awarded the very first Nobel
Prize in Physics. During World War I, X-rays were already
being used for medical purposes.

Most of the X-rays in the universe arise when highly
excited atoms decay back to their ground state configura-
tion. For example, if an electron is removed from the inner
shell orbitals of an atom — perhaps by a collision with some-
thing — then the atom will emit an X-ray photon as it
returns to its equilibrium state.

Another common source of X-rays is from a process called
“bremsstrahlung”, which is German for “braking radiation.”
X-rays are emitted when a highly energetic beam of charged
particles such as electrons is rapidly decelerated — because
it runs into a metal target, for example.

In medical and industrial X-ray sources, a beam of ener-
getic electrons is focused onto a target, usually a piece of
Tungsten. As the electrons are decelerated, this generates
bremsstrahlung X-rays. In addition, the incoming electrons
can collide with a Tungsten atom and knock an electron out
from its inner orbit. This kind of device actually produces
X-rays by both mechanisms simultaneously.

The high energy of the X-rays combined with their inter-
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actions with the electron cloud in the atoms means that
X-rays can penetrate significant amounts of material; the
exact length depends on density and atomic number and
broadly falls off as either increases. The X-rays that pass
through the material (as well as those scattered) can then be
detected. Originally this was done using film but over the
years a number of electronic means have become available.

Today the most common type of detector in industrial
X-ray is the flat panel detector, that consists of a scintillator
material (most often Caesium Iodide (CI) or Gadolinium
Oxysulphide (GadOx)) that converts the incident X-rays into
light. These scintillators sit on top of a layer of photo diodes
which convert the light generated into a 2D image which is
read out to a computer.

The key equation in X-ray image formation is the Beer
Lambert law which describes how the intensity of the
detected X-rays falls off with the thickness of material:

I=Ie* @

The equation (1) is true for a monochromatic beam tra-
versing a uniform material with attenuation coefficient y, the
equation can be extended to polychromatic beams as found

in typical microfocus sources and to multiple materials.
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Fig. 1
of X-rays within it.

When an image is collected the values of I, and I can be
measured before and after the sample is introduced. This in
turn will allow calculation of the attenuation along that path,
this will be important later when we discuss Computed

Tomography.

2.2. Features of Microfocus X-ray Sources

There are several different types of X-ray sources. Of
most use in industry are the Mini-focus tube (X-ray focal
spot size > 100 microns) and the Microfocus tube (focal
spot size < 100 microns, typically < 10 micron at best).
Within each type there are two competing construction

methods: sealed tube in which the source is put under
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vacuum and then sealed and runs in a sealed state until
failure, when it is replaced. Next to this, there is or the
open tube, in which the source can be vented to air and the
filament or other failed parts replaced, giving it an unlim-
ited lifetime.
The customer will choose the type that best matches their
sample and imaging needs.
A typical Microfocus tube will consist of the following ele-
ments, see Fig. 2.
1) A high voltage receptacle to allow the high voltage (typi-
cally around 200 kV) to be delivered
2) An electron source, often a heated Tungsten hairpin
3) A cathode/anode assembly causing electrons to be
extracted from the filament and accelerated
4) A drift space with steering coils to make sure the beam
passes through the centre of the lens
5) An electromagnetic lens to focus the beam
6) A metallic target of a suitable material to generate X-rays
(typically Tungsten).

Cathode
assembly

Anode Magnetic Lens

L =1
Filament JS=><==——— oo oo oo mm=seh | Vacuum
W E ‘zﬂ Y ‘L Envelope

X-rays

Reflection target

Fig. 2 Outline of a microfocus source.

The biggest remaining variation is on the type of target
used, there are two axes:
a) Stationary or Rotating

A stationary target is fixed in place; it has the advantage
that with no moving parts it can give a stable source. The
rotating target allows a much higher power density (elec-
trons per unit area) which leads to a much higher X-ray flux
for a given spot size.
b) Reflection or Transmission

A reflection target sends the beam of electrons into a
large block of the target material and the X-rays used are
those that come back out of the target (i.e. are ‘reflected’
back), it is easier to cool but allows the electrons to spread
in the target so limits the X-ray source size. A transmission
target is a thin film where the electrons hit one side and the
X-rays are taken off the other side (i.e. they are ‘transmit-
ted’). This enables a smaller spot to be achieved but is

harder to cool so can only be used at lower powers.
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2.3. Introduction to Computed Tomography and Recon-
struction Algorithms

By combining 2D radiographs from an object taken from
different directions, a 3D representation of the object can be
created. The most commonly used Computed Tomography
algorithm is Circular FDK CT.

In this mode individual images (call projections) are taken
while the object rotates 360 degrees in the X-ray beams, see
Fig. 3. By application of the Radon transform to the attenua-
tion found from the images the data can be back projected

into the 3D volume of the sample.

Detector

Reconstructio olumei /
|

|
A i
N :-:lﬂﬂf-j“ﬁi'ﬁ A .ﬁ?i

Pre-filtered projection image ~-

S
Ix1
1=y

A=A

Source

Fig. 3 Schematic of CT data acquisition.

It was found that if the attenuation was simply back pro-
jected then the resulting image was blurred and so a filter-
ing step was introduced to form Filtered Back Projection, the
most commonly used algorithm for this is the FDK algo-
rithm from Feldkamp et al [1].

The FDK algorithm is imperfect and can lead to errors in
the final volume Below is a short list of the most common
errors:

1) Off axis errors - the algorithm is only fully correct on the
central horizontal slice that passes through the focal spot
of the source. As the angle to the object increases there
is a loss of information and this introduces off axis errors,
usually a blurring or drop in SNR.

2) Field of view — the algorithm relies on the whole object
being contained with the cone subtended by the detector.
If parts of the object are outside this cone then errors will
occur; usually this introduces a bright ring.

3) Beam hardening — as the X-ray beam is polychromatic and
the Beer Lambert law is monochromatic there is a mis-
match. This is made worse as attenuation changes with
kV but only the integrated intensity is measured, which
leads to a non-linear value of the attenuation. There are
extensions of FDK that allow for correction of this effect

for single and multiple materials.
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3 New XT H 225 ST 2x features

3.1. Introduction of the XT H 225 ST 2x System

The XT H 225 ST 2x standard system is equipped with a
225 KV source with Rotating. Target 2.0 with a focal spot size
of 10 um < 30 W and a maximum focal spot size of 160 pm
at 450 W. The 8.3 MP flat panel has a pixel size of 150 pm.
Fig. 4 is a system picture.
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Fig. 4 Picture of the XT H 225 ST 2x system.

3.2. Improved Rotating.Target 2.0

One ongoing issue with all X-ray CT is that the image
quality of the result is directly related to the amount of X-ray
flux collected. This means that for a given flux a longer scan
will have better image quality than a shorter scan.

In order to improve the quality of short scans the 2x sys-
tem incorporates a Rotating.Target 2.0. Such a target con-
sists of a rotating disc with a sloped surface and Tungsten
coating. As 99% of the power of the electrons hitting the
target is converted into heat and only 1% into X-rays, focus-
ing the electron beam on a very small area of the target will
melt the target. With the rotating target, this focal spot is not
a single spot but a much larger circular area that can be
cooled much more efficiently through a combination of
water cooling and radiative cooling. This approach allows a
much higher electron power density on the target. This can
then be used to either have a much higher flux at the same
spot size or a much smaller spot size at a given flux. For the
2x the main use is the former, where the X-ray flux can be
increased by a factor of about 3x from the static reflection
target, this can then shorten the time taken for a given qual-

ity by the same factor.

3.3. Auto.Filament Control Doubles the Life of Filaments
High-resolution microfocus X-rays start with electrons
emitted from a thin filament that has to be replaced periodi-

cally due to wear. Less frequent changing of the filament is
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desirable, as it means that system availability is higher.
Long-life filaments are available but they are thicker, so the
high resolution nature of the microfocus X-rays is lost. With
the XT H 225 ST 2x, the user no longer has to choose
between high-resolution and long-life filaments. Auto.Fila-
ment Control intelligently controls the X-ray source to dou-
ble the lifetime of the filament and increase system availabil-
ity.

Auto.Filament Control carefully controls the current
through the filament to optimize its lifetime. The current
through the filament causes the filament to warm up, which
allows electrons to be emitted which are then accelerated
and focused on the X-ray target to generate X-rays. Increas-
ing the current through the filament will increase the tem-
perature and the amounts of electrons produced, up to a
point where this saturates, and further increasing the cur-
rent will not significantly increase the amounts of electrons
emitted This function has the general shape of a logistic
function, or S-shaped function. The challenge is to determine
at every point in time, and for every combination of desired
beam current and energy (uA, kV) where this saturation
point or “knee” point is. Whilst this needed to be identified
by an operator before, this is now fully automated in the XT
H 225 ST 2x. After the installation of a new filament, with
one click of a button, the system automatically identifies this
knee point in the filament demand curve for every combina-

tion of beam current and energy (1A, kV), see Fig. 5.

#* run1
* run2

1500 <o L L
1000 S ———
500 e ——
1

Fig. 5 Identified filament demand map, showing the knee point in
the filament demand curve (arbitrary units from high-voltage
generator) as a function of desired beam current (LA) and
energy (kV). This graph shows two repeated runs with sev-
eral days in between, showing that the identified values are

stable and repeatable.

Experiments have shown that the map shown in Fig. 5 is

stable over time. However, as the filament starts to wear, and
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other parameters in the source vary slightly, the map
becomes slightly offset, but the shape remains the same.
Therefore, the XT H 225 ST 2x periodically identifies this
offset without further operator intervention, achieving the
optimal lifetime of the filament all the way to the end when
it will finally break. This way, this new Auto.Filamant Control
function has proven to extend the lifetime of filaments by a

factor of 2 compared to filaments that are manually tuned.

3.4. X.Tend, Error-Free Helical CT Reconstruction

In the above discussion of FDK one of the errors was that
the equations were only accurate on the central plane. Heli-
cal CT was devised to address this weakness. There are a
number of different helical algorithms but they all work on
the same basic principle. By moving the sample vertically as
the sample rotates the angles at which the object is seen
vary continuously changing the volume of correct slices.

Many helical algorithms work to smear out the errors
over the whole volume, however, there are a few algorithms
that are exact, one of which is the Katsevich algorithm [2],
[3], [4] which Nikon uses for its helical CT reconstruction,
this uses a smaller region of the detector during the scan
combined with an algorithm to arrive at an accurate recon-
struction which does not contain any errors due to the
reconstruction process.

Another benefit of helical CT is that for taller samples, the
whole part does not need to be in the field-of-view of the flat
panel. In practice this means that the part can be brought
closer to the source and can be scanned at higher magnifi-

cation, see Fig. 6.

Circular CT Helical CT

180sec. 3x

180sec. 15x

Fig. 6 Cylindrical battery cell on the left scanned with circular CT
at 3 times magnification and scanned on the right hand side

with X.Tend helical CT at 15 times magnification.

3.5. Half. Turn CT Doubling the Speed of the Acquisition

The new XT H 225 ST 2x system doubles the speed of the
acquisition compared to a similar acquisition on the XT H
225 ST, without giving in on data quality. This is achieved by
a more sensitive detector, in combination with the new Half.
Turn CT acquisition and reconstruction software.

The duration of a CT acquisition is shown as (2)

15

_AO*R,
- F

where T, is the time of the acquisition in (sec), A0 is the

T, )

angular range of the scan (rad), Ry is the desired angular
resolution (frames/rad) and F is the frame rate of the detec-
tor (frames/sec).

Ry is usually optimized based on the resolution of the
detector, such that %6 is more or less equal to the pixel size
of the imager, where 7 is the radius of the object begin
scanned. Reducing R, will reduce the resolution of the recon-
structed volume, and will increase motion blur, which is
undesirable.

F is limited by the maximum frame rate of the detector,
and its sensitivity. The Varex XRD4343CT panel is more sen-
sitive than the Varex PE1621EHS used before. Running the
XRD4343CT detector at 15 frames per second gives a similar
quality image as the PE1621EHS detector at 11 frames per
second. Further increasing the frame rate is not possible, as
15 frames per second is the maximum speed of the detector
in full frame mode.

Therefore, if we want to double the speed of the acquisi-
tion without compromising the resolution while the imager
is already at full frame rate, then the only remaining param-
eter we can play with is A9, the angular range of the scan.
For regular CT scans, A6 is 2%z or a full turn. However, is
that really needed? In case we have a system with a parallel
X-ray beam, the image at angle 0 should contain the exact
same information as the image at angle 6 + =. So, A0 = «
should give the same resolution of the reconstructed vol-
ume, albeit with a lower signal to noise ratio compared to
the full turn scan as we capture only half the number of
images.

In case of a cone beam, A needs to be larger than =
because of the cone beam opening angle. For every point on
the scanned object to be seen by rays in the whole range
from 0 to z, the rotate stage needs to turn over an angular
range A0 = & + a, where o is the cone beam opening angle.
Fig. 7 explains this.

