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Additive Manufacturing (AM) technologies such as Laser Powder Bed Fusion (L-PBF) have long
surpassed the reputation of only being suitable for use in the context of prototyping or research
applications. Today, Nikon SLM Solutions already provides AM solutions to highly discerning customers
around the world, who are focused on serial production of the most complex metal components that have
ever been manufactured. With the development of the NXG 600E machine, Nikon SLM Solutions faced
many technical challenges while striving to provide the most productive and reliable L-PBF process,
capable of producing parts with a dimension of up to 600 mm x 600 mm x 1500 mm. This paper
describes these individual challenges in detail and how they were successfully overcome by introducing

innovative features which are novel in the realm of metal AM.

Key words L —t'—#)kERARL (L-PBF), T&EESH (AM), SLM Solutions, NXG 600E
laser powder bed fusion (L-PBF), additive manufacturing (AM), SLM Solutions, NXG 600E

] Introduction

Laser Powder Bed Fusion (I-PBF) is a cutting-edge metal
additive manufacturing technology revolutionizing industries
like aerospace, automotive, and healthcare. Nikon SLM Solu-
tions is a market leading manufacturer of metal L-PBF
machines for serial production and prototyping applications,
seeking to drive the mass adoption of this manufacturing
technique forward and enabling the creation of previously
impossible components. Additionally, L-PBF allows for cus-
tomization and on-demand production, making it ideal for
small- to medium-batch manufacturing and customized prod-
ucts.

Since its very inception as “SLM Solutions GmbH” in
2011, Nikon SLM Solutions has been focused on pushing
metal additive manufacturing towards commercial and serial

production maturity by implementing innovative technology

solutions to boost productivity, stability, and part quality. In
2013, the German company launched the SLM®500, which
was the first system to feature 4 lasers that could generate a
single part simultaneously. The patented multi-laser approach
quickly became an industry defining standard for highest
productivity, shaping the forefront of metal additive manufac-
turing capabilities.

In 2020, the company reshaped the market by launching
the NXG XII 600, a revolutionary machine which at the time
tripled the industry adopted maximum number of lasers
from 4 to 12 in a single step, as well as increasing each
laser’s maximum output power from 700 W to 1000 W.
This machine’s capabilities in a build envelope of 600 mm
x 600 mm x 600 mm (XYZ) are still unmatched by the
rest of the market in terms of productivity and robustness.
Now, with the launch of the NXG 600E (shown as Fig. 1),
the NXG system platform has been expanded to allow for
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Fig. 1 Picture of the NXG 600E machine

the manufacture of components with a z-height of up to
1500 mm. This endeavor came with several technical
obstacles that may seem small to the uninitiated, never-
theless posed significant challenges during the develop-

ment and qualification phase.

2 Technology Background

The process of metal Laser Powder Bed Fusion (L-PBF)
begins with a digital 3D model (as Fig. 2) of the desired
part, which must be prepared accordingly to make it com-
patible with the generative process within the L-PBF
machine. The 3D model is placed inside of a virtual repre-
sentation of the machine’s build envelope, while proper ori-
entation and support structures are already considered.
Next, a software processor slices this model, along with its
orientation data and support structures into thousands of
individual layers. These thin layers contain the cross-sec-
tional data for a specific section of the part which is to be
created. The thickness of each layer typically ranges from
between 30 um and 90 um, depending on whether the focus
lies on part quality or process speed. However, as even more
productivity is desired in the future, layer thicknesses of
beyond 120 pum are already used.

The finalized data is transferred to the L-PBF machine,
where the selective melting procedure occurs in a controlled
inert gas environment, preventing oxidation (Fig. 3). This
procedure begins with the spreading of a fine metal powder
layer onto a build platform (Substrate Plate) by the Recoater.

Afterwards, one or multiple high-powered lasers, guided by

Recoater
' Substrate Plate

Overflow 1 Overflow 2

Fig. 3 Layout of a typical L-PBF machine process chamber



PBF = Additive Manufacturing #&& NXG 600E DBIF

Fig. 4 Active laser exposure of metal powder within the NXG
600E machine process chamber

individually controlled mirrors, selectively melt the powder
according to the individual cross sections of the digital
model. As the lasers move across the powder on the build
platform, they fuse melted metal particles together, forming
a solid cross-section of the part. Powder which is not melted
remains loose and can be reclaimed later for a future pro-
cess. The build platform then descends by the thickness of
one layer and new metal powder is spread on top. Laser
exposure of powder material again occurs as in the previous
sequence, now guided by the data from the next part cross-
section. Each new cross-section is solidified and fused with
the solidified sections from previous layers, allowing the
metal part to grow vertically as the L-PBF process contin-
ues.

Figure 4 shows active laser exposure of metal powder
within the NXG 600E machine process chamber. This layer-
by-layer procedure is repeated until the entire part is fabri-
cated. Any required support structures are generated simul-
taneously to prevent the deformation of complex geometries.
After completion, the part is removed from the L-PBF
machine and undergoes post-processing steps such as
unpacking, support removal, and heat treatment. Machining
for dimensional accuracy, as well as surface finishing for
desired surface qualities can also be completed separately.
The result is a high-precision, complex metal part ready for
use in various industries like aerospace, automotive, medical,
and more. The concept of additive part generation sounds
simple but each step along the process chain poses unique
technical challenges, all of which had to be approached in a

new way for the large-scale printer NXG 600E.

3 Challenges to Overcome for Large-scale
Metal AM

3.1. Multi-laser Segmentation and Alignment

For Data preparation, new algorithms needed to be devel-

Fig. 5 Laminar shield gas flow within the sealed process chamber

oped and validated to handle the complex task of assigning
segments of the individual part cross sections to one or
more of the 12 lasers. The goal here was to find the fastest
melting strategy to satisfy the highest demands for part qual-
ity properties. Another factor that plays into these quality
characteristics is the ability to accurately align each of the 12
lasers to one another so that they melt the powder at pre-
cisely the location which they are being instructed to travel to.
For this purpose, a novel alignment method was developed
which guarantees flawless build quality and reduces risks
from optical drifts. The result is that each position of the pro-
cess chamber’s build area can be reached by accurately

aligned lasers, enabling a laser utilization of up to 100%.

3.2. Process Stability within Each Layer

Another technological feat to achieve was designing a
large process chamber that would be able to contain a stable
shield gas environment in which 12 lasers could melt the
powder material consistently. Figure 5 shows laminar shield
gas flow within the sealed process chamber. Build chamber
sizes are not infinitely scalable; lower gas flow stability will
require a reduction in laser power and thus productivity.
During melting, a large amount of soot and sparks are gen-
erated which need to be ejected from the process chamber
via a steady gas flow. The way the lasers move to melt the
powder is calculated very precisely so that none of the soot
from one active laser exposure travels into the region of
another. For these calculations to be feasible and predictable,
the gas flow must be laminar and persistent during the
entire run-time of multiple days or even weeks. Generating
a laminar flow is very difficult to ensure over such a large
build area of 600 mm x 600 mm. Nikon SLM Solutions
already began developing new shield gas flow principles for
their smaller machines, incorporating a patented sintered
wall technology which was enhanced and further optimized
for the NXG XII 600 platform.
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Fig. 6 Two 1500 mm tall jet engine pylons, made of nickel alloy
In718, produced within 169 hours

3.3. Process Stability across 25.000 Layers

A controlled melting procedure within each individual
layer is not enough. An industrial scale metal additive manu-
facturing machine must also deliver a stable process which
can be kept consistent over tens of thousands of layers. For
a standard NXG XII 600 with a build envelope of 600 mm x
600 mm x 600 mm this was already very challenging, as the
extracted build job after production includes a finished part
and loose powder with a combined weight of over 2000 kg.
Figure 6 is a photo of built parts. When extending the
z-height for the NXG 600E to 1500 mm, the maximum
weight could exceed 5000 kg. This has severe implications
for both the accuracy level within each layer, as well as the
structural integrity requirements for the entire system as a
whole unit. Typically, extending the z-height of a metal addi-
tive manufacturing system is simple to achieve because the
process chamber and optical components do not need to be
changed. However, at this scale, the z-drive robustness and
overall machine architecture also required additional consid-

eration.

3.4. Part Characteristics Consistency

The result of the previously elaborated process and
machine characteristics combined is a solidified metal part
which needs to perform as desired in a variety of different
scenarios. These applications can vary widely in their needs
for alloy composition and geometrical complexity, resulting
in increased capability needs for the AM system. Depending
on how well factors like laser alignment, gas flow stability,

process stability are fine-tuned to one another, the solidified

Fig. 7 Seventeen vertically stacked sample part levels from a single
NXG 600E L-PBF process

part may display varied levels of mechanical strength, elon-
gation at break or surface quality. Such a variability is unde-
sired, as the expectation is that the part will feature a level
of homogeneity across its entire z-height. To ensure cus-
tomer expectations are met, Nikon SLM Solutions carried
out rigorous material parameter and process validations dur-
ing the development of the NXG 600E using stacked sample
parts as Fig. 7. This approach will be elaborated in the fol-

lowing chapter.

4 Testing and Validation of Process Stability

4.1. Laser Allocation Strategies

Wherever any laser melts powder material, large amounts
of soot and spatter ejections will form. These pose a risk to
the overall process stability, as well as part characteristics
and therefore need to be removed by the shield gas flow.
Naturally, any soot and spatter travelling downstream
towards the gas flow outlet may also interact with exposure
areas from other lasers. To prevent this, characteristics of
soot and spatter creation need to be predicted, as well as the
travel trajectory towards the gas flow outlet. This is a gen-
eral problem of the metal L-PBF technology that Nikon SLM
Solutions overcame with optimized machine design experi-
ence, accrued over the last 3 decades.

During the NXG XII 600 early development phase, testing
with only 6 lasers was performed to understand the complex
interactions between fume and spatter, which increase tre-
mendously with every added laser. The following study was

divided into a first setup where all 6 lasers were exposing a
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Fig. 8a Six lasers exposing synchronously with maximum soot and
spatter interaction
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Fig. 9 Roughness (a) increases/(b) decreases with the distance for (a) synchronous/(b) asynchronous exposure and (¢) Sample distribution for the

test setup

secluded area of powder synchronously (Fig. 8a) and into
a second setup which features asynchronous exposure
(Fig. 8b). In both cases, the performance characteristics of
the laser furthest to the left were observed. During the first
setup, the exposure from the laser on the left side is heavily
influenced by soot and spatter ejections from the remaining
lasers on the right side. As shown in the figure below, the
distance of the 5 lasers further to the right side was then
increased significantly for the second test setup. The left
laser was subsequently only influenced by spatter on the
powder bed and no longer by any foreign soot ejections.

The results of a detailed sample analysis show that sur-
face roughness on the part which was exposed by the laser
on the left side increases significantly for synchronous expo-
sure (Fig. 9a and Fig. 9b). Figure 9c is a sample distribution.
When the distance between laser exposure areas is
increased (asynchronous approach), surface roughness
decreases to a level which users of the L-PBF technology
are familiar with.

However, in a real production scenario, the highest pos-
sible level of quality needs to be achieved on all parts and
samples. The assessment of multiple individual part cross-

sections for each layer and how to allocate the 12 lasers is a

complex task which only very advanced software algorithms
can solve. For use in serial production scenarios, the goal
was not only to achieve best part quality but also to mini-
mize overall exposure time. Lower exposure times result in
lower cost per part and make the entire process viable. As
emphasized by the test setup above, a maximized utilization
rate for all 12 lasers is desired. A high amount of additional
test scenarios were conducted to acquire more data which
could be used to derive the best laser allocation algorithms.

The result is a variety of strategies that can be chosen
during the data preparation phase. Different scanner alloca-
tion strategy options need to be made available, due to the
high amount of unique cross-section characteristics that dif-
fer from one application to the next. The outcome of maxi-
mizing either productivity or part quality will vary greatly,
even for the same part.

- Maximized productivity and less quality (fastest scanning
time)

- Mixture of high productivity and high quality (+35% scan-
ning time)

- Maximized quality and low productivity (+90% scanning
time)

Ultimately, the goal was to offer users of the L-PBF
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technology a spectrum of scanner allocation approaches,

eliminating the need for compromises.