This scan over a range Af = & + o with a cone beam system
presents a particular challenge to reconstruction. It is well
known that straightforward reconstruction of such an acqui-
sition with standard Filtered Back Projection introduces
artefacts. The origin of these artefacts is the “asymmetry” in
the dataset caused by the cone beam. As Fig. 7 shows, some
parts of the objects are penetrated by more rays than others,
and hence more information is available about the parts
closer to the source. The new Half. Turn CT reconstruction

solves this unfairness, and provides a reconstruction of the
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Fig. 7 For every region of the object to be seen by rays in a range of 0 to =, the stage needs to rotate over an angle of 7 + cone

beam angle a. (A) Consider regions at opposite ends of the sample. The beam passes through these at an angle. (B) After

90° of rotation, the blue feature receives a wider angular coverage for the same rotation. The red feature on the opposite end

receives less coverage. (C). After 180° of rotation, the blue feature has over 180° of coverage, and therefore has more than

enough projection data to allow reconstruction. The red feature, however, has insufficient coverage. It will be missing detail

at angles which have not been covered. (D) We must therefore rotate further to cover this missing angle. This additional

angle is equal to the cone beam angle.

same quality as a full turn CT, without adding noticeable
computation time. Fig. 8 shows that the quality of the new
Half.Turn CT reconstruction is comparable to that of a stan-
dard FDK reconstruction of a full turn scan of the same
opbject, while needing only about half of the images.

Fig. 9 compares the acquisition time of 2 CT acquisitions
that produce equivalent data quality, one full turn scan on the
XT H 225 ST, and one Half.Turn CT scan on the new XT H
225 2x system. The doubling of the speed is achieved
through a combination of a more sensitive detector, allowing
it to run at full frame rate of 15 frames per second, and the
new Half Turn CT reconstruction providing a reconstruction

quality that is similar to that of the full turn scan.

il

Without Half.Turn CT With Half.Turn CT Traditional 360° CT

Fig. 8 Comparison between a Half.Turn CT acquisition recon-
structed with standard FDK (left), the same acquisition
reconstructed with the new Half. Turn CT reconstruction
(middle), and a full turn CT acquisition reconstructed with
standard FDK (right). The left figure clearly shows artefacts,
while the quality of the Half.Turn CT reconstruction (mid-
dle) is comparable to that of a standard FDK reconstruction
of a full turn scan (right).

4 2x improvements applied to Li-Ion
battery cell inspection

For Li-Ion batteries, defects like inclusion of foreign par-
ticles, electrode delamination and incorrect anode overhang

can be disastrous for their long-term performance and safe
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XT H 225 ST
XT H 225 ST | & Half.Turn

CT
Detector panel PE1621EHS XRD4343CT
Beam energy 165kV 180kV
Beam current 236pA 222pA
Power 39W 40W
Exposure time 88ms 67ms
Projections per full turn 3141 3800
Number of projections 3141 2126
Acquisition time 4m52s 2m26s

Fig. 9 Comparison of the acquisition time between a full turn CT
acquisition on a XT H 225 ST, and a Half.Turn CT scan on
the new XT H 225 ST 2x system. Acquisition speed is
exactly doubled by the use of a more sensitive detector,
combined with the new Half. Turn CT reconstruction.

operation. That's why it is important to catch these issues at
the end of the line or even better, during the assembly pro-
cess. As this is high volume production, cycle time is key
without compromising on image quality.

The examples below show how the combination of Rotat-
ing. Target 2.0, the latest flat panel technology and Half.Turn
CT allows users to drastically reduce scan time. See Fig.
10-14.

L.

Rotating Target
5min.

L.

Static target
(general)
180min.

Rotating Target
60min.

Fig. 10 Comparison of image quality of battery anode overhang

using Rotating. Target 2.0 and ever shorter scan times.
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Fig. 10 is a CT image of the anode overhang of the elec-
trode stack of a Li-Ion battery cell, demonstrating the
change of image quality when the scan time is shortened by
using a Rotating.Target 2.0. The image on the left was
acquired using a standard static reflection target; for the
center image a Rotating. Target 2.0 was used and the scan
time was reduced with a factor 3, while for the image on the
right the scan time was further reduced with a factor 12.
Even in the last case where the scan time is 36 times
shorter than the original scan time, the image maintains suf-

ficient resolution for proper overhang analysis.

: 360° CT scan
(Normal CT)
90 sec.

Fig. 11 Comparison of image quality using traditional circular CT

versus Half. Turn CT.

Fig. 11 is a comparison of the image acquired in 90 sec-
onds using traditional circular CT and the image acquired in
45 seconds using Half. Turn CT. In the last case, almost
equivalent image quality is obtained in half of the time

needed to scan the battery cell.

Rotating Target
+ Half. Turn CT

15sec.

Fig. 12 Delamination and deformation of battery electrodes are
clearly visible in a 15 seconds scan.

During the winding or stacking process of the anode,
separator and cathode and during the further assembly pro-
cess of the battery cell, delamination or deformation of the
electrodes can happen. Fig. 12 is a CT image showing elec-
trode delamination and deformation inside such a Li-lon
battery cell. The data set is acquired in just 15 seconds
using Rotating Target 2.0 and Half.Turn CT.

Fig. 13 shows a CT image that captures the crack in a bat-
tery electrode. Cracks are a critical internal defect that can
be introduced during the slitting process. A normal CT scan
takes 45 seconds to acquire, but Nikon has made it possible

to acquire it in just 15 seconds with Rotating. Target 2.0 and
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Rotating Target + Half. Turn CT
15sec.

Normal CT
45sec.

Fig. 13 Visualisation of an electrode crack in a 15 second CT scan.

Half. Turn CT. Almost equivalent image quality is obtained

with a 3 times shorter scan.

Particle

15sec.

Rotating Target + Half. Turn ClL
L

Fig. 14 Visualisation of foreign particle in a Li-Ion battery cell.

During the whole process from winding or stacking of
electrodes up to the sealing of the battery cell, foreign par-
ticles can be catched inside the cell. Also the welds that
connect the anode and cathode to the external battery ter-
minal can include voids that result in bad electrical conduc-
tivity.

On Fig. 14 some foreign particles can be clearly seen on
the CT image that was acquired in onlyl5 seconds using
Rotating. Target 2.0 and Half.Turn CT.

4 Conclusion

In this paper the new and improved features of Nikon’'s
latest XT H 225 ST 2x industrial CT system were explained.
These include Auto.Filament Control, that doubles filament
lifetime, Half. Turn CT and X.Tend helical acquisition and
reconstruction algorithms and the improved 225 kV Rotat-
ing.Target 2.0 X-ray source. It was shown how these fea-
tures increase the scan speed of the system while maintain-
ing or improving the image quality.

Fast scans and reliable analysis are a key requirement to
enable the usage of X-ray CT for end-of-line testing and pro-
cess control in a production environment. As an example of
such an industrial application, the paper discusses the usage
of the XT H 225 ST 2x system for fast inspection of Li-Ion
battery cells. The results show that critical defects like
incorrect anode overhang, electrode delamination and for-
eign particle inclusions can be detected in scans that take no

more than 15 seconds.
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Electric Vehicles. Also the mass production of other compo-
nents like Plastic Injection Moulded connectors and small
castings, that are widely used in Electrical Vehicles, will

benefit from these advances in X-ray CT inspection.
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Development of the CFl Plan Apochromat Lambda
D Series Objectives for Biological Microscopes
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In December 2021, we launched seven models of CFl Plan Apochromat Lambda D Series objectives for
biological microscopes. The Plan Apochromat objective lens series provides the world’s highest levels of
Numerical Aperture and Working Distance, excellent optical performance over the entire field of view, and
chromatic aberration correction across a wide wavelength range.

To date, the Plan Apochromat objective lens series, which is the highest spec of Nikon’s microscope
objective lenses, comprised the A and VC series. Herein, we introduce the optical design and
manufacturing technologies of the AD series, which has the advantages of both A and VC series.

We begin with the achromatism of two thin lenses, explain that of three thin lenses and the influences
of chromatic aberration in a confocal laser scanning fluorescence microscope, and finally show the actual

images.

Furthermore, we explain the wavefront aberration optimization system developed using Nikon's
wavefront aberration measurement and optimization technologies. Finally, we report the simulation results
of this wavefront aberration optimization system.

Key words L >R, RIFFRS, TEMEE
objective lens, resolution limit, microscopy
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Detailed Analysis of Mitochondria using Al Image
Processing Technology

Key words S+ D04 TV, BEME BISRNLE REZFE,

Kohei KADOI and Shunsuke TAKEI

= ROV RUTPRBEEGMIRPANEED—DTHY, IRILF—REZTSOERHRITOHES I RIFFERS
DISARBHTRLFARINTVD. S FIYVRUTFOWRTIE, = ~IYRUTPEEADF CIER LRI 2FE0
ERTHY, BREOBATICIEIA LSTARENAIARTHD. UHL, HEARRTEFHADFOMEBETOI&EICK
W, ABHICKDI MDY RUPEEPEANDOHE, SAORENEUED. Fo, = IV RUPFHARIESET
BB, EEFMZTSBEICEHPARBRZAEIT D2UENHSD. D, TIRERR RV RIS RE PRt
BEXOERMHT, MIENDIA—IPENREEOE L, HPAREGRESDEIMNKDSNTNS.

BEMEEGHE Y T bD T 7 NIS-Elements (3 artificial intelligence (Al) O—f& T2 REZBHMZRVZER
IRHRE (NIS.al) ZEFH LTS, ARE T, ELRICIGEEE TEYS UIC AR REIRD SIHEQER 24N T e
(Enhance.ai) ZAWDZ&ET, S IV RUPERICHIFT2HAEBHEEZOM TEDNREER L. IBIC, EREHN
SEESNDENY T FIVERET DB (Clarify.a) BNV RUFPOEEFRNICEATHD &R LEE. TN
SOEMICEY, ERLYDEEN DS MOV R PERERITHTIEEICE Y, BREANDFSHEIFINS.

Mitochondria, which are one of the major organelles for controlling energy metabolism, have been
extensively studied in the fields of basic and applied research of biology, drug discovery research, and
so on. Mitochondrial studies generally utilize the method of staining with fluorescent molecules while time-
lapse imaging is indispensable for analyzing mitochondrial dynamics. However, in fluorescence
experiments, the excitation of fluorescent molecules may affect mitochondrial activity and morphology
owing to phototoxicity and fluorescence photo bleaching. In addition, owing to the fine structure of
mitochondria, it is necessary to prepare a clear image when performing quantitative analysis. Therefore,
a technique for obtaining clear images which avoids damage to cells and fluorescence photo bleaching
under the conditions of excitation light intensity and short exposure as low as possible is desired.

The NIS-Elements imaging software for microscope, is implemented with an image processing function
using deep learning technology (NIS.ai). In this study, we confirmed the effect of avoiding phototoxicity
in mitochondrial analysis by using the function (Enhance.ai) to generate a clear image from an unclear
image acquired using low excitation light intensity. Furthermore, it was shown that the function for
removing blurred light from outside the focal plane (Clarify.ai) is also useful for the quantitative analysis
of mitochondria. These technologies enable more accurate and detailed mitochondrial dynamics analysis
than before, and are expected to contribute to the elucidation of phenomena.

=h3IVRUT

life science, microscopy, image analysis, deep learning, mitochondria

1 susic

FATHA T ADFEICB T, AWHEME TS L
TAEARWRO TV 7 VIGEILL K — kI Tbh b, £

72, AAETIE, TRIESE BN & F 7Bk 2 7 IR AL PR
PREF STV D, SIS OHAMIZ, UG5 o i Z

BREF L LTRESN, BWEANOEBO VR W&HT
D D FEBLR E RN IS 2 73R E) LR R AT
b7, ZRRRIISE B OIS ST,

26

NIS-Elements (&, BAMMEES 7 A 5 OHIM, G0, fF
B, LR — MBREE % i 2 7S o A 7 A HOWgsE Y
7 b 27 Tdhb. NISElements 12 351F 5 i3I 538 Bl %
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ANGEW] 72 W {5 & GE W 70 {5 & A2 0K 3 A B%FE (Enhance.ai)
O, HHO NIS.ai EEO AR AL, I ba v
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Fig. 1 NIS.ai Z W58 - #ROKN
3 A BSMEERES bV RUPDIALSTR
REREREAR

NIS.ai 128 )8 ¥ @ — i T 3 % Convolutional Neural
Network Z HH\WT B Y, P#ETF—F 2 hY L T 5 super-
vised BIOFEH 2R L T b, =W —3EH S5 L
DU HETH B HERE D HEFRM L TH Y, Enhanceai 2D
—¥HETH B, #H %% 5 Enhance.ai 12 & % LB,
T =P LT — 5 2 TR BEAET I
T LEE T AL, FELHEREFH LTI
F—% (AN 75 HWoOmGE T 57 = —
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Ny 7 TG v R E ¥ 7 OV O SR EE D ZE AV
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2 EOHSEMIEI b Y FY 7 2R L 72K S/N St
BT, Iy P I AMRETHRATLE, /A XDEHIN
TeAREE 2 BRI 2 5. ZOW{§IZHR L Enhance.ai % 3#
T5ZLT, Fig. 2 il CmL7zkHIcDI bar
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AAMEZ, RS KBS, Peter A. Leitl, Andreas Flanschger, Stefan Schreck,
Richard Benauer, Simon Pramstrahler, Andreas Marn

Numerical and Experimental Investigation of Laser
Processed Riblets on Turbine Exit Guide Vanes of Gas
Turbine Test Rig and the Impact on the Performance

Masayuki SHIRAISHI, Shintaro TSUCHIHASHI, Peter A. LEITL, Andreas FLANSCHGER,
Stefan SCHRECK, Richard BENAUER, Simon PRAMSTRAHLER and Andreas MARN

UTLw b, RAEBOREICERT SN APROBE TRIRITE 2 ICBIC K AR EDOI RN Z ER T
ZTEPHSNTNS. BEDHEBAARY -V ZRUCEBRIHIKICBNWT, 9—-EVHOERRE (TEGV) D&
FEEICUT LY bZEIEUSZEDEEY wake DIERZRARTICK UKD, RENZLEERITUY bTH1 V%
BHUR., ERICHRTU—RTHIHEOZANRCEZL—F—NTTT PV EREICBRLIEU T LY hEERL,
SEERFHMIEICERBLCU T Ly FOMROANANORFEZSRA Ulc. BOERET6.3%DEBERNESN. L—
F—NTEEECEZR TV Y NI TEDDT, RBAARI—LYDLIBERREECHUT LY hEBATE,
REWEO LRECHFSITBIENTES.

The reduction of pressure loss and wake in a low-pressure turbine test rig containing turbine exit guide
vanes (TEGVs) with laser-processed riblet surface were numerically and experimentally investigated.
Riblets are streamwise grooved surfaces which reduce the viscous drag in a turbulent boundary layer,
similar to shark-skin. An optimized riblet design was calculated by computational fluid dynamics (CFD),
and the designed riblets were laser-processed directly onto the suction side of steel TEGVs. The TEGVs
with and without riblets were installed on the test rig, and the effect of the riblets on the flow were
measured. Pressure loss around the TEGVs was reduced by 6.3%. This result shows the benefit of laser-
processed riblets directly fabricated on 3-dimensionally curved parts, such as gas turbine blades, which
operate at high temperature.

Key words UZLvw b, U—U—IT, AT, tIMEEER B

riblet, laser processing, CFD, drag reduction, power generation efficiency
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Fig. 1 Eddy-wall interaction without and with riblets.

The flow is in the depth direction of the paper.
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Fig. 2 Drag reduction effect by riblets with various cross
section. The number s* is a dimensionless riblet
size.
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and its TEGV section.



Nikon Research Report Vol.4 2022

SNk, BEAME A I LR TL — =L E S %
TEGV 2 ) 7L v b ORRBGEEO R & L7z, TEGV &fid
IS DOETHE S, B 1 OB 3R R 100 mm X
A28 80 mm THE I — ek HEAES# SS400Ta % .

3 msromn

3.1. N OBEE

Y7Ly FEREIB X ORIRFIIL CFD IC X D w7
[15]. Fig. 412V 7Ly F&EH7Tat 2oz Ry, £
T, MEOEWFME IV L—Ya YRR NS, &7
OWRETIZY 7L v FOENR— 2 5 £ VEN % moving
mesh (MM) 2 X % 3JEE % LES* Tf7\v», Z M % mixing
plane model (MPM) 12 & % 5% RANS™ & [tk L C 24k
RRER L. V7 Ly MO, )7Ly N oMuig
TEARBEIZET MU, @I 7 aIEEfmmmic ko
THREICG 2 5B 2RO M2 EH RANS 1B 5
BERWAFEE LTH252ETY 7Ly FEHHL, fiLik
ET IV SSTko % H w7z,

past experiment ‘ CFD CFD

ithout riblet: i i i : experiment
without rible s“wdltnEo;}'\r;l:lllets” wéi‘;;}m::;shwithout e
8
with riblets I
experiment
with riblets

iblet
(ulbul';nc: model™ RANS/MPM ‘

Fig. 4 Scheme of riblet design process and correlation
between simulation and experiment.
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Fig. 6 Assumed riblet cross-
section in CFD.

Fig. 5 CFD domain.
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Fig. 7 Display of distribution of physical quantities by a

single section of TEGVs. TE is a trailing edge of
TEGV.
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Fig. 8 Comparison of the past experiment and the baseline
simulation results without riblets by unsteady-state
LES (MM) and steady-state RANS (MPM).
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*I Large-Eddy Simulation.
* Reynolds-Averaged Navier-Stokes.
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Fig. 12 Riblet design (suction side) obtained by CFD.
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Fig. 13 Laser processing on the surface of TEGV using a
development tool with green pulsed laser beam.

Fig. 14 (left) TEGV (suction side) with lasered riblet.
(right) A microscopic profile of lasered riblet
sample.
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Fig. 16 Configuration of the trailing-edge probe.

Table 1 Measurement uncertainties of the five-hole probe

(left) and the trailing-edge probe (right).

Uncertainty,
+

Uncertainty,

Flow variable Flow variable

Mach number 0.002 Pressure total 28 [Pa]
S total 35 [Pa] static 28 [Pa]
static 63 [Pa] Velocity |absolute| 0.60 [m/s]
total 60 [K]
Temperature -
static 80 [K]
pitch 0.70 [deg]
Flow:angle yaw 0.70 [deg]
absolute 0.90 [m/s]
Velocity axial 0.90 [m/s]
radial 0.90 [m/s]
circumferential | 0.90 [m/s]
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edge probe.
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Fig. 19 Schematic concept of assumed effect on the flow
velocity and direction by riblets on SS (suction
side).

Table 2 Reduction of pressure loss between Plane C
(before TEGV) and Plane D (after TEGV) by
riblet: (top) Area-weighted, (bottom) Mass-
weighted.

reduction of

Total pressure loss AP
pressure loss

(PlaneC —PlaneD) [Pa]

without riblets 677.1 ref
with riblets 634.2 -6.3% ‘

without riblets 640.8 ref 1
with riblets 595.1 71%V
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fRlRifEi s, Peter A. Leitl, Andreas Flanschger, Stefan Schreck, Richard Benauer

Numerical and Experimental Investigation of Laser
Processed Riblets on Ultra-small Jet Engines and the
Impact on the Performance

Shinya INASAKI, Peter A. LEITL, Andreas FLANSCHGER, Stefan SCHRECK and Richard BENAUER

ULy hER, BREFRBICSITDIMEHERZERT 2, TAPNRORGEOEER CHD. BT Ty hIVIY
DIVTUvY—, FqTa—Y— I-—EVITU—RICUTUY MEERL, TVIVMREDR FZRBIICHEL
le. &Y, IVIVDIRTETIVERVCHERGNZ (CFD) (L&Y, TrIVHEEEALEICRERYTL Y b
AVZHEHL, TOMEEEEEI Y Y VLTI .8I%ELZETALL. BHULUT LY YAV, BEOL—
F—NLICK>TTHA UV ERECEBIRT DR IICIVIVERICER U, COBRELIYIYVICHIHAY, TVIY
MREESRAIL, U—Y—NTISNcU Ty MEIIVI VI M4%[A LS EDOBRDESN. TR, &
B BROEGT2BRICLU—F—NTU Ty hEERL, §J—REmMOMEREZR ES BIctRIIDERRNEIL LS.

Riblets are streamwise grooved surfaces which reduce the viscous drag in a turbulent boundary layer,
similar to shark skin. We experimentally confirmed improved engine performance by forming riblets on
the compressor, diffuser, and turbine blades of an ultra-small jet engine. The optimum riblet design was
calculated by computational fluid dynamics (CFD) using a 3D model of the engine, and the improvement
was predicted to be 1.81% in engine thrust. The calculated riblet design was formed on the actual parts
by laser ablation. It was experimentally confirmed that the laser processed riblets improved engine thrust
by 1.44%. This work is the world’s first experimental demonstration of improved turbomachinery
performance through the application of laser processed riblets on parts exposed to high temperatures
and rotating at high speed.

Key words @3/ #ivtw hIVYY, OV FUvY—, FrTa—t— -, #h % UTLwv b, U—H—T, EEEREE, FHEn
ultra-small jet engine, compressors, diffuser, turbine, thrust, efficiency, riblet, laser processing, drag reduction, CFD
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Fig. 2 Ultra-small Jet engine evaluation bench overview
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Fig. 10 Turbine with lasered riblet
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Table 1 Riblet improvement effect (experimental value,
measurement reproducibility, CFD forecast)
Corrected fuel | Corrected fuel
Corrected .
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Riblet Formation by Laser Ablation on Gas Turbine
Compressor Materials and Evaluation Results of

Mechanical Properties

Kenji WATAHIKI, Kenichi ASHIDA, Shintaro TSUCHIHASHI and Hirokazu TSUCHIHASHI

EfEry —EVERAICU TL Y MNERZEERT 2B, HARYI—EVDOHRENSOUREMEN DD, ML

TRRERUEANDEENRRIIND. BLRFU——7TU—y3VIII T, KREICU T Ly MeRE LA EOaE
HRZEREU. SERBES IV U—FTRENDFERIESNBN o, BEHREQETZHER U, TONHRE
LT, O—F«VIMIEUT Ly MITEEHFEOEDFEORSIETolc. HLE, PIVZROMEBI—T « V7
P TIAIN ROBEI—T « VI ZAVTER UIc U > FILCEHTi 2T, EHEREERZEIIH X 2 B2 R80T
Ulc. BB I—7 « VI OBREFIZETIET, BHBERTEMHLCT, UTLY MEREERTEDEEXS
ns.

Forming riblets on the surface of a compressor blade or turbine blade can improve a gas turbine’s
performance, but there is concern about detrimental effects on mechanical strength characteristics. We
conducted strength tests on a material with riblets formed on the surface by laser ablation. No effect on
tensile and creep properties was seen, but fatigue strength was decreased by riblet processing. To
prevent fatigue strength reduction, we examined a method that combines coating and riblet processing.
We evaluated samples prepared with either an aluminum-based corrosion-resistant coating or a TiAIN-
based hard coating, and experimentally confirmed that the effect on fatigue strength can be reduced. It
is proposed that selecting an appropriate coating, optimizing the coating method, and optimizing the
process of riblet formation can yield performance improvements without sacrificing tensile, creep, or

fatigue strength.

Key words 7H29—t>, UJUw N, U—Y—IT, Y1 7)UESRSR 1—F07
gas turbine, riblet, laser processing, high cycle fatigue test, coating
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Fig. 2 Dimensions of each strength test sample and riblet
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Fig. 3 Coating methods for test samples

3.2, BRAREAER D S

Table 1 24192 L 72BMEERIHH & &fF 2R3, &l
BRITEABRFR BN C JIS Z2241, 2271, 227312HIY 9kt L 7-.
JERMEREND ) 7Ly MINTo@EHZ-EL, 5likkBRIE=E
& 600C D 2 e CHEMi L7z, 7 V) — 7 #HEkIZ600C, 200
MPa D4&METHEIE L7z, w4 7 VIEIriBRoHERE — F
(T EHRIE T, IS0, WL simETHS.

Table 1 Strength test condition
Test item Test condition Sample
Tensile strength test (1) RT SUS630
(2) 600C
Creep strength test 600C, 200 MPa
High cycle fatigue test | RT.pulsating tension (1) SUS630

(Tensile)
(2) SUS304 without

coatmg

(3) SUS304 with Al
including coating

(4) SUS304 with TiAIN
coating

F72, WA ZXLFEOFED-O, WA IO
s, EARETFSMSE (SEM) &2 W TlkmoEmB
XMW 21T o 72, BRI, FlREE L 7)) — 7K
BR1% SUS630CHENG L, B4 27 Vi J7 ilBrix SUS630 &
SUS304, SUS30MIZI—F 4 ¥ 7% L L7-RE 2 HE
L, fH4&cERLE. 2B, £#BAT Y7Ly b
ML ELbOLENEOEZFNENHEL T, BE3HE
Jii L7z,

4 =mERssvEs

4.1. V7L FhLowE

Fig. 4 12 SUS630i2 Y 7L » PN L#4Tv, Z0ORIR%E
L — 1 — SR TR L s e 3. BRI L C,
EEPRRPREVDS, ¥y F 50 um TR 2 ST
B R TN BHAEGDB.

FMICFig. 5 lI2a—7 4 »Z7& ) 7Ly MiILEzMAE

50

b7zl oY 7V y MEIREZFHE L7z R 2 R T
I—7 4 YIHIEOFRDIBE TS, WINOREER T
b, I LREREIMERTETBY, I—T4 7Dk
PHTHY 7Ly ML TV HEN G5, 72,
I—T 4 YTHIBOMREE L L, 2HF L IRROER
PEEAERLNT, V7 Ly MINLABRICHEEZ 3—5 4
YT LFRETH, V7L VEBEETARNWRETH S
HRGNA. BB, RBAFT, V7L y MERIINTDE
CDONTDERIINE

DVH BN, MILFEMZHEST H%T,
KT BHENPTES.

80 100 120 140 160 180
pos. [pm]

200 220
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Fig. 5 Microscopic profiles of lasered riblet SUS304 with
and without coating sample
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(a) Before (b) After

Fig. 6 Metallographic observation of SUS630 stainless steel
before and after riblet processing
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Design of Curved Raycasting-based Interactive Surfaces
in Virtual Environments and Its Application to an Immersive

Photo Browser!

Tomomi TAKASHINA, Mitsuru ITO, Hitoshi NAGAURA and Eisuke WAKABAYASHI
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As three-dimensional user interfaces become more popular, quick and reliable aerial selection and
manipulation are desired. We evaluated a virtual curved display (interactive surface) with controllable
curvature based on raycasting. The user operates the surface by pointing using a head-mounted display
and grip-type controller. We investigated the operation speed and accuracy of curved interactive surfaces
under various presentation conditions. To investigate the users’ operation ability for different curved
conditions, we experimented with multiple surface curvature radii, including completely flat conditions.
The experimental results showed that varying the curvature of the display improved the pointing accuracy
by 28% and the speed by 15% over the flat surface in the most effective cases. By utilizing the analysis
results, we designed and implemented an immersive photo browser in which photos are placed on a
curved surface. These findings can be applied to curved interactive surfaces with mid-air pointing for
generic two-dimensional-style applications.

Key words {R18%2@, 4 V9505747 - =D« R, REF«RATA, ZBRRA VT4V, UAFv AN, BEISOH
virtual reality, interactive surface, virtual display, mid-air pointing, raycasting, photo browser

1 Introduction

Displays in a virtual environment (VE) provide a fully pro-
grammable workspace without the need for large physical
spaces. The advantage of such virtual workspaces is that
they allow us to adopt findings regarding operational effi-
ciency from physical large screen display design [4]. Large
workspaces display a large amount of information, however

manipulation through the pointing interface is difficult. One

of the solutions to these problems is to design a curved
workspace [1], [2].