4.2. Gas Flow Optimization for Laminar Flow

The task of managing up to 12 individual lasers and their
interactions could only be achieved if the underlying process
conditions were managed in a consistent and repeatable way.
Therefore, it was crucial to supply the process chamber with
a highly laminar shield gas flow across the entire powder
bed. An active shield gas flow within a metal L-PBF machine’
s process chamber has been used since the technology was
first developed. However, as the number of lasers increased
steadily, new approaches had to be found to prevent the
need for sacrificing part quality for higher productivity.

Initially, the shield gas was introduced from one side of
the process chamber via two separate inlets. One inlet was
located at the bottom of the chamber, to produce a stable
flow across the powder bed, while the second inlet was
located towards the top of the chamber, to prevent soot ejec-
tions from reaching the area where the laser enters the
chamber. Both gas streams exit the chamber through an
outlet located at the bottom of the opposite side, carrying
soot and spatter ejections with them. This setup however
contains flaws that become more apparent when the number
of lasers increases. The two separate streams do not cover
the entire z-height of the chamber and a turbulent zone with
considerable back flow starts to form in the center of the
chamber. A simulation of this inlet setup can be seen in
Fig. 10a, where gas enters the chamber on the right and
exits at the left.

With multiple active exposure areas, soot will have the
opportunity to accumulate in this turbulent zone before it is
ejected. The result is a temporary ‘soot cloud’ formation
which lasers will have to pass through before reaching the
powder bed. This effectively causes a decreased amount of

laser power to arrive where it is needed for melting, leading

Fig. 10 (a)Turbulent gas flow resulting from two separate inlets, (b)

Laminar gas flow resulting from sintered wall inlet

approach

to an unstable exposure process and inconsistent part prop-
erties.

Nikon SLM Solutions already tackled the investigation
into alternative shield gas flow principles prior to the devel-
opment of the NXG XII 600. The solution was to ensure a
steady gas flow via the entire z-height, as opposed to only at
the very top and bottom. This was achieved by incorporating
a patented sintered wall technology, where the gas flow inlet
itself comprises a major part of one process chamber wall.
Figure 10b shows a gas flow simulation which includes only
a reduced amount of additional inlet points in the middle of
the right wall. The difference in process chamber environ-
ment quality is obvious. The turbulent zone in the middle
can be eliminated effectively.

Even though this approach was already implemented on
smaller L-PBF machines such as the SLM®280 and
SLM®500, an identical setup could not be adapted without
major modifications. Previously, the distance which the
laminar gas stream covered was only around 280 mm. With
the increased size of the NXG XII 600 process chamber, a
highly laminar flow had to be ensured over a distance of 600
mm.

The chosen approach was to iteratively design, simulate,
build, and test various process chamber configurations in
virtual and real-life environments. This process contained
multiple stages, comprised of complex design adaptations,
individual unit and system tests. In summation, the targeted
performance characteristics to optimize revolved around
three aspects:

- Achieving a highly homogenous flow profile in y-direc-
tion (process chamber front to back)

- Minimizing the gas flow speed reduction above the pow-
der in x-direction (as it travels from inlet to outlet)

- Eliminating the risk for laser inlet contamination at the
top of the process chamber

Multiple variables for each property needed to be
assessed individually and in combination. These variables
included but were not limited to gas inlet geometry, gas
outlet geometry, process chamber design, gas volume flow
rate, background gas flow design, as well as distribution
between background flow and lower jet flow. One additional
design guideline was the need to remove all unnecessary
obstacles to the gas, for the purpose of isolating dead cavi-
ties. The result was a highly symmetric chamber where even
the streamlined powder Recoater has a hidden parking posi-
tion in both back and front positions, so as not to disturb the
overall flow.

Figure 11a-c demonstrates the iterative process, where
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(b)
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Fig. 11 (a) Simulation results of the unchanged inlet concept applied to a large process chamber, (b) Redesigned gas flow inlet leads to significant

improvements in laminar flow (c) Redesigned gas flow outlet further reduces drop in speed and backpressure effects

different development stages can be compared. Initially, the
existing sintered wall technology from smaller L-PBF sys-
tems was applied to the enlarged process chamber of the
NXG XII 600, with less-than-optimal results (Fig. 11a). After
continuously improving the inlet geometry, gas flow homo-
geneity in y-direction was greatly improved and the risk for
laser inlet contamination was reduced (Fig. 11b). However,
the overall backflow characteristics and decreasing gas flow
speed profile were not yet satisfactory. To achieve the
desired state, several modifications needed to be made to
both the gas flow outlet, as well as the process chamber wall
located closest to the outlet. Testing was conducted over a
period of several years, with the result being a homogenous

gas flow profile in x- and y-direction (Fig. 11c¢).

4.3. Z-Drive Accuracy and Structural Integrity

In addition to overcoming technical challenges influencing
stability and productivity within a single cross-section expo-
sure, consistent performance and part quality over thou-
sands of layers had to be achieved. With the development of
the even larger NXG 600E, the total z-height of the build
envelope was increased from 600 mm to 1500 mm, resulting
in an increase from 10.000 to 25.000 individual layers for a
slice thickness of 60 um. To make this feasible, two separate
aspects were investigated:

- Z-Drive accuracy during substrate plate movement from
one layer to the next

- Structural integrity of the NXG system frame for
increased total load

For the investigation of the first aspect, clear require-
ments had to be established to what level of accuracy
repeated substrate plate movements needed to be achieved.
Ultimately, the desired precision had to be reflected in the
additively manufactured metal part, as opposed to just the

L-PBF machine itself. The expectation from users of this

technology is that the 3D part model can be replicated to a
specific tolerance level that is defined within an ISO standard.
Therefore, part accuracy in terms of permissible length devia-
tion was defined according to class F of DIN ISO 2768-1.
With regards to straightness, this was specified in accordance
with class H of DIN ISO 2768-2. The main influencing factor
here was the Z-Drive responsible for moving the substrate
plate. To verify that the chosen Z-Drive could achieve high
demands for movement accuracy under complex loads, a laser
interferometer was used to measure incremental movements

in all positions along the z-axis (Fig. 12, 13).

E ik

Fig. 12 XM-60 laser interferometer

I

Exposure Plane

Substrate Plate

L |

Fig. 13 Schematic representation of the test setup with laser inter-

ferometer
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Fig. 14 Structural deformation calculation results from finite ele-
ment method

Additionally, the accuracy measurements were also car-
ried out for both the x-axis and y-axis along the full stroke of
1500 mm.

The measurements confirmed that Z-Drive accuracy was
well within class F and H specifications, in accordance with
DIN ISO 2678. One remaining influence on final part accu-
racy is the resulting material shrinkage after cool-down
occurs towards the end of the L-PBF process. Luckily, this
factor can be mitigated by rescaling the 3D model before it
is sliced into individual layers, thus decoupling shrinkage
compensation from the actual machine hardware.

For the investigation of the second aspect, structural
integrity, ample use was made of finite element analysis tools
shown as Fig. 14 to perform calculations on key structural
components within the NXG 600E. This was crucial, as many
components are affected by the increased build envelope,
including those which had to be moved into and out of the
system regularly, such as the build cylinder and plate pack-
age. Overall, the total load to be handled safely could reach
52,3 kN or 5334 kg, while the maximum allowed deforma-
tion for continuous and safe operation should not surpass
0.5 mm. As an example, the simulation results for the track
are shown in Fig. 15. This track is needed to transport the
build cylinder (containing the finished part) from inside of
the machine to the external extraction location.

4.4. Analysis of Part Consistency

As previously demonstrated, a variety of technical innova-
tions were developed to increase productivity, reliability, and
repeatability within the metal L-PBF process. The final step
was to validate that all innovations were operating in tandem
to not only allow for the entire process to run in a stable
manner for weeks without interruption, but also to guarantee
that the solidified metal parts met the high expectations
regarding part characteristics. A rigorous procedure to
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Fig. 15 Deformation positions along the linear track from inside to
outside position

Fig. 16 Seventeen vertically stacked sample part levels, over 1800
individual samples in total

develop, test and validate unique part generation parameters
had to be carried out within each alloy category, that either
focused on part quality or productivity. For the sake of sim-
plification, the following descriptions and tables will only
showcase the approach and results for Inconel 718 and a
single parameter variant which features a balance between
highest part characteristics and productivity. Furthermore,
sample parts were subjected to three different heat treat-
ment profiles:

- No heat treatment, machined surface

- Solution annealing + aging, machined surface

- Hot isostatic pressing + solution annealing + aging,
machined surface

The showcased sample results are those which were solu-
tion annealed and aged as per AMS 2774 S1750DP. Empha-
sis was placed on ensuring that the entire NXG 600E build
envelope across its full height of 1500 mm was assessed. For
this purpose, the sample generation was repeated over 17
individual levels, which each feature the same specimen
geometries and layout in x and y directions. These layers
can be seen in Fig. 16 (corresponding to Fig. 7).

In this process, the main focus was placed mainly on part

density, hardness, and tensile properties. These characteris-
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Fig. 17 3D models of a standardized CT specimen

tics are crucial to ensure the highest quality of additional
secondary properties, which could be investigated at a later
stage.

For density investigations, ample use was made of non-
destructive material testing, in which information on exter-
nal and internal defects was acquired. Potential defects
include porosities and inclusions, among others. One such
technology is Micro-CT, for which hundreds of CT-speci-
mens (Fig. 17, 18) were scrutinized down to a voxel size of
just 15 um, enabling the detectability of anomalies down to
45 pm. This is sufficient to identify defects or inclusions with
serious implications for a solidified part’s long-term stability.
To accelerate the analysis of hundreds of specimens, an
automatic sample changer was utilized, which allowed up to
63 samples to be run in one single batch. For each sample,
the result was an elaborate report offering insights into the
total number of pores, pore sizes, pore distribution, spheric-
ity characteristics of individual pores, and pore distance to
the part surface. Additionally, localized porosity hotspots
were visualized, in which a pre-defined porosity threshold is
exceeded. This was then assessed to enable further fine tun-
ing of L-PBF process parameters for either maximized pro-
ductivity or part density. Figure 19 shows a histogram of

density distributions for one sample level, where a MEAN

value of 99,97% was achieved. This corresponds very well to

!

Fig. 18 Visual representation of Micro-CT results for a single
specimen
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Fig. 19 Histogram of Density [%]

the sample analysis of all remaining levels from the same
L-PBF process.

For the validation of tensile properties and hardness, each
level within the previous layout features over 60 dedicated
samples that can be subjected to multiple tests. The main
characteristics of interest were Ultimate Tensile Strength
(UTS), Yield Strength (YLD), Elongation at Break, and
Hardness. As can be seen from the results in Fig. 20a-d, the
L-PBF process within the NXG 600E delivers highly stable
properties over the full build height in each level, especially
for UTS and Elongation. Within the narrow distribution of
mechanical properties, there is no upwards trend visible, the

standard deviation also behaves consistently from one level

()

s e EE]
Elongation at beak [%]

Fig. 20 Histograms of (a) Ultimate Tensile Strength, (b) Yield Strength, (c¢) Elongation, (d) Hardness
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to the next. Furthermore, Vickers testing across all sample
levels reveals a high degree of overlap in hardness with low
anisotropy characteristics. This is a testament to the overall
homogeneity within the machine’s technological capabilities,

resulting from years of testing and iterative improvements.

4 Conclusion

The NXG 600E expands on the initial capabilities of the
NXG XII 600 system to deliver state-of-the-art productivity,

reliability, output quality and will accelerate the adoption of

Sebastian FEIST
Nikon SLM Solutions AG

Daniel BRUCK
Nikon SLM Solutions AG

f
Sebastian FEIST

Daniel BRUCK

Christoph WANGENHEIM

L-PBF technologies across a variety of industries such as
aerospace, automotive, defense, energy and healthcare.
Through rigorous testing and design validation procedures,
innovative solutions for multi-laser alignment, laminar gas
flow generation and part consistency management were
incorporated without sacrificing process performance or part
characteristics. By pushing the boundaries of existing tech-
nology approaches within the L-PBF process, Nikon SLM
Solutions will continue to develop products which exceed
customer expectations and enable the use of AM technolo-

gies for novel applications in entirely new industries.