Although such large displays are difficult to operate, the
raycasting technique can be used to interact with objects in
a virtual world, which is advantageous compared to pointing
in the real world [3], [6]. Therefore, we compared the oper-
ational efficiencies of flat and curved surfaces assuming that
raycasting was used in VEs.

In this study, we evaluated curved virtual interactive sur-

™ This paper is based on [5] and includes a new section for an application of the proposed method.
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faces and investigated the effects of curvature, size, and
presentation distance on operational efficiency. The opera-
tion was performed using ray casting to point away from the
user. The design parameters were analyzed based on Fitts’
law, which accounts for the amount of ray travel.

The remainder of this paper is organized as follows. First,
we present a theoretical analysis of the operation time for flat
and curved surfaces. Next, we describe experiments to
evaluate the operational efficiency of the interactive surface
with respect to pointing and clicking on position and size.
We then introduce our implementation of an immersive
photo browser based on the results of the experiments.

Finally, we conclude this paper.

2 Operation Time Analysis by Fitts’s Law

Shupp investigated the curvature of a real large display
and found that users could operate it 30% faster than flat
displays [4]. In a virtual world, a display shape can be
designed without any physical restrictions.

We compared the operational efficiencies of flat and
curved surfaces. We conducted a theoretical analysis of the
time required to point to the leftmost and rightmost selective
targets using Fitts's law: T = a + blog:(1+ D/W). For the
analysis of pointing via raycasting, the ray is controlled by
changing the angle of the hand. Thus, we used W and D as
the values converted into angles. Let 77 and T be the times
required to point to the edge targets on a flat panel and
curved panel, respectively. Fig. 1(a) and (b) show the sche-
matics of flat and curved surfaces and the operations based
on the assumption of one-dimensional movements. If we
assume a = 0, the speedup of a curved surface can be
expressed as

S* = (T"-T9/T = 1-log (1 + D/W)/log (1 + D/W).

width = d

h

<
> < s=width/N
=

Wf\ //D;,
\‘\\ d .
observer

T we
(b) Curved Surface (a half cylinder)

—o observer

(a) Flat Surface

Fig. 1 Models for Interactive Surfaces. The user’s operation angle

is controlled by the curvature radius of the virtual surface.

3 Experiment

To evaluate the suitability of different shapes for an
immersive interactive surface, we conducted within-subject
experiments to investigate the effects of display size and

curvature radius on the selection of a grid of visual objects.
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The participants were required to perform pointing tasks
in a virtual space, as shown in Fig. 2. A virtual interactive
surface with a grid was shown to each participant at a time
(Fig. 3). The shape of the surface is defined by a combina-
tion of several parameters (Fig. 4). The grid had the same
pitch in both the horizontal and vertical directions. The
width was calculated from the height such that the aspect
ratio tended to be 16:9. We employed grids of different sizes
to vary the pointing difficulty.

The surfaces have the same arc length (corresponding to
the width w of a flat surface) for different curvature radii 7.
when the height is fixed. The viewing distance was also var-
ied (Fig. 4(a)). To investigate the percentage of correct
responses and the operation time for the user’s average
operation angle, the length of the presentation distance was
varied to be longer and shorter than the minimum radius of
curvature.

The participant sat on a chair, put on an Oculus Rift S, and
held two Oculus Touch controllers, as shown in Fig. 2(b).
The software for this experiment was implemented in Unity.
Stimuli were provided to the participants as colored squares
for each surface condition. Eight healthy adults (age, 38 +
10 years; gender, male) participated in the experiment.

The number of surface conditions is 90 (3 X5 x 2 x 3). A
surface was chosen in order from the combination table of
the four attributes. Because the first factors vary the fastest
(refer to Fig. 4(c)) in the combination table and flat condi-
tions scatter in the surface sequence, a counterbalance on

the factor of curvature radius was achieved. The stimuli

were provided as defined in each experiment. We measured

Fig. 2 Interactive Surface: (a) Concept (b) Photograph of Experi-

mental Setting.

(a) (®)
Fig. 3 Participant’s Perspective of Marginal Areas on the Interactive
Surface: (a) Flat screen (b) Curved screen. The green target

is the selective target.
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(a) Curvature Radius and Distance (b) 2D Configuration Width _=
flat = o
S £ (%]
r=30 N ° kS
r=20 o i £
r=16 | \ e ———————— =
5 (c) Attributes Num of Sq. (w)
Attribute Possible Values

1 Distance of viewpoint [m] A=7,B=12, C=20

2 Curvature radius [m] 12, 16, 20, 30, flat

3 | Width x height [m] 35 x 20, 53 x 30

4 Grid number [num of sq.] 5x%x3,13x7,27 x 15

Fig. 4 Surface Conditions for Experiments. (a) Curvature radii and
distance are presented in all combinations. (b) The number
of squares, width, and height vary as shown in the table (c).

the time from the appearance of the stimulus until the par-
ticipant pressed the trigger button. If a participant pressed
the trigger button while aiming the ray at a wrong square,

we counted it as an error.

3.1. Experiment 1: Target Pointing without Search

The target squares repeatedly appeared at three fixed
locations (left end, right end, and center as a reset position)
of the center row. In this experiment, we measured the basic
sensorimotor response for raycasting on a virtual surface.
There were 540 trials (90 surface conditions X 6 stimuli with-
out centers) for each participant.

Fig. 5 shows the plots of the percentage of correct
answers vs. curvature radius (r), and Table 2 shows the
error ratios of Experiment 1. The larger the radius of the
curvature, the larger the error ratio. For small squares (27 X
15 grid), the worst percentage of correct answers was 70%
when the flat surface was operated from viewpoint A. This
percentage could be improved to 98% using curved condi-
tions (r = 12 or 16), which was an improvement of 28%. One
reason for this is that the squares contain large perspective

distortions in the edges when a flat screen is used (Fig. 3).
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Fig. 5 Percentage of Correct Answers in Experiment 1

Table 1  Speedup by Curved Surface (27 x 15 grid)

Viewpoint Time by Curved | Time by Flat Speedup Speedup
P Surface [sec] Surface [sec] | Measured [%] | Predicted [%]
A 1.05+£0.24 (r=20) | 1.20+ 047 12.8* 33.6
B 0.95+0.18 (r=16) | 1.00 +0.30 4.9 23.7
C 0.87 +0.20 (r=16) | 1.02 +0.46 14.6* 14.0

a = b denotes that @ is a mean and b is a standard deviation.

*denotes that it is significant at 5% level of significance by T-test.

Table 2 Average Error Ratios Obtained in Experiments 1 and 2 [%]

r=12 | r=16 | r=20 | r=30 flat

Experiment 1 (without Search) 1.2 1.8 23 43 8.2
Experiment 2 (with Search) 3.7 5.0 5.1 5.5 5.7

For the response time, the curvature radii of the shortest
operation time were 20 (A), 16 (B), and 16 (C) for the small-
est target size. We summarize the speedup from the flat
surface along with the predicted speedup obtained by Fitts's
law (S*.) in Table 1. Using a t-test, we confirmed that curved
surfaces enable speedup in pointing operations. Fitts’ law
fitted well with the measured data from viewpoint C.
Although the learning effect was included in the result by
repeated actions, it is considered that the effect occurred on
all factors equally, and we can regard the observed tendency

as reliable.

3.2. Experiment 2: Target Pointing with Search

This experiment incorporates a target-seeking factor in
addition to Experiment 1 to prevent the user from remem-
bering the location of the target. For each surface condition,
participants had to point to three targets. A target appeared
in a position from a position sequence at a time, generated
randomly for each surface condition, and was common
among all participants. There were 270 trials (90 surface
conditions X 3 stimuli) for each participant. No reset was
given in this experiment.

Table 2 lists the average error ratios in Experiment 2. The
larger the radius of curvature, the larger the error ratio. This
trend is consistent with that observed in Experiment 1.

As for the response time, the observed trends were differ-
ent from those observed in Experiment 1. Although we omit-
ted the details here, the flat condition was the fastest. There
are two possible reasons: (a) the effect of seeking time for
out-of-sight targets is large, and (b) difficulty varies between
factors because each position sequence is generated ran-
domly and short. In the next step, we need to improve the

experiments carefully to address these issues.

4 Application: Immersive Photo Browser

The number of photos has been astronomically increasing
with the introduction of modern technologies such as mobile
devices, cloud photo storage, and high-speed continuous
shooting. It is extremely difficult to search for and view pho-
tos because of this increase. Virtual reality (VR) can address
this issue by providing portable large-screen environments.

Based on the evaluation experiment in the previous sec-
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tion, we designed and implemented a prototype immersive
photo browser. It is a suitable application for curved raycast-
ing-based interactive surfaces because it provides a large
display with quick and accurate operations.

We developed this application using Unity 2018. The users
experienced this VR application using Oculus Rift S as the
display and two Oculus Touch controllers as the gesture
controllers. Representative features are described in this sec-

tion.

4.1. Thumbnail Wall

A thumbnail wall is the basis of an immersive photo
browser and is used to view a large number of photos simul-
taneously. We designed and employed a curved surface for
the thumbnail wall based on the evaluation experiment
described in Section 3. Users select photos of the thumbnail
wall for various operations.

Fig. 6 shows an example of a thumbnail wall. Thumbnails
at the edge of the wall can be observed to be of sufficient
size because they include less perspective distortion with the
advantage of a curved surface.

Users can move anywhere in this VE. Continuous naviga-
tion (i.e., a user continuously moving in a space) is intuitive,
but it easily induces VR sickness. Continuous zooming
operations, which are popular in smartphones, also induce
VR sickness when used in VR environments.

Therefore, warp-type navigation (i.e., a user moving to a
location in a discontinuous manner) should be the primary
navigation method coupled with continuous navigation to
smoothly adjust the viewpoint of the user.

In the warp-type navigation of an immersive photo
browser, users can move to the front of a specified photo by
pointing and pressing buttons with the right Oculus Touch
controller. Fig. 7 illustrates the scene after moving to the
front of the specified photo. For continuous navigation, users

can move freely using the left Oculus Touch controller.

D EEEER T g i}

Fig. 6 Thumbnail Wall: A total of 1500 photos can be arranged on
a wall. A user can view the whole wall naturally as they turn
their head.

S % 3 ) B =
Fig. 7 View after Warping to the Front of a Selected Photo. Green

lines show a selection and the cyan line is a ray extended

from the user’s hand.

Fig. 8 Photo Panel. Photos can be looked at closely in the immer-
sive environment. A user can move photos freely and com-

pare them in the space.

"

Fig. 9 Collaboration in the Immersive Photo Browser. The avatar
of another user can be seen from the viewpoint of the user.

Fig. 10 Virtual Gallery in the Immersive Photo Browser. The pho-
tos were selected by pointing to the thumbnail wall and the

layout can be adjusted freely.
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4.2. Other Features

By pointing at a photo on the thumbnail wall and pressing
the trigger button, users can closely view the photo (Fig. 8).
Users can quickly move and resize a photo using an Oculus
Touch controller.

Fig. 9 shows a scene in which a user collaborates with
another user. This collaboration facility is useful in photo-
related workflows, such as photo selection for magazine
editing, photo galleries, and lectures. Users can also com-
municate using text chatting and voice chats.

Users can locate photos anywhere they desire to hold
personal exhibitions in a virtual gallery (Fig. 10). In addi-
tion, users can invite their friends to this gallery.

Among all these features, pointing operations on a thumb-
nail wall are crucial and a curved interactive surface is con-

sidered significantly effective.

4 Conclusion

In this study, we designed experiments to evaluate ray-
casting-based interactive surfaces and measured the percent-
age of correct answers and the operation time when surface
factors were changed in a VE. The results showed that in the
curved surface condition, the percentage of correct answers
improved in basic and realistic situations, and the operation
time was shortened in situations without target-seeking
activities.

These findings can be applied to two-dimensional-style
applications, such as photo browsers and GIS. For future
work, an experiment should be conducted to clarify the
effect of out-of-sight target seeking and normalize the diffi-
culty of the target-seeking task.
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A 1-inch 17 Mpixel 1000 fps Block-Controlled Coded-
Exposure Back-llluminated Stacked CMOS Image
Sensor for Computational Imaging and Adaptive
Dynamic Range Control!

Tomoki HIRATA, Hironobu MURATA, Taku ARII, Hideaki MATSUDA,
Hajime YONEMOCH]I, Yojiro TEZUKA and Shiro TSUNAI
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This study introduces a vision system that can acquire images at high speeds and high resolutions. It
can handle wide differences in brightness beyond human perception. Image sensors are not only used
in digital still cameras but also in a wide range of fields, such as robot vision. Object recognition and
movement tracking at high speeds and high definitions are essential in automated driving systems,
especially in dark tunnels or in the mid-summer sunshine. However, capturing a moving subject with a
high contrast and achieving a high performance concerning all aspects is challenging because of the
tradeoff between high definition and high frame rate, and pixel size and dynamic range (DR). We
developed a high-speed vision system capable of 1000-fps readout operation at a resolution of 4K x 4K
and achieving a DR of 110 dB and fine pixels of 2.7 ym. These characteristics were achieved
simultaneously using coded exposure (CE), which divides the image plane into smaller blocks and
controls the exposure time of each block individually. A high-speed readout was achieved by arranging
analog to digital converters in parallel for each block. A high resolution was realized by integrating both
circuits and pixels at a high density using three-dimensional wafer stacking technology. This system is
expected to be applied to computational imaging using CE, in addition to applications that require high
DR in which dark and bright areas coexist in a scene.