Christoph WANGENHEIM
Nikon SLM Solutions AG



Nikon Research Report Vol.6 2024

— 2 [NIKKOR Z 400mm f/2.8 TC VR S|
[INIKKOR Z 600mm f/4 TC VR S| DB

TG, RAEE, SOAHR

Development of the ‘NIKKOR Z 400mm /2.8 TCVR §’
‘NIKKOR Z 600mm f/4TCVR &’
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In 2022, we launched 2 super-telephoto prime lenses with built-in teleconverter, NIKKOR Z 400mm f/2.8
TC VR S and NIKKOR Z 600mm f/4 TC VR S. With cutting edge NIKKOR technologies, we provide
photographers outstanding quality pictures that has high resolution and smooth bokeh. Furthermore, the
newly developed high speed and high accurate VCM makes sure of that.

In this paper, we introduce some stories developing these lenses, technical features and backgrounds.

Key words —J>Z<ovh, UVX, BERUVX, AETLIV/N—=9—, VCM
Nikon Z mount, interchangeable lens, super-telephoto lens, built-in teleconverter, VCM
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TR 2 A — L CHETETVWDE I LIRS,

BEEhME, B | LIS LTiE L v X FLALE D% T
BRELHFELELTWS., Fxw ¥ o AF-S400/2.8,
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Introduction of HCA Application Technology and
Examples Installed on Digital Inverted Microscopes
Kohma HAYASHI, Kohei KADOI, Michitaro SHIBATA, Hiromi OI and Tetsuro HOSHINO

BIEDEFICHBUVT, High Content Analysis (HCA) &EIREEN 2 IBMIERERERIC K W ERIDMRZTHH T 2 &Aild, &

FUEBLUTCECVD. —HT, HCAZEMET DIcHICIE, HfiEs, BEREUS,

TS DBE R EPIAHNNE S 13

Z. ZOVIF, HETHBHRICHCAZRMCTEDLDICT DI, TV IVEIIEEMEE ECLIPSE Ji &, ANEEHESEAY

T2z, NIS-Elements SE (Smart Experiment) ZBF Uz, AR TIF, Smart Experiment [CE# S Nkl
DFBNE, EEORGAHIICELTBNT 2. 1 BEICTEEZHRIAL, 2ETIF Smart Experiment ZF|A Uz & EDE
GRS OEITRERF LRI COYRT AD—ITJO—ZBNT 2. 3ETIE, Smart Experiment DY RXFLD—0 7
O—%XRIEI HeCRAF U, CellFinderai [CL2A — T+ —HRAFMIE NIS.ai [CKDMIRBEIAVYFT— 3>
BEifiZBN g 2. 4ETIE, Size and Morphological analysis & Cytotoxicity DEREFZIBN T 2T & T, Smart
Experiment [CCED KX S BRERGERZHITETDNRY. REICSETIE, AEMZERYIEST, SEBORZEICDOV
TEHIALRZL.

In drug discovery, High Content Analysis (HCA), a microscope-based drug efficacy evaluation
screening approach, is becoming increasingly important with imaging technology development. However,
performing HCA requires advanced expertise in several fields (e.g., cell culture, image acquisition,
analysis, etc.). Nikon developed a digital inverted microscope, ECLIPSE Ji, and corresponding software,
NIS-Elements SE (Smart Experiment), for easy HCA execution using this microscope. In this study, we
introduce the technology installed in Smart Experiment, along with actual imaging examples. Chapters 1
and 2 introduce the background and workflow from image acquisition to analysis result display when
using Smart Experiment, respectively. Chapter 3 discusses the autofocus and cell segmentation
technologies by CellFinder.ai and NIS.ai, respectively (both developed to realize Smart Experiment).
Chapter 4 presents size and morphological analyses as well as cytotoxicity examples as actual assays.
Finally, Chapter 5 provides a future outlook.

BEt, SA4 T4 IR, BIE

Key words iz, FEFE.

microscope, deep learning, automation, life science, drug discovery
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R3S #7123\ T, High Content Analysis (HCA) & If:
N5, BEEBILHC L 5, SEHIORDE & SIS 5 W5 H
AL, 4 A= ¥ FEMPFET AT, TEMZ M
LT&ETw3 [1]. —KT, HCAZE T 57201213,
B4 R B ARSI LE L 2 5. MRS v 7V o Hfi
T OSEHN G O F2BRR ORGSR, w1 70 SRS 15
ERAFT 720D, W% Lo E% SR EE g
5 72O ORI AR, fih U752 o AR R %
IR 72O DFHRENT O AR TH 5. NS OBAT % [
WLFEZR T2, HCA D T M iZid n— PV sE v
V) AR S . = VIR R R B 720,
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HCAD#m 7 — 7 7u—2HEML L7z AT 2L LT,
7V VB BEMSE ECLIPSE Ji &, ARUEMEGESEHOY 7 b
% = 7 NIS-Elements SE (Smart Experiment) % Fi%§ L 7-.
AKiTlE, Smart Experiment |23 & - Hli o &,
FBr D HCA FERiBIZ DOV THAT 5.

2 Smart Experiment DY 27 57— 70—

ARETIX, Smart Experiment DY AF AT —27 70 —%
fHLIZHAT 5. NISElements SE Ti&, 2——7fi4
DREERETIZT v A4 2FATTEBLHIC, Fg 1o
AT LT — 27 70— |ZhE o TRi%EB L O 25475 5.
T, A7y 723l 7 5.
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(1) Select Assay

'

(2) Overview imaging

.

(3) Preview imaging

v

(4) Scan

'

(5) Analysis

.

(6) Show result

End

Fig. 1 Smart Experiment D7 —% 7 O—§I&

(1) Select Assay

I3, VYUV ERER JIOAT VI YTV E
v b3 5, ZO%, NISElements ® SE £— K75, #%
MOT v B RIRT 5.

(2) Overview Imaging

I—F—DFRE L2 TN, Ay VT L —
EL, BREINLZTL—-bOXYHEZHIET 5.

FT 2 VORLTHREZTER L, MROA L BT 5.
F7, AEBROUBNOMBEEL XMWY 2L, &
RN OB R BB 2 M3 5.

(3) Preview Imaging

=B L 727 =, 2R3 HGHBOTXTo
Yz W LT, Autosignalai (Al #FH L 7- H B &
PR #9473 5. ZofREe b &I, ERELAET oL
DT, —FWH B\ b ASHEEEF AT L 2 v IR S
(LED /87—, @OUll) 28U+ 5. T/, &ER
TH7 VT, PR TH—- b7+ —H AEFEL 72D
B, HET 2 HHHF ¥ AN TE— b7+ —H A% FELT
T5. INHDF— b7+ =D ADEENS, i LalGE
WX D BET HZHBIFICBI A EHEMEE, KL ¥ &
VORKEMEOF 7y MixFENT 5. BHEOT + —
71 AFEHIZIZ, CellFinder.ai (Al % F)H L 7-WIHE H o+ —
b7 A=A R) BFRHL TV,

(4) Scan

Overview THhE L7z XY L5 X O, Preview |2 CTiiE
L72WA S, WS> S0 ZH#tF v A VD+ 72y b
fEZFHAL, BATICHHT 5720 0Mm§%2 T 5.
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(5) Analysis

Scan RFIZHAE L 72 WHRICK LT, &7 v/ TEFHZSN
TR L Y ¥ 21T 5.
(6) Show Result

RIS, RHTRS R & A RIOR BN 2R T 5.

3 Smart Experiment [CFIFALTW3 Al $ifi

A#TIE, Smart Experiment 295k L 72 AL AT ICBI L
THNT 5.

3.1. CellFinder.ai \IC &5+ — b7 4= R
3.1.1. JE PR

M CTHOONIMERDF = T+ —H AT}, ZH
FNCE{RZ RS L2030, SE{EOMERERZENPHE Y
MOz LHETHEMEbNTE 7. EROTFHETIE, Z
DAEHIPANICE ¥ MHAFIE L TV B LENRDH 5720,
HOH LY LR ZHAZHELZTE RO R2W. 20
BB L, Z OBAENE v MRS, -
T A =N AKMT B, —HT, ZHAEZLRELTE
TLE WA, LEUEICHM 22> TLE).

| ERERRE A [ 5 /2%, Smart Experiment [0 12, #r
LWt — b7+ —H AFFEERRIE L. AFETIE, Fig 2
WRL728Y, ZMNEORL % 2 OWRIER»SH, ¥
MAE COWMEHEET A EERE L. ¥ MHOH
%121, Deep Neural Network (DNN) % L 7.

Focal plane

Estimating the
distance to the focal

plane
:}—Inputhnages

Fig. 2 CellFinder.ai JRIE

3.1.2. FHIE

WML o XZEIZ, ZAY v 7R AL, ZED
B 2BOEBIIHLT, ¥ MNEiE TollEsr o~
T LT L7z, 48121%, Table 1 offgfiiZ FIH L
7z.

HEBBRICB T » ML, 2 M7 A FAYEUIME
LB LIEEERL.
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Table 1 CellFinder.ai (CF|F U 7-#lifatE

HHRaiE 2P

HeLa RIKEN BRC, RCB0007
HepG2 JRCB cell bank, JCRB1054
HT-29 ATCC, HTB-38

COS-7 RIKEN BRC, RCB0539
CHO-K1 JRCB cell bank, JCRB9018
A-431 NIHS, JCRB 0004

Neuro2a ATCC, CCL-131

iPSC derived Neurons | Elixirgen Scientific, EX-SeV-CW50065
BS-C-1 NIHS, JCRB9126

J774.1 NIHS, JCRB0018
3.1.3. Tkng

Y MNEDSDiR#AEZ3XSD (Standard Deviation £ #
) AT L 7=, MEEICIZE ¥ MA S =250 pm O i P
Zxfg & L7z, Table 2 I[ZiHliks R 2R L7z,

Table 2 CellFinder.ai FHi#5E

L X EX FED S DERESRE (£3xSD)
Plan Apo AD 4x < £10 pm

Plan Apo AD 10x < £8um

Plan Apo AD 20x < =5um

3.2. NISai zFJH L=l 7 X 57— a ¥
3.2.1. JRPHREE

SRR CHRl% L 7G5 DA T v TL LT,
Makze, MiLEE L EOFHILE Y s AT —2a v
THILUETHD., —HNIZIE, HEOMEZRET S
Z LTl E L, ESICELNT AT —BEHREDOHK
WELZMZ B Z & T, SHNRDF 7V =227 boAhz LS
AVF—=arThIePfibhd. L LAFETIE,
PeAR St oW 2 ¥ o TN S O (B 2 X Gtk
R qe il DR E, HEMHE 2 S OMH) 1I2X-T, B
el T X =8 — 2 WS L LENHL. T72, W]
PP RAAHZE M S &, ML AL 2 Al 9 % 121,
B WG 7 O & 2 2GS 5 DD 5.