Key words t'v's>y 254, JOvoW%), FBEE CMOS A X—ItvY, 8947w olbry, SFRY, FFSEEL
vision system, block parallel, stacked CMOS image sensor, high dynamic range, high-speed imaging, coded exposure

also increasingly expected to serve as intelligent systems

] Introduction

with surrounding configurations. Coded exposure (CE) [1],

Image sensors are not only used for taking photos but [2] is a method applied in intelligent system approaches, and

" This paper was modified from reference [11], and results and discussions were added on artifacts and application examples.
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thus various functions can be realized by selecting an inte-
gration variable in the plenoptic function. High dynamic
range (HDR) can be realized when the integration variable
is time. Various methods have been proposed to achieve
HDR. A method, such as a lateral overflow integration
capacitor (LOFIC), was introduced that could provide the
plurality of detection capacitors [3]. In addition, another
method was presented to prevent the photodiode saturation
by adding low-sensitivity pixels [4]. However, various pro-
posed methods require an enlarged pixel size. Alternatively,
a high-speed readout, such as an array-parallel analog-to-
digital converter (ADC) structure [5], is useful for integrat-
ing multiple frames [6] to realize an HDR. However, it
increases the noise level and requires a faster readout to
reduce motion artifacts. To mitigate these adverse effects, a
method was proposed in which a pixel array is divided into
multiple blocks, and the signal integration time of each block
is individually controlled [7]. In another method, CE was
demonstrated using the pixel-level control of the exposure
time [8]. However, in these methods, the readout path and
control circuitry should be arranged within the same plane
because these are unstacked sensors; thus, the pixel size is
relatively large and high resolution is difficult to realize.
Therefore, we designed a sensor that could simultaneously
achieve a 4 K X 4 K resolution and a high-speed readout of
1000 fps. Using a stacked structure, we demonstrated the
CE capability by individually controlling the exposure time
for each block of the pixels.

2 Sensor Architecture

2.1. Block Diagram

Fig. 1 shows a conceptual diagram of the image sensor.
This 1l-inch image sensor has two layers: the top chip com-
prises BSI pixels with a 65-nm process and the bottom chip

is used for signal processing; the layers are bonded to each

Exposure block H4224xV4224 pixels

(2.7um16x16 pixels)

Signal output

Exposure blocks 4
(4.8 Gbps/channel,
Total 48 channels),

(H264xV264)
N
N

Readout units
(H264%xV132)

Readout unit
(for 16x 32 pixels)

Top chip
(BSI pixels)

Bottom chip
(Circuit)

Device structure

Fig. 1

62

other. The highest-density area consists of two contacts per
pixel. The top chip has a pixel array (H4224 x V4224,
2.7-um pitch), which is divided into H264 x V264 exposure
control blocks with a basic unit of H16 X V16 pixels. The
bottom chip has ADC circuits, logic circuits, high-speed
interfaces (HS-IF), and H264 x V132 readout circuits (read-
out units), which are arranged directly below the pixels.
Each readout unit corresponds to H16 x V32 pixels as a
basic unit. Pixel signals are converted into parallel digital
data using ADC circuits located in each readout unit. Binary
conversion and correlated double sampling (CDS) operations
are performed using the readout logic located in the bottom
chip. Subsequently, signals are outputted through 48 channels
of the HS-IF, which operates at 4.8 Gbps per channel.

2.2. Block Array Structure

Fig. 2 shows a diagram of the readout unit and two expo-
sure blocks. Each pixel comprises a photodiode (PD) and
five transistors. The reset transistor (RST) and select transis-
tor (SEL) are controlled by a global pixel driver placed in the
periphery of the bottom chip. Both the photoelectron trans-
fer transistor (TX1) and PD reset transistor (TX2) are con-
trolled for each block by the local pixel driver in the readout
unit. The readout unit is composed of 16 column ADCs, a
data transfer circuit, an integration time controller, and a
local pixel driver. Moreover, ADC is a 12-bit single slope
type, and the ramp signal and counter are supplied from the

peripheral circuitry of the bottom chip. Each ADC is con-

Exposure blocks
(Top chip)

Readout unit

Integration (Bottom chip)

time controller -

ADC
output

Bottom chip

Top chip

Pixel[32
VVDDPIX

Integration time
controller [32:17]
Local pixel
driver [32:17]

Integration time
controller [16:1]
Local pixel
driver [16:1]

12b-ADC
(digital CDS in the readout logic)

Fig. 2 Exposure block and readout unit
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nected to its corresponding pixels (1-32) via a vertical signal
line and source followers (SF). The digital signal, converted
in ADC, is transferred to the readout logic via the transfer

path for each set of 16 columns.

2.3. Exposure Control

The exposure control has two operation modes. One is
“No Skip Mode” for short exposure time less than one
frame, and the other is “Skip Mode” for long exposure time
more than one frame. Fig. 3 shows a simplified block dia-
gram and timing chart of exposure control. The integration
time controller comprises a row counter, address decoder,
and four flip-flops that hold an exposure time register set-
ting. The register has four bits per block, of which three are
used to encode eight different exposure times within one
frame. The remaining one bit is a mode select signal, used
as a mask signal that skips the reading of photoelectrons.
The register can be updated for each frame. TX2 is con-
trolled using the AND logic applied to the eight exposure
time settings and timing signal linked with the register. TX1
is controlled using the AND logic of the TX1SEL signal from
the global control logic and TXIMASK signal. The local
pixel driver, composed of a level shift circuit and driver cir-
cuit, scans pixels in a predetermined row based on the
decode signal of the integration time controller and SEL
signal. Each readout unit is associated with 32 rows of pix-
els, corresponding to two exposure blocks per frame. In the
No Skip Mode, TX1 is sequentially controlled to cross two
exposure blocks, and TX2 is independently controlled for
each block according to the integration time, as presented
by blocks (1,1) and (1,2) in Fig. 3. Short exposure times of
one horizontal period or less can be achieved because the
controls for TX1 and TX2 are independent. Skip Mode can

Select TX1 and TX2 ]

/{ 264 %264
v

3b: Exposure data timing signals

/{1 b: Mode select (mask)

1
register y i
g - ™ ;
Integration — Local |[|Tx2,& Exposure
regsl:tters Global i ‘Ilm":g ko pIAXEI e biock
egisters | o control s,gna s controller | 1xisg. | driver : row
frame logic Global SEL, L 1~16
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-'( b RST,
driver ! *
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|
1
!
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Fig. 3 Block exposure control structure and timing chart
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be realized by skipping the TX1 and TX2 operations using
the mask signal, as presented by block (264,263) in Fig. 3.
With the above configuration, the exposure time of each
block is individually set by the integration time controller,
and the rolling shutter reading of 16 X 32 pixels in each unit
is performed simultaneously. Each block has an exposure
time controller that includes the selection of two operations.
The exposure table is changed for each frame. Thus, various
exposure patterns can be created in a two-dimensional man-

ner, resulting in HDR imaging.

3 Configuration of the Experimental System

Fig. 4 shows the system configuration. This system com-
prises a camera head, camera control unit, and host com-
puter (PC). The camera head has a lens unit and image
sensor board. The camera control unit is composed of two
field programmable gate arrays (FPGA) and a power supply
board and functions to control the image sensor, supply
power, and receive image data. The PC controls the entire
system, processes, and then saves the images.

The image data from the sensor are inputted to each
FPGA in the camera control unit via 24 channels at a time.
The FPGA adjusts the data rate and data width and transfers
data to the PC through the optical fiber.

To calculate the exposure time of each block, we proto-
typed two types of systems according to the application. The
first system is to calculate the exposure time in FPGAs in
the camera control unit, assuming that the subject moved at
a high speed. The exposure value can be updated in every 8
frames by calculating the exposure value using the pipeline

operation without a frame memory. The second system is to

Imager board

Camera head Camera control unit Host computer (PC
I rfpaar |
s A es [ FPea 1}
l: imager [¢SEicama]]-_o § FPGA

post processer

% > FPGA e
1 24 lane

1 Power supply

L ——— - board
Power supply

" Data flow
""" Control flow

Fig. 4 Camera system architecture
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calculate it in PC. More advanced and precise exposure con- range (DR) of each image was relatively small where black-
trol is possible in case of considering the surrounding blocks outs and whiteouts occurred. Therefore, many images were
or multiple frames. required, which required a long time to capture. The image

on the right side is a HDR image acquired with CE using
this sensor and calculated in PC. The sensor was driven at

4 Results and Discussion . . .
1000 fps, and the post-processing system and integration

7|7
707
7
T
4 414
4
4

4.1. Coded Exposure

Fig. 5 presents the experimental results of CE. To gener-

ate an exposure table, the original image was first divided

into blocks of 264 x 264, and the average value of each

S
=
o] ~]~
= [a]a]s

block was converted into 3-bit gradation data. Subsequently,

4]al2f4]a]2]4
442442

the exposure time was set from 1/128 to 1 ms correspond-

. . Original Image (divided into 264x264 blocks) Averaging and convert to 3 bits
ing to the 3-bit data. The photography was performed on a U
light box without patterns under a uniform illumination 3 bits exposure

. o Mzms
using the exposure table. The block exposure method can . 264 % 264 1 164ms

Exposure table

produce a coded image in a single shot. Furthermore, set-

ting the exposure time frame-by-frame or across frames 7 ms
Coded Exposure Table Assign exposure times
yields various coded patterns.

4.2 HDR Imaging

Fig. 6 shows the experimental results for an HDR. The P
image shown on the left side was obtained by exposure D -
bracketing, which is a conventional technique of taking mul- Object;; Lightbox without patiems C;g:i ilmzzaex(‘;%?bﬁékzsz)“
tiple shots with different exposure times. Moreover, dynamic Fig. 5 Experimental results of CE
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Fig. 6 Experimental results of HDR
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time operated in every 16 frames. Image acquisition was
performed by changing the exposure time for each block
based on the exposure table, indicated by time value (TV),
which logarithmically defines the exposure time. The calcu-
lation performed multiplication and addition processing of
the acquired image according to the TV. Consequently,
images with a total of 11 exposure stops can be acquired at
a high speed by setting the exposure time for 7 stops within
one frame and 4 stops for over a period of 16 frames.
Considering the block steps, if the exposure times of the
adjacent blocks are different, the signal-to-noise ratio (SNR)
steps occur at the boundary of the blocks. To mitigate the
block steps, smoothing the number of stops of the exposure
time between adjacent blocks is preferable. In addition, the
SNR can be improved by adding multiple frames to the

blocks with a short exposure time.

4.3. HDR Tracking for Moving Object

Fig. 7 shows the results of the responsiveness of exposure
control to a moving object. The sensor was operated at 1000
fps and an object moved horizontally on the screen. The
image on the left was captured without an exposure control.
When the object dashes from the dark to bright area of
frame #345 with respect to the initial state of frame #1, the
characters on the body are oversaturated. The results of
dynamic exposure control in every 8 frames are demon-
strated on the right side. Updating the exposure table in

every 8 frames suppresses the oversaturation of characters

on the body and realizes an HDR image.

(b) w/ CE (update exposure time every 8 frames)

Fig. 7 Experimental results of exposure tracking

4 4. Sensor Specifications

Table 1 presents a comparison between the performance
of our sensor with that of other sensors presented in the
existing studies. At first, our developed sensor achieves high
speed readout with a resolution of 17 Mpixel. In addition,
this paper demonstrates HDR with small pixel of 2.7-um
pitch. The total power of the sensor was 7.4 W at 1000 fps.
The chip micrograph is shown in Fig. 8. Both chips were

fabricated using a 65-nm process.

4.5. More Applications Using Coded Exposure
Fig. 9 shows an application that overlays the information

Table 1  Sensor specifications

This work 1ISW2019 [3] | 1SSCC2020 [4] | VLSI2017 [5] | ISW2015 [7] | ISSCC2019 [8]
Process Slocked BSI Stacked BSI
s;::!‘esg:’:l BSI Top: ’;g’;’gﬁ""‘ Top: 90nm 1P4M Fsl 0.41um
- Botiom: 55 g
Bottom: 66nm | 5" 1PAM E‘:g‘égj‘:x’i"‘ it £:Bpm 1P4M
Tntegration time Tniegration time | Integration tme
HDR technology controllable for LOFIC Sub-pixel - controllable for | controllable for
each block each block each pixel
Number of pixels [Mpix] 17.8 0.6 5.7 4.1 0.4 0.05
Pixel pitch [um] &t 2.8 3.0 4.8 5.0 1.2
Bit depth [bit] 12 = 12 ) = =
Frame rate [fps] 1000 - 30 630 - 25
Conversion gain [uV/e-] 161 115310:1;)\) 169'; ((hm) 65
Random noise [e-] 29 - 0.6 4.2
Sensitivity [ke-/lux-s] 20.7 - 38.0 28.4
FWClke-] 7.4 120.0 165.8 - -
Dynamic-range [dB] 1;'40 @1;,':$:' - 132 - 120

18.87 mm

Readout units

Pixel array | 8 (ADCs, Local Pixel Drivers

14.28 mm

Fig. 8 Chip micrograph
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Fig. 9 (a) Experimental results of the overlay information on the
real image and (b) an application example of CE
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on a real image. Encoding the exposure time for each region
implies that an arbitrary virtual pattern can be generated in
the image. The experimental result is shown in Fig. 9(a).
The photograph on the upper left shows the actual subject.
The lower left figure presents an image of the exposure
table, where a pseudo image is formed by expressing eight
different exposure settings as gradations. The dark area
indicates a short exposure, whereas the bright area indicates
a long exposure. The results obtained using this exposure
map are illustrated on the right side. It can be observed that
a virtual image is embedded in the subject in the real space.
In addition, this exposure table is created based on an actual
subject; that is, it can also be used as an image-recording
function.