— )7 CHt4E, Pixel2Pixel %° U-net 7 &, DNN % F#JJH L
ek AT =2 a Y RENEY L, MY T VICh A
HASNFEDOTE TS [2]. BthA4Et 3 % NIS-Elements
IZBWTH, NIS.ailZ Segmentation.ai & ObjectSegment.ai
EWIHET, EREDNNZFH LT A T—3 3 U
MEHFBRLTE, KAFEoOXYY v e LT, EBREMD
WWIZE D RETEY Y IVOEREZDH SN LDFEELT
BLILET, RIA—F—OWMBEPAELRDL I LR,
GPUR—ZXTOHBED 20, (KT L D BT A5
POHEWT EPFETOND. KAFEOFMOFEHE X Ot
JI %1%, Nikon Research Report Vol. 3 12 ik L Tw 5 72
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B, AETRIEETS.
3.2.2. ‘H Nk

NIS-Elements SE Ti&, #HOGH{5A S MlaR%, N wHs
BRI AT a v AFERETIVE, PSS S
WMk, MRESZ L7 A YT —3 3 VT AEHEFTLD
4 AR L 72 FOLEEr SO I AT =3 a VE
FOOMRIIE, HAlii{g & L Chtsko T THotmi g
Lt s Avy—3va vy L ZEfbimifga FIH L7z Bl
EERSDE T A YT —3 3 YEFVOIERTIE, FO6LG
i L 724 v 7Ovikfig U CHABLEME & #OBGR 2 IR L, 30
WREERDTFHRICTET AV T—2avT5ILT, ¥
fimfge L Mo 27— 3 VI
Hoechst33342 (3754 7 A7, 5#, HA, 19172-51)
THIRR: & et L7z 2 FIH L, Mlssox s £~
F— 3 3 »IZi&, CellMask™ Deep Red (Thermo Fisher
Scientific, Massachusetts, US, C10046) 2 CHlllj s % e fn
L 7-Wif§ %2 FH L7z filasE o423 1213 SegmentObject.ai
FERE 2, MISEIR O 121X 12 Segment.ai FEREZ I L
72, F72, Table 312, FFICHH LMo —& 2 8

5.
Table 3 NIS.ai (CFIA L 7-#fifatE—&

HpaE 2E3
HeLa RIKEN BRC, RCB0007
HepG2 JRCB cell bank, JCRB1054
COS-7 RIKEN BRC, RCB0539
CHO-K1 JRCB cell bank, JCRB9018
A-431 NIHS, JCRB 0004
J774.1 NIHS, JCRB0018
Neuro2a ATCC, CCL-131

3.2.3. FHilli /7 ik

NISai # W TR L7z 7 A ¥ 57— a VETIVIL,
FH L7 o Wi @ L 72 BEo M s O SHBLO
RN X 2 B RERTAM & A m Y 2 BPAM & S0 L 72, BRAMIC I
Br—5 LRNCHUS L7 — & 2 L7z, AiesE % Mol
T57200FF)NVTIL, Hoechst33342 (3754 F A7)
DHCHHE A A S NS 22 7 X v 7 —
Ta YEFTUVTHRINEINBEOEGEHNL, TodEa
2390-110% DO FEHFHICINF 5 = & ZHER L7 (Fig. 3 (B)).
T/, MRS 27200872y F—va VBT
WIZoWThH, CellMask™ Deep Red (Thermo Fisher Sci-
entific) O H G D> S HH S A7z MBS O AL 2R3
By A yF—a yEFVTHE S NS R o
# A 2390-110% O HBHICIN E 5 = & & fERE L 7= (Fig. 3
(C). ¥y xvy—va vy VHEMOMBEIA T,
7 v OMEHBICH L= T V2SR T B & CIER S
N7zBk - B I o 22 525 T 1B T BE A & 1 BE
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DIRMNT ORI D i U7, Sl L -SRI St & L
T, ROZENZRTIBEECTH b Zfactor BT SN 5 [1].

(B)

- GT Hoechst

Fig.3 NISait/X>F—>a EFNNICL3MEERE
(A) NISai~A L7z BBHEHG X7 — -
50 um. (B) &7 NIS.ai i2 & A B SR OHE s H (FH
18), Hoechst333424 6§ St L7280 75 » F
b —Z (KtasEIE), Hoechst33342 4 GHitE ().
(C) Ji#r® NISaill & 2 Mg s oGS A (R,
CellMask™ Deep Red #56Mi {44 & Mt U 72 Ma s8R D 7 5
YEFMy V=R (¥ ¥, CellMask™ Deep Red ®
HOLHIER ().

4 Smart Experiment ZFIR U7 v 1 DRHeES|

AEETIE, Smart Experiment % FEBEICFIH LT, FHAIL

72BN 5.

4.1. Size and Morphological Analysis # FJ ] L 7= fll g ®
TERESHBT
41.1. 7oA BE

MMBIZA BB O Tk~ RIBREZE L ZT I &R, i
Z1%, DNAEREILA b LA, PABET O X
D, MO ELZ LT, MBORKILETT S S
EFSERTWD [3]. ZoX) %, MFRREE LI
FTENAT—F&Y =7y MILAEERDAZ ) —= 7
X, ML L LM~ @B Ml Z B Ch 5.
KT vrAIE, Mgk L OMEEOKE SRFAME, BN
e EORENE R BN RL T T r— g et
52 LZHME LTS,

KT w4 TIE, EEFENHICI0FEON L v X e FIH
LCmfgaads L, M, MlasEiiosotmigsr s zh
ZIa S, MfaEs X v F—va v L, B
MR ZFHT 5 2 EATHRTH 5.

4.1.2. A 5 BB %

KT v A4 OFFHMiEETIX, DNA MEAL VY X F—E1D
B3] T d % Camptothecin (Sigma-Aldrich, Missouri, US)
w7z, MR A4 X ORERGYEOBGREC & Y FEfi L 72,
HeLa #ilg #9667 = V7L — bt (AGC T2/ 7 J A, Eil,
H #A5866-096) 2l L £5 28 #%, Camptothecin (Sigma-

20

Aldrich) OFAFRY] (0 ~1000 nM, 10825 5) Zdm L7z
R C2ARFIIREFE L7z, 2%, 4 % PFAICCHEIZEL,
M % Hoechst 33342, #fifii 2 CellMask™ Deep Red
(Thermo Fisher Scientific) 2 CHeft L7 [4].

APy FNVFL—1+%]Jillky bL, Size and Morpho-
logical analysis 7 vt 4 #5947 L7z, Z-factor # B9 %72
O, AHF47ar rua—)& LT Camptothesin (Sigma-
Aldrich) 0nM OX %%, RYF47arba—& LT
Camptothecin (Sigma-Aldrich) 333 nM DX 4% i% & L 72.
BMEIIH L 62D T A Y by vEkEEL. £z,
WA SEER & LT, ARERRIE 3 M L 22,

4.1.3. FFAMRS R
Fig. 412, FFHfiss KA R~ L7z,

12.7 nM 333 nM

(©)

Z'-factor: 0.52
EC50: 12.8 nM

(Avg) [um?]

g

o
]
2
]
o
c
&
o
>

Concentration [nM]
Fig. 4 Size and Morphological analysis S5 5%
(A) A5 0, 12.7, 333nM JEESICEBT HMMRm% k
BXIHEE O A O W {§ (75 : Hoechst 33342, 7 : CellMask™
Deep Red), TEIZ, 7 A5 —3a v L7z AZ %KL
7o (5 - Ml sEIE, AR MIIEI). R — LN —13 20
um. (B) #ifumifEz v — b~y ZIRLAM. (C) Ml
2RI L L7z & & @ Zactor B X P EC500 iR, (D)
FoEdh <MK RE, Al C Camptothecin #2EE % & o 72 AR
HHHL. 95— =130 7)) &~ P OEERFE HFRIZTS
Oy M LTYZEA RA=TI2T 4 v T4 ¥ 7 LIAER
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Fig. 4 (A) IR L7z, KHERICBIT 2N 2],
Fig. 4 (B) 2R L7zfgmfio v — b~ v 7, Fig. 4 (D)
VR L2 BEARAT AR ORGSR S, IEERAEIC, Mifao
MREPKEL b 2 EDHERTE /2. F72 Fig. 4 (C) IR
L7380, Zdactor>0.5(0.52) THHI&nb, Tk
£ ELTHTHLMRESHTND 2 EER TR F7,
ARIEERTO EC501E 12.8 nM & 72 o 7z,

4.2. Cytotoxicity % FIH U 7-38#%1 0 w3 Pk SF kS 4
421. 7 v { B

Al % B9 5 2 &1, FHIOFHG R, BrfEskt<
BRE O, ZoOMMla~D R N LR ZFli 5 L CTHEE
ToHb. A7 vtATid, Gt LEMBOEGZ A NS
LZERHMELTWVS.

KT w4 TIE, EEETHICI0FEON L v X e FIH
LCmifzmis L, Migks L OSEHIIE O 8 mi %0 o,
ek, e Ef L, MR, Ao G EH
W32 ENMRETH 5.

4.2.2. 1A G BRRE %

KT vt A OFMEHETIE, Tu574 v FF—EOMHE
%] T d % Staurosporine (Sigma-Aldrich, Missouri, US) %
FIH L CHINEsE 2 3538 L, JEAIE B O BEARAEE O BEGIE LS
X 0FEELA [5]. Helafifgz 967 = v 7L — bk (AGC
TN T A) AL LR %, Staurosporine (Sigma-
Aldrich) ®OFFRY] (0 ~1000 nM, 10B:E) 270 L 7255
b TABWFHIRG#E L 72,

ZFD%, Mat%% Hoechst 33342 (Fh 54 57 A7), 3
il iz % Ethidium homodimer-I (EthD-1) (Thermo Fisher
Scientific, Massachusetts, US, 1.3224) 2 CHef L 7.

Ay FVTL—r&JilZEY bL, Cytotoxicity 7 v
LA BET L AHFT 473 ba—& LT Stauro-
sporine (Sigma-Aldrich) 0 nM D X45r%, RKY 54 7a >
b & —)L & L T Staurosporine (Sigma-Aldrich) 1000 nM @
Xoxkikw L, Z-factor x L7z, FBREICHL 620
V7Y A b o VEEE L. F7, AW
LT, ARIFERIE 3 MEREL 7.

4.2.3. FFAMRS R

FEAMS % Fig. 5 \R L7z,

Fig. 5 (A) IR L7z, KREERUIZ BT HARN 2 BG4,
Fig.5 (B) |ZI/RL72%EMifaRd e — <> 7, Fig.5 (D)
VR L7 I EARAE R O R &, IREARAEI9C, FEMITR
PN LAT LI EMERTEI. /2 Figh (C) IRL7:
WY, ZAacotr > 0.5 (0.923) THAHZ b, TvtA
ELTH oA TWA Z EMERTE. F7o,
ARIERTO EC501% 56.43 nM & 72 5 7z.
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(A)  onMm

37 nM 1000 nM

Z'-factor: 0.923
EC50: 56.43 nM

© Staurosporin, drug: Data with SD
- Staurosporin, drug: Fit

Mean Dead cell_Ratlo [%]

10! 102
Concentration [nM]

Fig. 5 Cytotoxicity SFHif&E 2

(A) Zih 50, 37, 1000 nM #EE SIS BT 2 AR m{%.  RB:
WCHEE O A DM (F : Hoechst33342, 7% : EthD-1),
B, ¥ Arvs—vavli~ArERLE 5 £
Ba, F+L > i 38HI8). A&7 —)b 8—ix 100 um. (B) %€
MRz e — by FIRLAER. (C) MM Z e
L7z& & Z-factor B X NECS00H HAEE. (D) fitdh2sE
MR, M iZ Staurosporine (Sigma-Aldrich) % & -
ToIRBEARAAIAR, — 5 —N—12Y) 7V v b O R
FRIE 7Ty M LTYZE'A FA—TWX T4 v T4 ¥
L 7= hG 3.

b ze»

NIS-Elements SE TI# L < ##k L 77 2 0 AL BEEEIC X
DRFHIZT v A #FfTTE L. AR TIE, NIS-Elements
SE IZ## L T\ % Al H i &, Size and Morphological
analysis & Cytotoxicity ® 2 2D 7 vt A #HlZ, LD X9
ARSI e Z R L7z, ARSI Z o Ml1ED
T ADEREINTBY, £ < OMBEHMFZEFIH W]
HECTHoD. SHOLEEOIRR, 7 v A MOWLELXITH
Z LT, FICRIESY CONRORFAL, FrBEEA %R
~NOHEME HiF.
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Position Alignment Function Development of Multiple
Immunostained Specimens using a Digital Imaging
Microscope

Masaki MORIYAMA, Shinya SATO, Hirotada WATANABE, Ryohei YAMAURA, Kentaro MORIYA,
Shinichi FURUTA, Satoshi KANDA, Daisuke HIRAO and Chieko NAKADA
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PZOMOYBEETNHEEANTRRENICRET 2RBRETIE, HEOT Y TIVEERICE<ASA AT DT EThE
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In pathological diagnosis, pathologists routinely examine stained cell or tissue samples, extracted from lesion
sites, to identify disease causes and assess progression. This process often involves immunohistochemical
staining, where antibodies are used for selectively staining specific proteins or other substances within the
samples. However, this approach can be demanding for pathologists as locations must be consistently
observed and the results from identical locations should be memorized across multiple specimens.

To mitigate this challenge, we leveraged digital imaging microscope capable of capturing digital
images of the entire specimen in a single shot. We developed a function that uses these images to detect
any positional shift between the specimens automatically and, subsequently, automatically search for
identical locations for alignment. Furthermore, we aimed at alleviating the burden on pathologists during
microscopic observation by developing a feature that displays microscopic images of higher
magnification from identical positions across different specimens side by side on a monitor.

In this study, we present digital imaging microscopic features and the alignment approach using digital
images related to the alignment function for multiple immunostained specimens.