Fig. 9(b) shows an application, where it is possible to
embed tag information or a head-mounted display for virtual
or augmented reality [9], [10]. Overlaying them on the
image sensor reduces the processing power of the subse-

quent system and improves latency.

4 Conclusions

In this study, we have newly developed a CMOS image
sensor with a stack structure that operates at 1000 fps while
having a high resolution of 17 Mpixel with small pixel of
2.7-um pitch. By using the block-wise coded exposure func-
tion, 110 dB DR is achieved at 1000 fps in a single frame,
and 134 dB DR in 16 frames. This vision system can be
applied to various computational imaging using the coded
exposure function, in addition to high dynamic range imag-
ing in scenes where dark and bright areas of the subject are

mixed in the frame.
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High-throughput Terahertz Spectral Line Imaging using

an Echelon Mirror!

Gaku ASAI, Daiki HATA, Shintaro HARADA, Tatsuki KASAI, Yusuke ARASHIDA and Ikufumi KATAYAMA

AFRTE, TOVES—ZAVCEY YT a3y bTINLY (THz) DHEEAREST Ty BRI FRE
ZEHBPEDEDZEICKY, [NFHANRT MUEHRZESREICEFT 2T INLYDHSA )4%—9“‘/7‘7&?%7%‘9“%
STAIRAXSDEBE—S4 VD 5BONDT INVYEART MUBRICH LT, # 40 dB DESHMSEARBSN, 1.2
kV/cm DE—JBISEETRA 2 THz OFFZERBETED C BB UL, S VA A— //Q(LZBDLZDWF'ﬁ %”
(& TINVYIRDANRT VA CEICOHBRFIZEE TH D T EPERINTVD. SOHRELIZT INILYHAS
AVAA=I VT IRTLACBVNWTH YTV EERICAF v IBHTET, ZHEE (57 h—X, X70—X) DOiEsl
DRESDDHIT - A AXA—=IVTPRET Y FIVEDRE - RIRETRINTIREE B, BLRIL—FY RTHHAX—IVTH
OjgECcHa&ZmLI.

This work demonstrates terahertz (THz) line imaging that acquires broadband spectral information by
combining echelon-based single-shot THz spectroscopy with high-sensitivity phase-offset electrooptic
detection. A signal-to-noise ratio of approximately 40 dB is obtained for a THz spectrum from a single line
of a camera with a detection bandwidth of up to 2 THz at the peak electric-field strength of 1.2 kV/cm.
The spatial resolution of the image is confirmed to be diffraction limited for each spectral component of
the THz wave. We use the system to image sugar tablets (lactose, sucrose) and film thickness/shape
measurement of resin samples through a shield by quickly scanning the sample, which illustrates the

capacity of the proposed spectral line imaging system for high-throughput applications.

Key words TSV, BEERDK, A X—IV7, FRERE SRERDY
terahertz wave, ultrafast spectroscopy, imaging, non-destructive inspection, high sensitivity detection

1 Introduction

Terahertz (THz) imaging is one of the most important
applications of THz science and technology. It can be used to
map materials that are difficult to distinguish using other
frequency regimes [1], [2]. The material properties that can
be detected using THz imaging include polymorphisms of
organic materials [3], strain in rubbers [4], refractive indices
of chemicals and proteins [5], [6], pigments in artificial
paints [7], carriers in semiconductors [8], and foams in poly-
meric materials [9]. For these imaging applications,
researchers have used THz cameras from microbolometers
[10], THz CMOS cameras [11], and up-conversion to the
near-infrared or visible range [12], etc. Although spectral

information is fundamentally crucial for this technology,

obtaining complete spectral information using these tech-
niques is difficult and time-consuming.

An advanced technique for THz imaging is THz time-
domain spectroscopy (THzTDS), which uses ultrashort laser
pulses and offers an important advantage over competing
techniques [13], [14]. Because THz-TDS acquires the full
temporal waveform of the THz transients, it can provide a
precise broadband spectrum. However, increasing the mea-
surement throughput is difficult because the temporal
domain must be scanned to acquire the full waveform of the
THz pulses, in addition to the spatial dimensions normally
required for THz imaging.

Recently, significant efforts have been devoted to circum-
vent this difficulty by developing single-shot THz-TDS [15] -

[17]. Yasui et al. used oblique crossings of THz waves and

" This paper was modified from reference [27] and added the result of thickness imaging of resin films as Fig. 5.
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probe pulses in an electro-optic (EO) crystal to demonstrate
single-shot THz line imaging [18]. However, the oblique-
crossing technique requires a large EO crystal to map out
sufficient temporal information; more importantly, the tem-
poral information can be distorted by spatial inhomogene-
ities in the EO crystal and/or by scattered THz waves
because different temporal information comes from different
parts of the crystal.

The reflective echelon technique uses a stair-step mirror
to map the temporal information to spatial positions on the
mirror and allows us to focus the probe pulses on the EO
crystal, which can reduce the distortion of the temporal
waveforms [19], [20]. THzTDS in a pulsed magnetic field
and Kerr-gate spectroscopy have already been demonstrated
using this method and have illustrated the precise acquisi-
tion of the temporal waveform and the corresponding spec-
trum [21]-[23]. In this study, we combine this technique
based on an echelon mirror with a phase-offset method to
enhance electric-field detection [24], and we implement the
system in an imaging system to realize high-throughput line

imaging.

2 Experiments

Fig. 1 summarizes the system used in this study. We used
a Ti: sapphire regenerative amplifier with an output power of
1 m]J, center wavelength of 800 nm, and repetition rate of 1
kHz to generate and detect THz waves. Part of the laser
output was used to pump the LINbO3 prism with a wavefront
tilt to efficiently generate an intense THz wave [25], [26],

which was subsequently collimated by using a spherical lens

Top view Side view
: Echelon ¥
: mirror !
Probe Pol
light IRy _y /A
SR Y. VS 5 cLt
———————
LiNbO, :
prism TL1 TCL TL2 /TL3
Pump -*,- EOC
light 'm)Z Sample’ 1 l
waves 9 - iy e b
I Cooane 1
' mirror 11 I __________________ m,,: CL3
\7,,4 B T ETI R - Cl4
L e A ! QWP (+6) Pol
A ! _________________ ; Camera
Fig. 1 Experimental setup for THz spectral line imaging using an

echelon mirror. TL: THz Tsurupika lenses, TCL: THz cylin-
drical lens, CL: cylindrical lenses, EOC: electro-optic crys-

tal, Pol: polarizers, QWP: quarter wave plate.
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placed after the LiINbO;prism and linearly focused onto the
sample with a cylindrical lens. Next, the THz image of the
sample was transferred to the detection EO crystal, which
detected the birefringence induced by the THz electric field
and spatial distribution.

The remaining laser output of approximately 50 mW was
used to probe the electric field distribution on the EO crys-
tal, which was 1-mm-thick (110) ZnTe. The probe was
reflected from an echelon mirror with a step width of 25 um
and step height of 2.5 um, and linearly focused onto the
crystal to cover the focal line of the THz wave. The number
of steps on the echelon surface was 750. Because each seg-
ment of the echelon mirror reflects the probe pulse at differ-
ent delay times (see inset of Fig. 1), the temporal informa-
tion is mapped to the horizontal axis of the THz camera (16
bit, 2560 % 2160 pixels with a pixel size of 6.5 X 6.5 um?
full-well capacity of the camera was 30000 e-) upon imaging
the echelon surface onto the camera. We used a set of cylin-
drical lenses after the EO crystal to image spatial informa-
tion in the vertical direction. Using these setups, our system
becomes scanless in THz spectral line imaging, which con-
ventionally requires 2D scanning.

Because the THz pulses are linearly focused in our sys-
tem, the electric field strength at the focus is less than that in
other THz-TDS systems that use tightly focused THz pulses.
To compensate for this reduced electric field strength, we
enhanced the sensitivity of the EO sampling to obtain line
imaging with a large signal-to-noise ratio (SNR). Here, we
used the phase-offset method in the detection setup [24], and
placed an EO crystal between the crossed polarizers and
quarter wave plate with a slight offset rotation.

To describe the detection mechanism, we first write the

Jones vector E;, of the incident probe pulse as:

(e )

The Jones matrix of modulated EO crystal is

cos% isin%
Jeo = o NIE 2
ZSIHE COSE

where A is the THz field-induced phase difference between
the probe pulses. The Jones matrix of the offset quarter

wave plate is
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where 6 is the angle of rotation in the 001 direction of the
EO crystal. After the crossed analyzer polarizer, the output

signal is
Eoul = ]pol]% ]EOEin

_E[0 0])[1+icos26 isin20 || cos3
“V2{0 1)| isin26

N———or

1-icos26 )| ising @
_E 0
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The intensity of the signal is then
1(9, A) = |Eout |2
= %|E0 |2 (sin2 20cos’ 4 +sin’ 4 ®)

+sin26sin A + cos? 20sin? %)

To eliminate the quadratic terms in this equation, we sub-
tracted the data with the opposite phase offset to obtain

1(0,A)-1(-6,A) Al _ 2sinA

1(6,0) T 1(6,0) sin26° ©

This equation ensures a one-to-one correspondence
between the signal intensity and the electric field strength.
Furthermore, enhancing the sensitivity of the measurement

is possible by only changing the rotation angle 6 of the QWP.

3 Results

Fig. 2(a) and 2(b) show the images obtained with the THz
pulses at phase-offset angles of + 2° and —2°, respectively,
with an exposure time of 50 ms. The images clearly show
the THz pulses forming into a stripe pattern, with the two
offset angles producing opposite polarities. Fig. 2(c) and
2(d) show the linear profiles taken along the 700th line of
the images shown in Fig. 2(a) and 2(b), respectively, pro-
duced by calculating

AT/ I=Ituzon — Itizort) / Ttizose: @)

Using Eq. (6) to estimate the electric field, we subtracted
the waveform with a negative phase offset from that with a
positive phase offset to calculate the electric field strength,
as shown in Fig. 2(e). Although the data were from a single
line of the camera with no spatial averaging, the THz wave-
form obtained had a reasonable SNR.

Owing to the phase-offset method, we can use the full
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dynamic range of the camera for THz detection to enhance
sensitivity. In contrast, if we use the QWP set at 45° for
detection, as in the normal EO sampling method, we can use
only 5% of the dynamic range, which results in a much
worse SNR (typically 20 dB lower than SNR of the phase
offset method if the THz electric field strength is similar to
this work). Further enhancing the SNR may be possible if
we simultaneously obtain signals with positive and negative
phase offsets [16], [22]. The single-shot acquisition of an
image can be demonstrated if we use a much higher power
for the probe, although the data are not shown here.

Time (ps) Time (ps)
5 5

10

Y (pixel)

0 500 1000 1500 0 500 1000 1500
x (pixel) x (pixel)
2.0
15__(0) 0 = +2° (d) 9=-20
1'0 Line 700 Line 700
3 05
0.0
_o_5|||||||||||||||||||||
0 5 10 O 5 10
Time (ps) Time (ps)
= 15 —
§ © 2
3 1o A 5
1 / g
T 051 [ 8
2 pofn AN
£ 00" \ 2
3 g
w 05 T N N T R £ -
0 5 10 0 2 4 6 8 10

Time (ps) Frequency (THz)

Fig. 2 THz spectral line imaging. Images taken with phase offset of
(a) + 2° and (b) —2°. (c) and (d) are the vertical line profiles
of the images shown in panels (a) and (b), respectively. (e)
THz waveform obtained by subtracting the data of panel (d)
from that of panel (c). (f) Fourier transform of panel (e).

Fig. 2(f) shows the Fourier transform of the line shown in
Fig. 2(e). The spectrum of the THz wave clearly indicates
that spectroscopy is possible for each pixel of the camera up
to 2 THz. The SNR of this line reached 40 dB, which is very
promising for THz line imaging with spectroscopic resolu-
tion. The SNR is determined primarily by the shot noise of
the camera. The maximum count of the image can be set to
approximately several 10000, which leads to an SNR of 100
for the electric field strength, and, thus, 40 dB for the inten-
sity spectrum. Note that vertically averaging over several
lines within the diffraction limit further increases the SNR.

The results clearly demonstrate the possibility of enhancing
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the throughput of THz imaging because we only need to
scan one dimension (horizontal direction in our setup) to
obtain full 2D information on the transmitted THz waveform
at each point of the sample. The spectroscopic information
acquired by this system allows us to both analyze materials
with different characteristic THz absorptions and investigate
the modifications of the spectrum in the THz range.

To demonstrate and characterize the imaging perfor-
mance of the system, we measured the spatial resolution of
the imaging system by blocking one part of the object plane
with a metal plate. Fig. 3(a) shows a typical result of such an
experiment, with the metal plate blocking part of the vertical
extent of the image to characterize the spatial resolution in
the vertical direction. In addition to the vertical lines that
correspond to the incident THz pulses, we observed several
non-vertical lines that originated from the edges of the metal
plate. These correspond to THz pulse diffraction from the
edge of the metal plate and the formation of interference

patterns.
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Fig. 3 (a) THz line image acquired with a metal plate blocking the
bottom half of the object plane. (b) Vertical line profile of
the measured THz wave at 1 THz. (c) Vertical and (d) hori-
zontal spatial resolutions as a function of frequency esti-
mated from the fitting shown in (b). Blue triangles, green
rectangles, and red circles are the estimated spatial resolu-
tions when the metal plate was placed just at the focus of the
THz wave (0 mm), 5 mm, and 10 mm closer to the TCL,
respectively. The solid line is the calculated spatial resolution
considering the numerical aperture (0.3) of our setup.

The spatial resolution was estimated by fitting the vertical
profile for each frequency component using the error func-

tion

I{1+erf[2VIn2(x — %) /dl} / 2, ®)
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as shown in Fig. 3(b), where X, is the central position of the
THz wave, I, is the THz intensity, and d is the spatial resolu-
tion of the system. To characterize the horizontal resolution,
we scanned the metal plate horizontally and examined the
decrease in spectral intensity as a function of the position of
the metal plate. The data were fitted to an error function to
estimate the horizontal spatial resolution.

Fig. 3(c) and 3(d) show the vertical and horizontal spatial
resolutions estimated from the width of the error function as
a function of frequency. The black curve represents the dif-
fraction limit of the system, calculated by assuming an esti-
mated numerical aperture of 0.3. The data obtained with the
metal plate not at the focal plane are also plotted. These
results were consistent with those of the measured spatial
resolution of the system, although the data for the vertical
direction were slightly worse than those of the diffraction
limit. This difference may be caused by a slight misalign-
ment of the system, especially the focusing lens, before the
sample. Because the imaging system was designed with
spherical lenses, the spatial resolutions for the horizontal
and vertical directions were the same, even though the

sample was illuminated with a cylindrical lens.
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Fig. 4 (a) Transmittance spectra of the sucrose and lactose tablets.
(b) Picture of the disaccharide tablets under investigation.
The lower part shows the full spectral absorption image plot-
ted in color for 3D. (c) Slices of the 3D transmittance data
taken at indicated frequencies.

Next, to demonstrate spectral line imaging, we prepared
two disaccharide tablets with different spectral characteris-
tics in the THz region, as shown in Fig. 4(a). Lactose has a
characteristic absorption at 0.53 THz, whereas sucrose only
has a smooth absorption up to 1 THz. We scanned the sam-
ple shown in Fig. 4(b) in the horizontal direction, and data

for a width of approximately 36 mm and height of approxi-
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mately 5 mm were obtained. The vertical direction (y-axis)
was imaged using the line-imaging system. The obtained full
spectral imaging data plotted as a 3D image are shown in
the lower part of Fig. 4(b). Fig. 4(c) shows the slices of the
data at several frequencies: 0.48 THz, 0.53 THz, 0.58 THz.
The data clearly show the difference in the absorption at
0.53 THz between two tablets where strong absorption of

lactose exists.
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Fig. 5 (a) Picture of plastic film samples of different thickness
(measurement range is in the red frame). (b) Conceptual
diagram of the principle of thickness measurement. (c) Dis-
tribution of delay time transmitted through plastic film. (d)

Cross-sectional graph on the black line.

Finally, to demonstrate the advantages of time-resolved
spectroscopic imaging, an example of thickness imaging of
a resin film that is opaque to visible light is presented. As
shown in Fig. 5(a), samples with different numbers of films
depending on the position were prepared and measured
using the spectroscopic line-imaging system proposed in this
paper. As shown in Fig. 5(b), the delay time z(= nd/c) of the
THz pulse changes depending on the thickness of the trans-
mitted sample. Therefore, the film thickness is obtained by
extracting the peak value of the time waveform acquired by
time-domain spectroscopy (#: refractive index in the THz
region, d: film thickness, ¢: speed of light). Fig. 5(c) shows a
thickness map wherein the delay time is plotted for film
samples of different thicknesses. Fig. 5(d) shows a cross-
sectional graph on the black line (equivalent to an optical
path length difference of 300 um per 1 ps delay time).

These figures show that the step difference due to the
change in the number of films is well represented. Using
time-resolved spectroscopic imaging, the transmitted thick-
ness imaging of a sample that is opaque to visible light was
demonstrated and it was shown to be a promising means for
measuring the 3D and film thickness of resins and ceramics
in the future.

The results shown in Fig. 4 and Fig. 5 indicate that spec-
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tral line imaging using an echelon mirror is very promising
for future industrial and scientific applications. A 3D color
image of the sample is of essential importance for comparing
and distinguishing materials with different THz responses.
Using our imaging system, spectral information is obtained
on a single-shot basis, which can avoid distorting the THz
waveform due to temporal fluctuations, such as changes in
the spectrum or position of the sample. Additionally, combin-
ing our system with a compressive sampling technique to
expand the spatial dimensions of the imaging is possible.
The full and reliable spectral information in the THz region
obtainable in our system can be the key to realizing such

applications in the future.

4 Conclusion

In summary, we demonstrated spectral line imaging by
combining a single-shot THz detection technique using an
echelon mirror with the phase offset method. The obtained
SNR of the single line reached 40 dB, thereby offering a suf-
ficient dynamic range for spectroscopy applications. The
spatial resolutions in both the horizontal and vertical direc-
tions were comparable to the diffraction limit of the THz
waves at each frequency component. The results obtained
from the imaging of disaccharide tablets demonstrate the

high potential of spectral line imaging for future applications.
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Fabrication of High-Performance ITO Flexible Thin Films

Utilizing Mist Deposition and ITO Nanoparticles with
High Water Dispersibility’

Ryoko SUZUKI, Yasutaka NISHI, Masaki MATSUBARA, Atsushi MURAMATSU and Kiyoshi KANIE

TUFTIWTNA ZDERICHNT, MEEDZ LVEIEERNDOBBEEREDEENERFEZR KM THD. =
ZARFRYY 3V 3BERIRBFZRN TR BIRRZEERICRENITTRET 2FECTHD. BRLENTET
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In process of preparation of flexible device, providing a low-temperature coating method of transparent
conductive film for polymeric a substrate with low heat tolerance is very important. Mist deposition is a
suitable method for coating these substrates as high-temperature processes are not required. Herein, mist
is formed by atomizing the coating liquid. Subsequently, it is deposited on the substrate and dried to form
a thin film. In this report, a transparent conductive film is prepared utilizing mist deposition and indium tin
oxide (ITO) nanoparticles with high water dispersibility, as detailed in our previous report. The mist-
deposited ITO thin film exhibits the lowest roughness and resistivity when compared to the films formed
using other coating methods. The results indicate that a densely packed film can be prepared by
changing the coating conditions, which are easily controlled during the mist deposition. Thus, a high-
performance transparent conductive film is successfully prepared using an “eco-friendly” process without
high-temperature treatment.

Key words =X hFRIY 3k, ITO > /HF, BHESE

mist deposition method, ITO nanoparticles, transparent conductive film

1 Introduction

Recently, low-temperature processes for the fabrication of
electric wiring on substrates with poor heat tolerances have
become important technologies owing to the growth of flex-
ible devices [1] and film-type solar cells [2]. In particular,
printed electronics (PE), which is the direct drawing of elec-
trical wirings onto a substrate using conventional printing
methods [3]-[5], is one of the most attractive technologies.

Resist coating, exposure, and etching, which are included in

the conventional process for fabrication of the electrode, are
not necessary in the PE process. Therefore, PE has the
advantages of low environmental load and low cost. How-
ever, the drawing of electrical wiring requires the use of
conductive pastes, which results in a higher resistivity of PE
electric wirings than that of the conventional process.
Indium tin oxide (ITO) is a transparent conductive oxide
with low resistivity, high transparency, and moderate chemi-
cal stability and is the most commonly used material for

transparent electrodes [6]. Transparent conductive films

" Reuse of R. Suzuki, Y. Nishi, M. Matsubara, A. Muramatsu and K. Kanie, “A nanoparticle-mist deposition method: fabrication of high-performance ITO flex-

ible thin films under atmospheric conditions,” Sci Rep, vol. 11, pp. 10584, 2021.



Nikon Research Report Vol.4 2022

using ITO nanoparticles have been prepared by inkjet-
printing [7]-[9] and brash printing [10], [11]. In these
reports, organic solvents and dispersants were used for the
preparation of ink containing ITO nanoparticles; therefore,
high-temperature treatment (possibly over 400°C) was nec-
essary to remove organic residue for the preparation of low-
resistivity ITO electric wiring. Essentially, only substrates
with heat resistance can be used in the PE process.

Mist deposition, which does not use organic solvents and
dispersants, has been reported as a method for the fabrication
of films consisting of nanoparticles. The mist deposition pro-
cess is as follows. First, the coating liquid is atomized. The
resulting mist is carried by a carrier gas, deposited on the
substrate, and dried to form films (Fig. 1a). The mist deposi-
tion method is similar to that of spray coating; however, the
droplets in the mist are smaller than those in spray coating
and remain in the air for a longer period. From this character-
istic, mist deposition has the advantages of mist droplet trans-
portation by a carrier gas and control of the film structure by
tuning the gas flow. Among the reports on mist deposition,
there are several reports on mist chemical vapor deposition
(CVD) [12]-[14]. Gallium-doped ZnO (GZO) film and boron-
doped ZnO (BZO) film were prepared by mist CVD. On the
other hand, there are a few reports on mist deposition using
nanoparticles. Qin et al. prepared a mist-deposited TiO,
nanoparticle film [15] where a TiO, nanoparticles aqueous
dispersion was used as the coating liquid and deposited on a
Si wafer heated to 150°C. The obtained films exhibited a
characteristic ring pattern on their surfaces. These patterns
were formed by the aggregation of TiO; nanoparticles dur-
ing the evaporation of water from the mist droplets on the
substrate. Additionally, these patterns differed according to
their position inside the Si wafer. These results indicated that
mist deposition can be used to fabricate films using a low-
temperature process and the surface structure of the film
can be controlled by changing the evaporation conditions.

In our previous reports, protruded ITO nanoparticles [16]
had a much higher water dispersibility than conventional
cubic-shaped ITO nanoparticles [17]. The protruded ITO
nanoparticles were single-crystalline nanoparticles with
many protrusions on their surfaces, which resulted in a
larger surface area and higher surface water absorption than
cubic-shaped ITO nanoparticles. These protruded ITO
nanoparticles could maintain their dispersion state in an
aqueous medium for over one month without any dispersant.
Hence, protruded ITO nanoparticles can be applied for mist
deposition because of their high water dispersibility. There-

fore, we expect that protruded ITO nanoparticles can form

densely packed and flat surfaced films using mist deposition
during a low-temperature process.

Herein, we report the advantages of mist deposition for the
fabrication of transparent conductive films and the advantages

of using protruded ITO nanoparticles for mist deposition.

2 Experimental Procedure

ITO nanoparticles were prepared as described in our pre-
vious reports [16], [17]. Two types of ITO nanoparticles,
C-NP and P-NP, were prepared, which were cubic-shaped
and protruded ITO nanoparticles, respectively, with an Sn
doping of 14 at%. C-NP and P-NP powders were added to
water and dispersed using a homogenizer to prepare an
aqueous dispersion of ITO nanoparticles. P-NP had a higher
water dispersibility in water than C-NP because of the high
hydrophilicity originated from its shape. P-NP maintained a
good dispersibility for over one month; whereas, C-NP set-
tled at the bottom of the vessel after standing for one day.

ITO thin films on the substrates were prepared using the
mist deposition system (Fig. 1b, 1c). The mist generation
unit consisted of four ultrasonic oscillator units. The mist
produced from ITO nanoparticle aqueous dispersion was
transported by an N, carrier gas and deposited on the sub-
strate. On the way, it was passed through a water trap to
remove large mist droplets. The flow rate was fixed at 10-20
L-min" and the resulting thin films were heat treated in air.
The thickness of the ITO thin films was adjusted to 300 nm
by controlling the deposition period.
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Fig. 1 (a) Scheme of film formation by mist deposition, (b) scheme
of mist deposition system, and (c) appearance of experimen-
tal mist deposition system.

3 Results and Discussion

3.1. Preparation of C-NP and P-NP
From X-ray diffraction (XRD) measurement, it was con-
firmed that C-NP and P-NP had In;O; crystal structure
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(JCPDS No. 6-0416). Then, the doping amounts of Sn based
on In calculated from the inductively coupled plasma (ICP)
results were 14.4 mol% and 14.2 mol% in C-NP and P-NP,
respectively. From these results, it was confirmed that ITO
was successfully prepared. Transmission electron micros-
copy (TEM) and high-resolution TEM (HR-TEM) images of
C-NP and P-NP are shown in Fig. 2. C-NP had a cubic shape
with smooth edge surfaces (Fig. 2a), whereas P-NP had a
large number of protrusions on the surface (Fig. 2c). The
mean particle size of C-NP and P-NP were 39 + 12 and 38 +
10 nm, respectively. In the HR-TEM images (Fig. 2b, 2d),
C-NP and P-NP showed uniform crystal orientations. The
crystallite sizes of C-NP and P-NP were calculated to be 35
and 33 nm, respectively, using Scherrer’s equation. The cal-
culated sizes were close to the mean particle diameters
determined by TEM observations. The results suggested
that C-NP and P-NP have single-crystalline structures. Addi-
tionally, the uniform distribution of In and Sn atoms in the
nanoparticles was confirmed by energy-dispersive X-ray
spectroscopy (EDS) mapping images. These results indicate
the successful preparation of the two types of ITO nanopar-
ticles.

Fig. 2 Transmission electron microscopy (TEM) images of (a) C-NP
and (c) P-NP, and high resolution (HR)-TEM images of (b)
C-NP and (d) P-NP.