Key words iR, fiEabt, BEnt, RWEA, FYY)L/vVOI—
microscope, alignment, automation, pathological specimen, digital pathology
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Verification of Lift Improvement by Applying Riblets to

Airfoil for Wind Turbines

Naho YANASE, Takaya HIGASHINO, Takahiro KURASHIMA,
Shintaro TSUCHIHASHI, Noritsugu KUBO and Motofumi TANAKA

UTLw b, RSSO EEEENZRET 2 EFMEHEMCco ), RETL— NRAIGERIT S L TERR
DBILORENRAFTN, EAXKSBHEOE EHEIHFTED. 2 LOERBNRHE LT, ZRTHimEdOmEsR
BRECHULTUT LY ML LT « )LAZIMT, BEERRICTE S (FEIEREONESETM L. ZDRBR,
KRFNDLEEDLBICHWNT, HHDTFII3.4%IENT D =R L.

Riblets are a biomimetic technology that reduces the viscous friction resistance of fluid machinery. By

applying riblets to the surface of wind turbine blades, an improvement in the lift-to-drag ratio of the blades
is expected that, in turn, can enhance the efficiency of wind power generation. As a fundamental
evaluation of the efficiency improvement, a film with riblets was attached to a two-dimensional sectional
model of a wind turbine blade, and its lift performance improvement was assessed through wind tunnel
experiments. The results demonstrated an average increase of 3.4% in lift across a wide range of angles

of attack prior to stall.

Key words UZ'Lw i, U—Y—IIT, AT, WIEHEFIERE B0E BAORSE REHR
riblet, laser processing, CFD, drag reduction, lift improvement, wind turbines, wind tunnel
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10 W Er/Yb #5607 7 4 N—18i88z DREFE
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Development of a Continuous Wave Single Transverse
Mode Polarization-Maintaining 10 W Er/Yb-Codoped
Fiber Amplifier for Space Communications’

Hiroki KOBAYASHI, Ryoko KANO, Takashi SEO, Yasushi SUZUKI, Eiichi MIZUTA,
Yosuke HASHIMOTO, Tomohiro ARAKI and Yasutoshi TAKADA

FHEETOT—IBESOEMICHL, FEEBLBEEOEENEE>TWS. ZdVE JAXAR, KESFH
KRy hO—IRFED—RELT, ZHEERRESHOE—HET— REIE, 10 WRRER Er/Yo /07 7 4 /N —
(EYDF) #BigssBiRaES CEre. |]E, TVIZFUVIETIL (EM) DOBIRZET T U, 04EICEEFERT—
T3 VICT, KBERIERETOIFECTHD .

JOIBIESS (S, MRETHRME EYDF ZAWC 3 ROBIMEEEMN 5735, MEAL—Y—5 1 74— R EHEFIRBILED
EHDEZI—FAT 7 I A1 F—RZRBR, LWINDTORBBERMEEER L. T, flEERbSATVS. 4
FeAlE, 300 mmx 380 mmx 76 mm, EE(E 6.3 kg THholz.

ERAKET, -3 dBm DESHKASNEIC, &5 34 WHIET 10 W DXHNZER, Dx—ILTST2HEI0.1% %ZE
MUfc. &fc, BRAKETT, HAXE 10 W, 200085 0B EZZER LT .

FEHAIVR—RY MEUTCOERMEZRRT 5/, RETBREASERBRERELC. BMEREEHEO TR,
+ 0C& +50CT, ke 10 W, mAEXE (PER) 16 dBLLIEZZER L, MHAESILIFROSNEM ST,

Space optical communications have attracted growing attention as space data traffic volumes continue
to increase, and as part of ongoing efforts to develop high-speed optical space networks, Nikon and
JAXA have been developing a single-transverse-mode 10 W polarization-maintaining Er/Yb-codoped fiber
(EYDF) amplifier for modulated continuous-wave signals. We have finished developing the engineering
model (EM) and plan to demonstrate this amplifier as a part of optical communication system on the
International Space Station in 2024.

The EM amplifier has a three-stage backward pumping structure with radiation-hardened EYDF. It also
includes pump laser diodes, and power monitoring photodiodes to avoid parasitic lasing, both of which
have been confirmed to have adequate radiation tolerance, as well as a control driver circuits. The overall
dimensions are 300 mm x 380 mm x 76 mm, and it weighs 6.3 kg.

The EM amplifier achieved optical output power of 10 W at pumping power of 34 W in total under standard
temperature and pressure conditions (STP: room temperature, 1 atm) with a -3 dBm signal input. The total wall-
plug efficiency reached 10.1%. The amplifier achieved an operating time of 2000 hours at 10 W under STP.

We conducted a mechanical vibration test and an operating thermal vacuum test to ensure the
reliability of the amplifier as a space component. At the upper and lower end of the operation temperature
range, = 0 and +50°C, the output power and polarization extinction ratio (PER) were > 10 W and > 16 dB,
respectively, without any degradation of the amplification gain or PER.

Key words BEHZEEE, SHAOX T 7 /\—1EiEss, FEEM, 52, KETHRmE
free space optical communications, high power fiber amplifiers, space operations, vacuum, radiation tolerance

. tional radio waves is reaching to its limit, and the carrier
1 Introduction .

frequency has been extended to millimeter-wave band.
The volume of data traffic in space communications con- Free-space optical communications have attracted atten-

tinues to increase. However, the channel capacity of conven- tion in recent years as a means of exceeding this limitation

™ This paper is reprinted with permission from SPIE, the international society for optics and photonics [6].
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by increasing the carrier frequency dramatically. In 1994,
the Communications Research Laboratory (CRL, now the
National Institute of Information and Communications
Technology, NICT) in Japan achieved the first ground-to-
space optical communication using the Laser Communica-
tion Equipment (LCE) on ETS-VI [1], which was developed
and launched by the National Space Development Agency
(NASDA, now part of JAXA). Following that, the European
Space Agency (ESA) achieved the first space-to-space opti-
cal communication between SPOT-4 and ARTEMIS in 2001
[2]. JAXA and ESA also achieved the first space-to-space bi-
directional optical communication link between OICETS and
ARTEMIS in 2005 [3].

Since these demonstrations were in the early days of free-
space optical communications, the signals were transmitted by
0.8 pum laser diodes (LDs) using the intensity modulation-
direct detection (IM-DD) method [4]. The data transfer rate
limitation can be increased by applying advanced modulation
methods, such as phase-shift keying, compared with IM-DD.

Today, data transfer rates on the ground have exceeded
100 Gbit/ (s-fiber). Our goal is for the space-based backbone
network to communicate as rapidly as ground-based optical
communications, and the optical high-power amplifier
(OHPA) is one of the key components.

JAXA is developing an optical data relay system named
“LUCAS,” which stands for the Laser Utilizing Communica-
tion System [5]. To promote faster communication with
smaller size, weight, and power (SWaP) optical communica-
tion terminals in the near future, compared with the present
LUCAS, we began to develop a 10 W OHPA and to install

and evaluate it on the International Space Station (ISS). In
this article, we provide details of the developed engineering
model (EM), which was used to evaluate the environmental
tolerances required in order to advance to the proto-flight
model (PFM) to be launched.

2 Amplifier Design

To achieve the aims described above, we designed the

amplifier as follows.

2.1. Target Specification
We set the target specifications as shown in Table 1, with
reference to the overall system requirements and the ISS

Japanese Experiment Module (JEM) interface specifications.

2.2. System Structure

The amplifier contains the optical fiber amplifiers and the
electrical control driver board in a single package (Fig. 1).
The PDs monitor the optical power and protect the amplifier

by detecting anomalies such as parasitic lasing.

2.3. Amplifier Optical Structure

The amplifier has three stages of Er/Yb-codoped fibers
(EYDFs) (Fig. 2). All of these stages have backward pump-
ing configurations. The passive optical components, the LDs,
and the photodiodes (PDs) are commercial off-the-shelf
(COTS) products. The radiation tolerances of the EYDFs
were confirmed by the manufacturer. The booster LDs (#2

& # 3) are driven together by one control driver.

Table 1 Target specifications for evaluation on the ISS and actual measured values of the OHPA
Item Unit Target specification Achieved value
Input optical power level dBm -3.0to +3.0
Output optical power level dBm > +40.0 >+40.0
Optical power gain dB 37 to 43
Signal wavelength nm 1560.606
Signal modulation — RZ-DPSK
Modulation rate GHz >2.5
Polarization extinction ratio (PER) dB > 15 > 16
Return light at 10 W operation dBm <-39 <-45
Total power consumption (EOL at 25°C, see §5) W <151 103
Wall-plug efficiency (EOL at 25°C, see §5) — > 8% 9.7%
Storage temperature °C -40 to +70
Operating temperature °C + () to +50
Dimensions Width mm < 360 300
(Protrusions not included) De.pth mm < 300 300
Height mm <100 76
Weight kg <7.0 6.3
Operating period year >3
Operating duty — 5%
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Fig. 1 System block diagram of the optical transceiver: the letter symbols on the connecting lines represents, the electrical (E), mechanical (M),
optical (O), and thermal (T) interfaces.

Pre-amplifier Amplifier #2 Amplifier #3
1 mW | 300 mW | 25W | 10W
B A\ LDs #2 x LDs #3
AT ZiN ZiN
| ] T
! : ! !
| LD Driver #1 | [ 1 LD Driver #2 & #3 |——————————'

Fig. 2 Optical block diagram

2.4. Mechanical and Electrical Design

The total dimensions of the amplifier are 300 mm x 380
mm X 76 mm, and its appearance is shown in Fig. 3. The
amplifier weighs 6.3 kg, including the control driver board
and the electrical components. It has one optical connector
for the input signals, one optical output pigtail, and 3 electri-
cal connectors for a DC 28 V power supply and telemetry &

command communications.

Fig. 3 Appearance of the amplifier
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3 Radiation Tolerance of Semiconductor
Components

3.1. Radiation Dose Condition

To ensure radiation tolerance, experiments were con-
ducted in which radiation was applied to the semiconductor
electro-optical (e-0) components.

Table 2 describes the radiation dose conditions for the ISS
experiment, assuming 1 year of operation on the ISS with a
50% margin. Table 3 describes more severe conditions,
which anticipate future changes in operating conditions,
such as 10 years of operation in geostationary orbit (GEO).

The tests confirmed that the changes in the characteris-
tics were sufficiently small for the target operating period of
the amplifier (see §5).

3.2. LDs Exposed to Gamma Ray Radiation

Four samples of the same LD products were irradiated
with gamma rays. The results in Fig. 4 shows output power
degradations of < 2.8% and < 4.7% at exposures of 30 Gy and
1000 Gy, respectively.

3.3. LDs Exposed to Proton Radiation

Four samples of the same LD products were irradiated
with protons. The results in Fig. 5 show output power degra-
dations of < 0.8% and < 1.4% at exposures of 1.5 x 10° p*/
cm®and 1.0 X 10" p'/cm?, respectively.

3.4. PDs Exposed to Gamma Ray Radiation

The measurement was conducted at the same time as
the experiment described in §3.2. Four samples of the
same PD products were irradiated with gamma rays. The
results in Fig. 6 show e-o conversion efficiency decreases
of < 1.3% and < 1.3% at exposures of 30 Gy and 1000 Gy,
respectively.

3.5. PDs Exposed to Proton Radiation

Four of the same PD products were irradiated with pro-
tons at the same time as the experiment described in §3.3.
The results in Fig. 7 show the e-o conversion efficiency
decrease of almost 0% and < 4.9% at exposures of 1.5 x 10°

p/ecm?*and 1.0 x 10" p'/cm?, respectively.

4 Test Results for the OHPA

4.1. Optical Output Power under STP

The amplifier emitted output power of 10 W with a -3
dBm input and a total booster pumping power of 31.5 W
under standard temperature and pressure (STP: room tem-
perature, 1 atm) (Fig. 8). The input signal was a 1.5 um
continuous-wave (CW), and the linewidth was ~5 GHz. The
pumping power for the preamplifier was fixed to 2.3 W. The
total power pumping of the LDs was 33.7 W, which means
the total (from the preamplifier to the booster amplifiers)

optical-optical (0-0) conversion efficiency was 29.7%.

Table 2 Radiation dose conditions for the ISS experiment

Type Energy Flux Fluence
Protons (p*) 70 MeV 1.0x 107 p*/(cm*s) 1.5x10° p*/cm?®
Gamma rays (“°Co) 1.17 & 1.33 MeV 62 Gy/h 30 Gy

Table 3 Radiation dose conditions for future plans with more severe conditions

Type Energy Flux Fluence
Protons (p*) 70 MeV 1.0%x10® p*/(cm*s) 1.0x 10" p*/cm?
Gamma rays (*°Co) 1.17 & 1.33 MeV 225 Gy/h 1000 Gy
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. o o 7 In-operation #1
g ’ ~O-. . % 0 Out-of-operation
5 8 s Out-of-operation g
z £ 40 ontr
2 g4 OO < Control 2 < Control
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A S 36 A
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7.2 32
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Fig. 4 Output power at 9.0 A operation versus radiation dose (left) and LD case temperature versus

radiation dose (right): three in-operation samples (filled blue circles), one out-of-operation sample

(open blue circle), and one non-irradiated control sample (open gray diamond)
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irradiated control sample (open gray diamond)
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circles), one out-of-operation sample (open blue
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4.2. Energy Conversion Efficiency

The estimated energy conversion efficiency at each part of
the amplifier at output power of 10 W is shown in Table 4.
The amplifier achieved a total wall-plug efficiency of 10.1%
measured at 10.8 W operation under STP.

39
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Fig. 7 Output current at 150 uW input versus radiation
dose three in-operation samples (filled blue
circles), one out-of-operation sample (open blue
circle), and one non-irradiated control sample
(open gray diamond)
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Fig. 9 Output power (solid line) versus elapsed time:
at elapsed times of 990 and 1870 hours (dashed
line), the amplifier was restarted.

4.3. Long-Term Operation under STP

Under STP, long-term operation was applied to an experi-
mental model of the amplifier, which has the same optical
structure as the one described in §4.1. No power degrada-
tion was observed (Fig. 9). This indicates that the photo-
darkening effect was sufficiently small. Additionally,

although the input signal had high coherence, this caused
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Table 4 Estimated energy conversion efficiency at each part of the amplifier under STP: the total input power consists of the

items shown in bold. Upright: electrical power; italic: optical power

Item Input (W) Output (W) Efficiency Consumption (W)
LD driver #1 0.4 — — 0.4
LD #1 DC-DC 5.9 4.2 71.3% 1.7
LD #1 e-o 4.2 22 52.9% 2.0
Preamplifier o-o 2.2 0.3 12.9% 1.9
LD driver #2 & #3 11.4 — — 11.4
LD #2 & #3 DC-DC 75.0 54.8 73.0% 20.2
LD #2 & #3 total e-0 54.8 315 57.5% 23.3
Booster amplifiers #2 & #3 0-0 31.5 10.0 31.8% 21.5
Other electrical components 5.4 — — 5.4
Total wall-plug efficiency 98.1 10.0 10.1% 88.1
12 1
DPSKTx —O—» OHPA [|—O—» Attn [—O—» DPSKRx Lo
10 4 Q
S A
5 a
E BERT [¢————F— é 6 )
5 A\
Fig. 10 Communication test system setup: DPSK Tx: DPSK trans- ‘3 4 oA}
mitter, Attn: optical attenuator, DPSK Rx: DPSK receiver, © A
and BERT: bit-error-rate tester 2 IA)
0 . . . .
Table 5 Communication test conditions. 0 10 20 30 40
Ttem Value Booster LDs power (W)
Modulation method DPSK (RZ-33%) Fig. 11  Output power versus pumping power: before excitation
Transfer rate 2.5 Gbps (filled circle), and after z-axis (filled triangle), x-axis (open
Signal pattern PRBS 2"°-1 circle), and y-axis (open triangle) excitation

almost no higher-order transverse mode instability (HOMI),

and no power degradation.

4.4. Communication Test

The amplifier was subjected to a communication test with
the setup shown in Fig. 10 and conditions shown in Table 5.
No error was observed throughout 30 s measurement dura-
tion, and it shows that the bit-error-rate (BER) value was
below 4 x 107" with the 95% confidence level.

4.5. Vibration Test

The amplifier was subjected to a vibration test in the order
of z-axis, x-axis, and y-axis excitation (Fig. 12). Almost no
power degradation was observed (-0.5% as a measured
value) throughout the three-axis test (Fig. 11).

4.6. Thermal Vacuum Test
The amplifier was subjected to a thermal vacuum test
(Fig. 13) followed by the vibration tests. The test sequence
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is shown in Fig. 14. During the cycle #1, some function
checks with turn-on and turn-off were performed. The tem-
perature range was set to = 0 to +56°C, taking into account
the test margin. Throughout the test, the atmospheric pres-
sure was maintained at < 1.3 x 107 Pa.

There was an 8% power degradation observed after vacu-
uming (Fig. 15). At +56°C, the slope efficiency decreased 12%
compared with that at +25°C, while at + 0°C, the efficiency
increased 2%. The change between the initial and post-test
measurements was caused by temperature difference. As the
OHPA reached the temperature equilibrium, the output power
returned. The amplifier emitted over 8.7 W throughout the
test in the temperature range of = 0 to +56°C (Fig. 16). The
PER values at = 0 and +56°C were > 16 dB (Fig. 17). The
power limitation was caused by the temperature of the
booster LDs becoming higher than the set upper limit, due to
the large thermal resistance and temperature variation of the
vacuum chamber. In the operating temperature range of = 0
to +50°C, however, the amplifier emitted > 10 W.
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Fig. 15 Output power versus pumping power: initial measurement
under STP (open dark gray circle), initial measurement at
+25°C in vacuum (filled dark gray circle), + 0°C in vac-
uum (filled light gray circle), and +56°C in vacuum (filled
black circle), and post-test measurement at +25°C in vac-
uum (open dark gray diamond)

In the next step, development of the PFM, we plan to revise
the design and evaluation setup to improve the thermal con-

ductivity, thereby suppressing the temperature of the LDs.

4 Estimated End-of-Life (EOL)
Characteristics

The target lifetime of the OHPA is 1500 hours of opera-
tion (Table 1). We estimated the EOL characteristics at 25°C
of the amplifier. The estimated total wall-plug efficiency was
9.7% and the output decrease factor was expanded, as

shown in Table 6.
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Fig. 16 Optical output power and temperature profiles throughout the test: the dashed lines show suspensions.
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Fig. 17 PER and OHPA temperature time transitions at + 0 (left) and +56°C (right)
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Table 6 Output decrease factors, BOL and EOL specifications, and decrease rates

Input BOL EOL Difference
LD #1 e-0 52.9% 51.0% -1.9pp
Preamplifier o-o 12.9% 12.7% -0.2 pp
LD #2 & #3 total e-0 57.5% 55.6% -1.9 pp
Booster amplifiers #2 & #3 o0-0 31.8% 31.3% -0.5pp
Other electrical components 12.0W 13.2W +1.2W
Total wall-plug efficiency 10.1% 9.7% -0.4 pp
References

6 Conclusion

We have described our CW single-transverse-mode polar-
ization-maintaining 10 W EYDF amplifier.

The beginning-oflife (BOL) power consumption was 98.1
W at an optical output power of 10 W. The LDs and PDs
were subjected to radiation tests, and < 4.7% power degrada-
tion of the LDs and almost no changes in the e-o character-
istics of the PDs were observed. The amplifier was also
subjected to vibration and thermal vacuum tests, and no
power degradations were observed. These degradations had
little influence on the amplifier’s performance. Due to unde-
sirable thermal conditions in the vacuum chamber, the out-
put power was limited to 8.7 W at +56°C, but in the operat-
ing temperature range, the amplifier emitted > 10 W. The
estimated EOL (1500 hours) power consumption was 102.9
W and the total wall-plug efficiency was 9.7%.
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Fabrication of a Porous SiO, Thin Film with an Ultralow
Refractive Index for High Performance Anti-reflective
Coatings “Meso Amorphous Coat”’

Ryoko SUZUKI
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TR TIFRSRV. AETIEFEBERVIL - P IViEERAVCLBRAMEEOR FBRAOKRBITREEDERICIDOWNT
AT D, RIGICAWVSERAICEDBRD FEEDBEESVEEYAE T DIGEMEZRIRT D ECKY, MBS
AEEEEET DEITR . 17TDZIEY U HEEAERT D EICHINUE. BEEDEREYZa -V avIcsy,
REELD KOBEBITEOEHRBREZRSH(CURE. 5T, (ERUEICEKEERERBATE I LICL)ETT
DKDDEICRDBRRZEER UIE. COBEF "XVYTPEILTFZRI—KN OREBEULTHXASLUVXICE
HINTWVS.

Anti-reflective coatings are a key technology in Nikon Corporation, which manufactures optical
equipment, for improving transmittance and reducing stray light. A lower refractive index of the top layer
in the multilayer antireflective coatings, which is widely used in industry, has the greatest effect on
improving its performance. The top layer must have a porous structure containing air, but the structure
must be fine to prevent light scattering. This paper describes a simple sol-gel method for fabricating a
thin film with a low refractive index for the top layer of a multilayer anti-reflective coating. By selecting
solvent with appropriate molecular structures and base catalyst with high basicity as raw materials for the
reaction, porous SiO, thin films with a refractive index of 1.17 and a fine porous structure were
successfully fabricated. Observation of the film structure and simulation revealed the formation process
of low scattering and ultra-low refractive index. Furthermore, by introducing hydrophobic functional groups
into the fabricated films, the variation of refractive index due to the adsorption of moisture in the air was
reduced. This thin film is applied to camera lenses as the top layer of “Meso Amorphous Coat”.

Key words [R5iB5IERR, {EKEITRER, KFER, LABYUAD, VIb-FILE

anti-reflective coating, low refractive index film, optical thin film, porous silica, sol-gel method

1 Introduction

Anti-reflective (AR) coatings are used in various optical
products, such as cameras, microscopes, and display panels
[1]-[3]. A multilayer AR coating comprises several stacked
layers with varying refractive indices [4]. Among these lay-
ers, the top layer contributes the most to AR performance.

Decreasing the refractive index (n) of the top layer is neces-

sary to improve AR performance. MgF, has the lowest
refractive index (n = 1.38) but is not sufficiently low for AR
coatings [5].

Most low refractive index materials possess a porous
structure. The total refractive index of an AR film can be
reduced by forming pores containing air (n = 1) in the film.
To date, various porous materials, such as CaF,, MgF,, and

Al,O3 have been synthesized [6]—[8]. In particular, SiO, was

™ This paper uses the following copyrighted work with modifications (*).

Ryoko Suzuki, “Fabrication of a porous SiO; thin film with an ultralow refractive index for anti-reflective coatings,” J Sol-Gel Sci Technol, vol. 106, pp. 860 -868,
2023. (https://doi.org/10.1007/s10971-023-06108-8) ©Suzuki, R. 2023 Licensed under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/)
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The title, abstract, and author are translated into Japanese, and both English and Japanese are printed.
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focused on materials for preparing porous structures [9] -
[11]. The use of large amount of air to decrease the refrac-
tive index of a film tends to cause considerable scattering of
light [12], [13]. Moreover, these materials have unstable
refractive indices because their pores adsorb moisture from
the air easily [14]. To prevent the adsorption of moisture,
hydrophilic Si-OH groups of the film surface are often
capped. However, the refractive index of the film increases
unless the amount of capping agent is controlled [15], [16].

Many studies have reported that a multi-coating of a
porous film that contains SiO, and whose refractive index is
lesser than 1.20 can achieve high transmittance [17], [18].
Therefore, a thin film with n < 1.20 is required for AR coat-
ing. However, porous SiO; thin films prepared via sol-gel
reactions often contain large SiO particles (several tens of
nanometers) in their inner structure and exhibit large Ray-
leigh scattering, which decreases the transmittance of the
film [5], [19], [20]. Therefore, a finely structured thin film of
porous SiO: is required for optical applications. In this study,
an easy sol-gel method was used to prepare porous SiO, thin
films. The obtained porous SiO; films exhibited low light
scattering and were humidity resistant. In addition, struc-
tural analysis and calculations were conducted, and the fac-
tors responsible for the low refractive index and scattering

were discussed.