3.2. Effect of Deposition Method on Resistivity of P-NP
Thin Films

To investigate the effect of the coating methods on resis-
tivity, a glass substrate was coated with P-NP using several
coating methods: mist deposition, bar coating, spray coating,
spin coating, and drop casting. Fig. 3a shows the resistivities
of P-NP thin films prepared by the different coating methods
after heat treatment at 150, 200, 300, 400, and 500°C for 1 h
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under an Ho-Ar (4% H,) atmosphere.

The mist-deposited P-NP film had the lowest resistivity
(9.0 x 10 Q-cm) after heat treatment at 150°C. At the same
process temperature, the resistivities of the films fabricated
by bar-coating, spray coating, spin coating, and drop casting
were 3.0 X 10" Q-cm, 4.0 X 102 Q-cm, 5.0 x 102 Q-cm, and
4.0 x 10 Q-cm, respectively. The resistivity of the thin films
decreased with increasing process temperature for all coat-
ing methods. After heat treatment at 500°C, the mist-depos-
ited films had the lowest resistivity 5.0 x 10 Q-cm. Fig.
3b-3f show scanning electron microscopy (SEM) images of
the surfaces of the P-NP films after heat treatment at 150°C.
From the SEM images (Fig. 3b, 3c, 3e), it was observed that
P-NP films prepared by the mist deposition, spray coating,
and spin coating methods had flat and smooth surfaces. In
contrast, the bar-coated (Fig. 3d) and drop-casted (Fig. 3f)
P-NP films had rough surfaces with aggregated P-NP struc-
tures. The roughness (R,) of the P-NP film surfaces was
measured by atomic force microscopy (AFM). The mist-
deposited P-NP films had the lowest R, of 7.6 nm. Addition-
ally, bar-coated, spray-coated, spin-coated, and drop-casted
P-NP films exhibited an R, of 7.8, 10.0, 15.8, and 12.6 nm,
respectively. In a previous report [18], the resistivity of ITO
thin film decreased with decreasing R,. In this study, the
P-NP film with the lowest R, exhibited the lowest resistivity.

Above mentioned about mist deposition, the evaporation
rate of liquids in the droplets can be adjusted by controlling
the substrate temperature and carrier gas flow rate, which
reduces the agglomeration of nanoparticles in the mist drop-
lets and on the substrates. The insets of Fig. 3b-3f show

(@)
® o ®
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Fig. 3 (a) Resistiv
methods and scanning electron microscopy (SEM) images of

ities of P-NP films prepared by different coating

P-NP film surface coated by (b) mist deposition, (c) spray
coating, (d) bar coating, (e) spin coating, and (f) drop casting
methods. These images were taken after annealing at 150°C.
The insets in (b)-(f) are enlarged views of the surfaces.
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enlarged views of the corresponding P-NP film surfaces. A
densely packed uniform surface was observed, as shown in
Fig. 3b, which indicates that mist deposition is advantageous
for fabricating high-performance ITO thin films at low pro-

cessing temperatures and is applicable to flexible films.

3.3. Characterization of Mist-Deposited C-NP and P-NP
Films

ITO thin films were prepared by mist deposition using
aqueous dispersions of C-NP and P-NP. Fig. 4a summarizes
the resistivities of the C-NP and P-NP films fabricated by
mist deposition in a low process temperature between room
temperature and 200°C. Resistivities of the C-NP and P-NP
films after annealing at 150°C were 8.0 X 102 Q-cm and 9.0
x 107 Q-cm, respectively. Fig. 4b—4c presents SEM images
of the surfaces of the C-NP and P-NP films after annealing at
150°C, respectively. The C-NP film had a rough and porous
surface structure. In contrast, a densely packed and flat sur-
face was observed on the P-NP film. The lower resistivity of
the P-NP film compared to that of the C-NP film can be
attributed to the more densely packed structure of the P-NP
film. Fig. 4d-4e present cross-sectional TEM images of C-NP
and P-NP films on a polyethylene naphthalate (PEN) substrate
(TEONEX, Q51-188, TOYOBO Co., Ltd., Osaka, Japan, t =
188 wm) with thicknesses of ca. 200 nm. These images cor-
respond to the SEM images shown in Fig. 4b—4c. Loosely
deposited porous inner structure with voids and irregularities
was observed in the C-NP film. Additionally, a densely
deposited inner structure of the P-NP film was observed.
The difference in film structure between the C-NP and P-NP
films is attributed to the difference in the dispersion states
of C-NP and P-NP in the mist water droplets.
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(a) Resistivity of C-NP and P-NP films after heat treatment
between room temperature and 200°C, scanning electron
microscopy (SEM) images of the surfaces of the (b) C-NP
and (c) P-NP films after annealing at 150°C, and cross-sec-

Fig. 4

tion transmission electron microscopy (TEM) images of (d)
C-NP and (e) P-NP particles on polyethylene naphthalate
(PEN) substrate.

The dispersion states of C-NP and P-NP in the mist water
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droplets were investigated using small-angle X-ray scattering
(SAXS) measurements. In the water droplets, the mean par-
ticle size of particles in P-NP was 41 + 13 nm, which was
consistent with the size determined by TEM observation.
This result indicates that P-NP were the primary particles in
the water droplets. In contrast, C-NP had two particle sizes
in water droplets, 54 += 10 and 159 + 30 nm. The smaller and
larger sizes corresponded to the C-NP dispersed as primary
and secondary particles, respectively. It was assumed that
the high water dispersibility of P-NP resulted in a primary
particle state in the water droplets. From these results, the
stability of the ITO nanoparticles in aqueous dispersions was
maintained in the mist water droplets and primary-dispersed
nanoparticles can be used to form thin films with densely
packed structures.

Furthermore, the effect of the ITO nanoparticle disper-
sion state was investigated. C-NP and P-NP films prepared
using different elapsed times after the preparation of the
aqueous dispersions were fabricated and their resistivities
were measured (Fig. 5). The resistivity of the C-NP films
increased as the elapsed time of the C-NP aqueous disper-
sion increased. Conversely, the P-NP films maintained a low
resistivity regardless of the elapsed time. As mentioned in
Section 2, C-NP has a lower water dispersibility than P-NP
and settles at the bottom of the vessel after standing for one
day. These results corresponded to the results that the high
water dispersibility of P-NP was appropriate for high-perfor-
mance ITO nanoparticle thin films.
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Fig. 5 Effect of elapsed time after preparation of indium tin oxide
(ITO) nanoparticle dispersion on resistivity of mist-deposited
film.

3.4. P-NP Mist Deposition on Flexible Films

P-NP was coated on a flexible PEN substrate by mist
deposition with 300 nm thickness followed by annealing at
150°C for 1 h under N, atmosphere. The resulting P-NP film
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showed high transparency (Fig. 6a) and had a low resistivity
0of 9.0 x 10® Q -cm, which is similar to the resistivity of
P-NP film on a glass substrate. Additionally, the transmit-
tance of this P-NP film was greater than 85% in the visible
region (Fig. 6b). It was assumed that a highly transparent
ITO thin film could be obtained on a flexible film by mist
deposition. Furthermore, P-NP patterned films were fabri-
cated by mist deposition on pre-treated hydrophilic flexible
films. The method for selective deposition was as follows.
First, Novec 1720 (3M) was precoated onto a PEN film
(TEONEX, Q51-50, TOYOBO Co., Ltd., Osaka, Japan, t =
50 um or t = 188 um) to prepare a hydrophobic surface. The
films were dried at 100°C for 30 min. The films were masked
using a patterned SUS430 thin substrate (t = 100 pm). The
resulting masked PEN films were treated with a UV-ozone
cleaner for 5 min to obtain patterned hydrophilic areas. Fig.
6c and Fig. 6d exhibit an SEM image and the corresponding
EDS mapping image of the P-NP film In ions on a PEN sub-
strate, respectively. The water droplets in the mist spontane-
ously were deposited on the hydrophilized area of the flexi-
ble films to form a uniform pattern. Selective and
spontaneous processes will become a powerful technique for
fabricating ITO-patterned films under ecofriendly atmo-

spheric roll-to-roll PE conditions.
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Fig. 6 (a) Appearance of P-NP film on polyethylene naphthalate
(PEN) substrate coated by mist deposition, (b) transmittance
spectra of the P-NP film, (c) scanning electron microscopy
(SEM) image, and (d) corresponding energy-dispersive
X-ray spectroscopy (EDS) mapping image of P-NP film In
ions on patterned PEN substrate.

4 Conclusion

The design and synthesis of protruded ITO nanoparticles
with high water dispersibility have been detailed in our pre-
vious report. ITO nanoparticles are one of the most stable

materials for the fabrication of thin films using mist deposi-
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tion. In this study, we prepared flexible films with high-per-
formance ITO thin film on flexible film, that had low resistiv-
ity and high transparency using a combination of mist
deposition and protrusion-rich ITO nanoparticles. A com-
parison to cubic ITO nanoparticles with low water dispers-
ibility revealed that the high water dispersibility of protru-
sion-rich ITO nanoparticles played a critical role in
fabricating high-performance ITO thin films. The high dis-
persibility of protrusion-rich ITO nanoparticles was main-
tained in mist water droplets. Protruded ITO nanoparticles
were deposited on substrates in a primary particle state, and
densely packed films were formed. The ITO thin films
obtained by mist deposition have the following advantages.
(i) Single-crystalline protrusion-rich ITO nanoparticles are
readily dispersed in water for a long period without the use
of surfactants or dispersants. (ii) ITO nanoparticle-based thin
films can be fabricated under mild atmospheric conditions
without the use of expensive vacuum production systems or
dangerous and environmentally-harmful chemicals that are
used in the current sputtering and etching procedure.
Finally, (iii) Low resistivity and high transparency can be
achieved with low-temperature annealing, which is applicable
for the deposition of ITO thin films on flexible substrates.
Mist deposition is a promising and powerful technique for
the production of key materials essential for sustainable
progress in PE technology as well as next-generation on-

demand fabrication processes for wearable devices.
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Establishment of a Prototype-less Development Process
by Functionality Evaluation and Sensitivity Setting using
Numerical Simulation for Combustion to Melt

Yohei KONISHI, Naoki TAKEMURA, Fumiyasu NAKANO and Takuichi SAITO

EERERRT G S ELEE ClF - BAENEB » FPD EXEB I FERIN2SHESHOREA SR ZEE LTV S.
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Production Department Technology Sector Production Technology Division manufactures high-purity
synthetic silica glass used in semiconductor lithography system and flat panel display (FPD) lithography
system. Silica glass synthesis involves complicated reactions such as combustion and melting, so it is
difficult to measure and predict the state inside the furnace. For this reason, in the past, to improve quality
and productivity by changing process conditions, it was essential to perform trial production and quality
confirmation with actual machines multiple times, which caused enormous development costs and
problems in mass production stability. In this study, we have established an actual prototype-less
development process to solve the problem.

Experiments were conducted using computer-aided engineering (CAE) for comprehensive functional
evaluation. To achieve a two-step optimization using CAE, we first worked on a bird’s-eye view of the
entire system by process-function deploying. The process-function deploying was performed by multiple
engineers on the desk, and the system could be visualized as a process function deployment table. By
taking up the control factors and error factors extracted from this and comprehensively evaluating them
using CAE, we achieved a two-step optimization by CAE. By substituting CAE for the actual machine
experiment required in the conventional development, highly reliable process conditions could be
established in a short period of time, and productivity was improved.

Key words CAE, #hiAsRlT, REBET SPEERET, BRAERASR
CAE, Thermo-fluid analy5|s Quallty engineering, Two-step optimization, Synthetic silica glass
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BT TO CAE RUEBROFHIEA T AR O /NS
BRAaAT, GG 2 24 MR RE & AT - 72,

N—=F =TT 2 7 Adi, WHZELSET, AR
WA BHE L7245 (&1, 2, Fig.2) ##%%EL7. CAE
FEFT A5, Gofh 1 TREGEHROKRE WFIRATH IS T A A
YTy PREOHMI > TWBDITR LT, &2 Tik
HUMEICH 5 2 ED5b 2 5. BUEH AV S WK T,
H T ADTENRENEL %0, BGREIKE WFIETITT
5 ADWREIREDEL 2 B 7280, L2 TER LA T
A v Ty MM FRR R E MR L, &t 1 Cldaldzst
BREZHFFTE W EFHINS.
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Fig. 4 AXH 7 AREHARRIHFMOELR
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n = 10log
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ZZTERP OIS T ARKTMOHGH S ONE 25
L, YIal—varillo THIBENEKMIEDHG
HaeWlE L, SMEICBI 23R OREIT 5L5E
P2 FHME$ 5 2 12 L7 (Fig. 5).

35. CAE IC X 9285051
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EF)NV ETHEHARISHIG LT CAE OBRSM 22 4
5729, ity 7 L Aty 7 MR Ees 2 L
T, CAE X > CTHE CHEMIEBREL FAITTHI LN TE.
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3.6. BAE T &K

CAE OEBIZIZS D& 2 vwizo, BMERTIZOW
TIE7u L AERERZR, SEBEO 70 2 ETICET 5
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3.7. SN R 5k
CAE TH b N7z B 30 13 % FE AT D P39I %
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O N ERRRE O RS & G ORIER %
T, FIEOFIME% #5217 (Table 1). Table 1 OfiiZ
EBOFIE,S, Sl 1 EHE 2 EHOERE b ICH)E
OFHHMEIE STV B &I L7z,
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Table 1 FEFIRERIER

2 batch/db
Comparison

1% batch/db

Best Comparison Gain | Best Gain

Estimated 70.8 58.5 123 | 68.5 62.6 5.9

Confirmation

. 70.2 59.3 10.9
experiment

69.4 61.5 7.9

b caecszmERBOBEER
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IR B EDGh o,
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.
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