2 Experiment

2.1. Materials

Tetramethyl orthosilicate (TMOS; Tokyo Chemical Indus-
try Co., Ltd., Tokyo, Japan) was used as the silica source.
1-Methoxy-2-propanol (PGME; FUJIFILM Wako Pure Chem-
ical Corporation, Osaka, Japan) was used as a solvent. Tri-
ethylamine (TEA; Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) was used as the catalyst for the sol-gel reaction.
Hexamethyldisilazane (HMDS; Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) was used for the surface treatment

of the porous SiO, thin films.

2.2. Sample Preparation

The typical preparation methods are described in this sec-
tion. First, PGME (54.43 g) was poured into a polytetrafluo-
roethylene (PTFE) bottle. H,O (1.731 x«L), TEA (36.10 «L),
and TMOS (7.310 g) were then added into the bottle at a
molar ratio of TMOS : H;O : TEA=1:2:0.01 and stirred
for ~27 h at the room temperature. The as-prepared coating
liquid containing 4 .54 wt% of SiO was filtered using a PTFE

filter having a pore size of 5.0 um and then spin-coated onto
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a substrate. The films thus obtained were heated to 160°C
for 3 h to obtain a film denoted as SiO,_ PGME_TEA. After
heating, the Si0,_PGME_TEA was treated with HMDS to
enhance its hydrophobicity. Subsequently, the film, which
was coated on a substrate with 30 mm diameter, was sealed
in a closed vessel with HMDS (0.6135 pL) for 24 h at room
temperature. Finally, the product was heated at 60 °C for 0.5
h to form SiO,_ HMDS.

3 Results and Discussions

3.1. Effect of Solvent on SiO; Thin Films

The relationship between the sol-gel reaction time and the
refractive index of the films was investigated. In addition, the
experiment was repeated with different solvents namely,
PGME, methanol, 1-propanol, and 1-pentanol, to investigate
the effect of a solvent on the relationship. Figure 1 shows
the relationship between the sol-gel reaction time and the
refractive index of the prepared films. In all cases, the
refractive index decreased with reaction time. This behavior
was consistent with previously reported results [21]. The
behavior is attributed to generating a bulky structure that
consists of SiO; and enlarges over time in the reaction mix-
ture. The bulkier the SiO, structure, the more the number of
and larger pores, formed that contain air. Therefore, the
refractive index of the thin films decreases over time. The
largest decrease in the refractive index was observed when
1-pentanol was used as a solvent. The refractive indices of
the thin films prepared using methanol and 1-propanol were

almost equal (n ~ 1.20).
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Fig. 1 Relationship between the sol-gel reaction time and the refrac-

tive index of thin films prepared with (a) PGME, (b) metha-
nol, (c¢) 1-propanol, and (d) 1-pentanol as solvents
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Figure 2 shows the relationship between refractive index
of the film prepared from the coating liquid reacted for an
arbitrary time and transmittance at 350 nm of the same coat-
ing liquid for different solvents. In all cases, the transmit-
tance and refractive index decreased with reaction time
simultaneously. As shown in Fig. 1, SiO; structures grew and
aggregated in coating liquid during the sol-gel reaction,
which increased the porosity of the SiO; thin films. Figure 2
provides data to consider how SiO, fine structure can be
formed without particle growth and aggregation, increasing
scattering and decreases transmittance. The transmittance
corresponding to PGME was higher than that correspond-
ing to methanol and 1-propanol when the refractive indices
of the thin films were almost the same; for example, the
refractive index was approximately 1.20. The reaction mix-
ture containing 1-pentanol exhibits the highest transmit-
tance. These results indicate that finely structured SiO, was

formed when PGME and 1-pentanol were used as solvents.
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Fig. 2 Relationship between refractive index of the thin film and
the corresponding transmittance at 350 nm of the same coat-
ing liquid prepared using (a) PGME, (b) methanol, (c)
1-propanol, and (d) 1-pentanol

The results showed transesterification occurred between
the methoxy group of TMOS and the solvent during the sol-
gel reaction. The reactivity of silanes that underwent trans-
esterification was lower than that of TMOS, possibly because
silanes contain a bulkier alkoxy group than TMOS. The
bulky alkoxy group on the surface of the SiO; structure pre-
vented the aggregation of the SiO, particles. The transester-
ification reaction also prevented the growth and aggregation
of SiO; structures. In addition, PGME is considered a suit-
able solvent for controlling the refractive index of AR coat-

ings because it tends to reduce the refractive index near
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1.20 gradually.

Figure 3 shows the photographs and optical microscopic
images of the thin films prepared in this study. As shown in
Fig. 3a-b, radial striations can be observed in the SiO, thin
film surface prepared using methanol. In contrast, thin films
prepared using 1-propanol (Fig. 3c-d), 1-pentanol (Fig. 3e-f),
and PGME (Fig. 3g-h) exhibit smooth surfaces.

(@)

(b)

Fig. 3 Appearance of a thin film prepared using a coating liquid
containing (a) methanol, (c¢) 1-propanol, (¢) 1-pentanol, and
(g) PGME; (b), (d), (f), and (h) represent the corresponding
optical microscopic images. (Scale bar in b, d, f, and h rep-
resents 200 pm.)

From the above results, PGME can be considered a suitable
solvent for fabricating porous silica thin films as AR coating

from view points of control of refractive index and appearance.

3.2. Effect of the Base on the Structure of Porous SiO;
Thin Films
To investigate the effect of the base on the structure of

SiO, thin films, SiO, thin films were prepared using NHs,
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propylamine (PA), and diethylamino (DEA) in place of TEA
in the original preparation method. In each experiment, the
refractive index of the thin films was adjusted ton = 1.17 by
controlling the reaction time.

Figure 4 shows the cross-sectional SEM images of the
thin films. A SiO, framework comprising small connected
particles was observed in all porous SiO; thin films. In Fig.
4, the diameter of a SiO; primary particle was considered
corresponding to the thickness of the framework. Therefore,
the SiO, primary particle diameter was measured at four
points and averaged in each SEM image. SiO,_PGME_NH;
(Fig. 4a) and SiO,_PGME_PA (Fig. 4b) possessed thick
frameworks. The second thinnest and thinnest frameworks
were observed in SiO,_PGME_DEA (Fig. 4c¢) and SiO,_
PGME_TEA (Fig. 4d), respectively. The thicknesses of the
Si0,_PGME_NHj3;, SiO,_PGME_PA, SiO,_PGME_DEA, and
SiO,_PGME_TEA frameworks, measured using their SEM
images, were 15.8 nm, 15.3 nm, 11.0 nm, and 9.8 nm,

respectively.

2 A \1\; T‘T-'I“f_
- © 19 et
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Fig. 4 Cross-sectional SEM images of (a) SiO,_ PGME_NHs, (b)
SiO,_PGME_PA, (c) SiO,_ PGME_DEA, and (d) SiO,_
PGME_TEA

Table 1 shows the amount of scattered light at 350 nm by
thin films. The amount of light scattered by SiO,_PGME_PA
was the highest, whereas that scattered by SiO,_ PGME_
TEA was the smallest.

Figure 5 shows the viscosity of the reaction mixture to
reaction time. The viscosity increased with reaction time for

samples prepared using PA, DEA, and TEA catalysts. Nota-

Table I Amount of scattered light at 350 nm by the porous SiO,

thin films
Amount of scattering at 350 nm/ppm
Si0,_PGME_NHj5 248
SiO,_PGME_PA 388
Si0,_PGME_DEA 265
SiO,_PGME_TEA 204

bly, the maximum increase in viscosity is observed for TEA.
The type of basic catalyst affected the formation of SiO,
because of the inductive effect, steric hindrance of the cata-
lysts and solvent [22]. The pKa values of NHs, propylamine,
diethylamine and triethylamine in water are 9.21, 10.53,
10.98 and 10.65, respectively [23]. It means that basicity
decreases in the order diethylamine > triethylamine > propyl-
amine > NH;. However, the pKa values listed here are those
in water, which have been widely reported, and these values
vary with the solvent. It has been reported that tertiary
amines may have a higher pKa than secondary amines in
organic solvents [24]. This is owing to the stability of the
generated cationic species in the solvent and other factors.
Therefore, it must be noted that the reaction of this study
was carried out in an organic solvent, mainly PGME. Fur-
thermore, the composition of solvent was changed with the
progress of reaction owing to methanol produced by hydro-
lysis. Therefore, discussing the reactivity of the base from
the pKa value of a particular solvent is difficult. However,
TEA has the highest reactivity in PGME than other bases.
This may be because TEA has three alkyl chains, which are
electron-donating groups, and the NH(C;Hs)* generated
from TEA has stability in organic solvents owing to its three
alkyl chains. SEM images and viscosity measurements
showed that small SiO, nanoparticles were simultaneously
generated and interconnected when TEA was used as a
basic catalyst.

These results indicate that the structure of the porous SiO,
thin films differed depending on the organic base used. In
particular, a fine-structured low-scattering film was obtained

using a highly basic catalyst (TEA). However, gelation did not
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Fig. 5 Viscosity of the reaction mixture containing (a) TEA, (b)
DEA, (c) PA, and (d) NH; as the catalyst to reaction time
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proceed when NH; was used as a basic catalyst. The refrac-
tive index of the thin film could be decreased by interlinking
small SiO, nanoparticles using TEA and by growing SiO,
nanoparticles using NHs. In conclusion, TEA is a suitable

catalyst for synthesizing porous SiO, thin films for AR coating.

3.3. Inner and Surface Structure of a Thin Film

The Structural characteristics of SiO,_PGME_TEA (n =
1.17) were investigated. Figure 6 shows the pore distribu-
tion measured via positron annihilation spectroscopy. Two
peaks were observed at 0.48 nm and 2.4 nm. The peak at
0.48 nm could be attributed to the gap in the siloxane
framework [25] and that at 2.4 nm could be ascribed to the

presence of pores in SiO, films.

Intensity / a.u.

N | | |
0 1.0 2.0 3.0 4.0

Free volume hole diameter / nm

Fig. 6 Pore size distribution of SiO, PGME_TEA (n = 1.17) mea-
sured using positron annihilation spectroscopy

Figure 7 shows a 3D-TEM image of SiO,_ PGME_TEA.
The colored areas represent pores that were detected by
image analysis. Several pores were distributed inside the
film. Image analysis also revealed the pore distribution,
which showed that the pore diameter was in the range of
2-3 nm. This is consistent with the results induced via posi-
tron annihilation spectroscopy. Additionally, porosity was
calculated to be 65 vol % via image analysis. Considering that
the refractive index calculated from the reflectance measure-
ment was n = 1.17, the porosity of the film was calculated
from the Lorentz—Lorentz formula using the refractive index
of SiO; and air and their volume fractions [26]. The porosity
calculated using the refractive index was 62.2 vol %. This
result indicates that a 3D-TEM structural analysis was
appropriate. Therefore, SiO,_ PGME_TEA was confirmed to
possess abundant pores of diameter 2—-3 nm and a high
porosity of over 60 vol%. This high porosity was attributed to
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the bulky colloidal SiO, structure grown in the coating lig-
uid. If SiO, in the coating liquid were mono-dispersed
spherical particles, the porosity of porous SiO; thin films
would be 49.4 vol%, as calculated using Structure of NAno
Particles (SNAP) simulation [27], [28]. This shows that the
SiO, in the coating liquid possessed a bulky structure
formed by connecting small SiO, nanoparticles. Because
bulky SiO; structures could not be densely packed like
mono-dispersed spherical nanoparticles, they formed a

highly porous SiO; thin film.

Fig. 7 3D-TEM image of SiO, PGME_TEA
The refractive indices of the films were adjusted to n =

1.17. Colored areas were detected pores using image
analysis.

The size of the pores in SiO;_PGME_TEA (2-3 nm) was
smaller than the wavelength of visible light, indicating that
SiO,_ PGME_TEA can exhibit a low scattering of light [29].

3.4. Enhanced Hydrophobicity of SiO, PGME_TEA

The adsorption of moisture from air into porous SiO, was
reported to increase the refractive index [14]. When porous
SiO; is used for AR coating, increasing the refractive index
affects the optical properties. Therefore, the Si-OH groups in
SiO,_PGME_TEA should be capped by hydrophobic groups.
HMDS was used for capping the Si-OH groups because it is
commonly used for hydrophobization [30].

In the infrared reflection-absorption spectra (IR-RAS) (Fig.
8) of Si0,_PGME_TEA and SiO,_HMDS, an adsorption band
at 1250 cm™ was observed in only SiO,_ HMDS, which was
assigned to v(Si-C) [31]. It showed that HMDS was intro-
duced into SiO, PGME_TEA.

In addition, the contact angles of SiO,_ PGEM_TEA and
SiO,_HMDS were measured to be 8.7° and 65°, respectively
(Fig. 9). This indicated that SiO,_ PGEM_TEA possessed a
hydrophilic surface, whereas SiO,_ HMDS possessed a
hydrophobic surface. These results revealed that HMDS
successfully capped the Si-OH group and increased the



Nikon Research Report Vol.6 2024

v(Si-C)

Transmittance / a. u.

| | | | |
1400 1350 1300 1250 1200 1150 1100
Wavenumber / cm™

Fig. 8 IR-RAS spectra of SiO, PGME_TEA (a) before and (b) after
HMDS treatment

(a) ' (b) l

Fig. 9 Contact angle measurement of SiO,_PGME_TEA (a) before
and (b) after HMDS treatment

hydrophobicity of SiO,_ PGME_TEA.

The refractive indices of SiO, PGME_TEA and SiO,_
HMDS are listed in Table 2. The refractive index of SiO,_
HMDS was higher than that of SiO,_ PGME_TEA. It proba-
bly indicated that HMDS was introduced into the pores of
Si0O;_PGME_TEA. Moreover, the changes in refractive
indices after keeping the films at 24°C and 35% relative
humidity for 7 d were compared. The increase in the refrac-
tive index of SiO,_HMDS was smaller than that of SiO;_
PGME_TEA for 7 d.

Table 2 Refractive indices of SiO,_ PGME_TEA and SiO,_ HMDS

on 0, and 7 d
nonday0/- nonday7/- Increaseinn after 7 d/ -
Si0,_PGME_TEA 1.170 1.212 0.042
Si0,_HMDS 1.197 1.209 0.012

Hence, the HMDS treatment prevented an increase in the
refractive index of the porous SiO, thin films via the capping
of the Si-OH groups.

4 Conclusion

Porous SiO; thin films having low refractive indices were

successfully prepared via a simple sol-gel method. The

choice of solvent and basic catalyst is a key factor for con-
trolling the reactivity of the coating liquid and forming a
smooth film that exhibits low scattering. The porous SiO,
thin film fabricated in this study could be used as a broad-
band AR coating with stacked undercoating and as a lens

and sensor in various optical devices.
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Impact of the O/P Ratio on the Optical Properties and
Structures of Fluoride—Phosphate Glass'
Kohei YOSHIMOTO, Motoi UEDA, Yuya YAMAMOTO and Masafumi MIZUGUCHI

vt VBIRAS RIS, BRERE - BoE, REGENEEEER, EORBIHGERRGAZFEEETITD T
ENSHEMBEUVTERINTND. UM L, TOMEMOEMSOIZHN, HR2FEPEEDEMIKFEICET 2%
BFEVRHBREDRV. KK T, Ca(POs),-AlFs-CaF,-BaF,-BaO R7 w b VIR S A Z ISR mAIC K Y
TERL, TOXFRIEPESOERKFEZ O/P LHICEB UL CEHE L. &R, A5 ADXFERIEPEAESH, O/P
IS U CIRENBE B 2R CEMBESH ER oz, FIRIF, O/P=3.0-3.4CBF2/\Y RF v v FPITRILF—F
BR—ETHBN, O/P LLH3.6054.01Ch I TRBMRMETZRUIE. &z, Lorentz EFIVICE D BIERDHDMHE
RS, N2 RFvy FTRIVF—EERICENIORBEIRHD O/P=3.6-4. 0CBVTRHITE T T2 I ENHS
MCEofe. EBIC, FARRDIES LSO ST VBEDNEC KD A S ADBIESEHETN S, O/P Lkh'3.6h54.0
(CHNIT, UVEREDUIBIIIL Q BEDEINRE, BINGBEELIEUD I EORBIN. FIEZRFIECS
PSS DRI O/P tHIkFIEZ EHET D X D ZXLAZRT o), BRRMEOAFMEEEDEX FZERAUTRT
BDLREERECE DI EREIT oL,

Ca(POs),—AlF;—CaF,-BaF,-BaO glasses were prepared by the melt quenching method, and the
effects of the O/P ratio on the optical properties and glass structure were investigated. The bandgap
energy showed no significant change at O/P = 3.0-3.4 but drastically decreased with the increase in
the O/P from 3.6 to 4.0. In addition, the refractive index dispersion was analyzed based on the Lorentz
model, and it was found that the decrease in the resonance frequency in the ultraviolet region with the
increase in the O/P ratio resulted in an increase in the refractive index and dispersion. Analysis of the
infrared absorption and Raman scattering spectra revealed that the phosphate chains were broken, and
isolated Q° units were generated with the increase in the O/P ratio from 3.6 to 4.0. Based on the
structural change of the glass, the origin of the nonlinear dependence of the optical properties on the O/

P ratio was discussed.

Key words T vR{b&Y, A5, KEHRL HZHEE UVE, BiE

fluorine/fluorine compounds, glass, optical materials/properties, phosphates, structure

] Introduction

Fluoride-phosphate glass is widely used as an optical
material owing to its unique optical properties, such as high
optical transmittance in the ultraviolet (UV) to infrared (IR)
range, low refractive index dispersion, and positive anoma-
lous partial dispersion, which are not obtained with oxide
glasses [1]-[4]. Although fluoride is not a typical glass-
forming system, the addition of a small amount of phosphate
dramatically improves its glass-forming ability and thermal

and chemical stabilities while maintaining the unique optical

properties resulting from the highly ionic cation—fluorine
bonds. Owing to its excellent optical properties, the fluo-
ride—phosphate system was commercially melted as optical
glass at Schott in the 1960s [5], and many studies have since
been conducted on the structure and physical properties of
fluoride-phosphate glasses [1]-[4], [6]-[13]. Phosphorus
oxide, which is a glass-forming oxide, plays an important
role in constructing the glass network in fluoride —phosphate
glass. It has been established that the phosphate units in
phosphate glass exhibit various structures depending on the
O/P ratio, such as networking ultraphosphate, @* (O/P =

™ This paper is reprinted with permission from John Wiley and Sons of reference [34]. We acknowledge John Wiley and Sons for the permission.
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2.5), chain-like metaphosphate, @* (O/P = 3.0), dimer-like
pyrophosphate, @' (O/P = 3.5), and isolated orthophos-
phate, @ (O/P = 4.0) [14], where @" denotes tetrahedral
PO, unit with » bridging oxygens. To the best of our knowl-
edge, however, most studies on fluoride—phosphate glasses
have focused on the metaphosphate (O/P = 3.0) composi-
tion, whereas very few studies have focused on the effects of
the O/P ratio. In this study, we investigate the influence of
the O/P ratio on the optical properties of fluoride—phos-
phate glasses and discuss the results based on the structural

analysis of the glass.

2 Experimental Procedures

Fluoride-phosphate glasses were synthesized using
an ordinal melt-quenching technique. The raw materials
of Ca(POs); (Rasa Industries, Ltd., Tokyo, Japan), AlF;
(Morita Chemical Industries Co., Ltd., Osaka, Japan), CaF.
(Hakushin Chemical Laboratory Co., Ltd., Tokyo, Japan),
BaF, (Hakushin Chemical Laboratory Co., Ltd., Tokyo,
Japan), and BaCO3; (Nippon Chemical Industrial Co., Ltd.,
Tokyo, Japan) were weighed and mixed to obtain a glass
weight of 100 g and then melted under the ambient atmo-
sphere at 1223 K for 1 h in a platinum crucible. The glass
compositions synthesized in this study are listed in Table 1.
Hereinafter, the sample names of the Ca(PO3);—AlF;—CaF,—
BaF,—-BaO glasses are abbreviated as OPX, where X denotes
the O/P ratio. A platinum lid was used during melting to
prevent volatilization from the molten glass. After stirring and
homogenization with a platinum propeller, the mixtures were
poured into a steel mold, rapidly cooled, and immediately
transferred to an annealing furnace maintained near the glass
transition temperature, T,. After holding at approximately
T, for 3 h, the glass was slowly cooled to room temperature
at a rate of 16 K/h. The compositions of the glass samples
were quantitatively analyzed by X-ray fluorescence (XRF)
analysis, ZSX Primus II (Rigaku Corp., Tokyo, Japan). The

impurities of the glass samples were quantitatively analyzed

Table 1 Composition of OPX glasses

Ca(POs), Cal, BaF, BaO AlF; O/P

(mol%) (mol%) (mol%) (mol%) (mol%)
OP3.0 10 30 20 0 40 3.0
OP3.2 10 30 16 4 40 3.2
OP3.4 10 30 12 8 40 3.4
OP3.6 10 30 8 12 40 3.6
OP3.8 10 30 4 16 40 3.8
OP4.0 10 30 0 20 40 4.0
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by inductively coupled plasma-mass spectrometry (ICP-
MS), Agilent 7700 x (Agilent Technologies Inc., California,
United States of America). For the ICP-MS analysis, the
glass samples were dissolved by acid decomposition method.
The crushed glass was placed in a platinum cell, and ther-
mogravimetry-differential thermal analysis measurements,
Thermo plus EVO2 TG8121 (Rigaku Corp., Tokyo, Japan),
were performed at a heating rate of 10 K/min in the ambient
atmosphere. The glass density was determined using the
Archimedes method with deionized water as the immersion
medium. For optical measurements, the glass was optically
polished, and transmittance spectra were obtained in the
range of 200-700 nm using a UV-Vis—NIR spectropho-
tometer, UH4150 (Hitachi High-Tech Science Corp., Tokyo,
Japan), and in the range of 120—300 nm using a vacuum UV
(VUV) spectrophotometer, KV-2004] (Bunkoukeiki Co., Ltd.,
Tokyo, Japan). The refractive index dispersion of the glass
was measured using a Kalnew precision refractometer, KPR-
3000 (Shimadzu Corp., Kyoto, Japan), at 11 wavelengths
G, h, g, F e d C,r andtlines and 1310 and 1550 nm). IR
reflection spectra were measured using microscopic Fourier
transform IR spectroscopy, Nicolet iN10 (Thermo Fisher
Scientific Inc., Massachusetts, United states of America), in
the range of 400-4000 cm™ with reference to a gold mirror.
The absorption spectra were obtained through the Kramers—
Kronig transformation of the reflection spectra. Unpolarized
Raman scattering spectra were measured at an excitation
wavelength of 532.11 nm using a micro Raman spectrometer,
NRS-5000 (JASCO Corp., Tokyo, Japan).

3 Results

Table 2 shows the results of an XRF analysis of OPX
glass. The analyzed composition shows that almost linear
correlation with the nominal composition, and no significant
decrease in F occurred. The analyzed composition tends to
be about 1 at% lower in cations and about 5 at% higher in
oxygen than the nominal composition. However, similar
trends were observed for Al;O; (Nippon Light Metal Co.,
Ltd., Tokyo, Japan) and AlF; (Morita Chemical Industries
Co., Ltd., Osaka, Japan) powders measured as standard
samples, so these discrepancies between nominal and ana-
lyzed values are due to some systematic error in the mea-
surements not due to the sample. Therefore, the results of
XRF show that there were no serious compositional changes
by the evaporation of fluorine.

Table 3 lists the thermal properties, densities, and optical

properties of the OPX glasses. The increase in T, with



Tt VBRI A S ADNFRIE L BFEEICN T D O/P DB S

Table 2 Results of the quantitative analysis of glass composition by X-ray fluorescence (XRF)

Nominal composition

Analyzed composition

P Al Ca Ba (¢} F P Al Ca Ba 0 F
(at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%)
OP3.0 5.0 10.0 10.0 5.0 15.0 55.0 3.5 8.6 8.8 4.1 19.4 55.6
OP3.2 5.1 10.1 10.1 5.1 16.2 53.5 3.7 8.6 8.8 3.9 20.4 54.6
OP3.4 5.1 10.2 10.2 5.1 17.4 52.0 3.9 8.4 8.6 4.0 22.3 52.9
OP3.6 5.2 10.3 10.3 5.2 18.6 50.5 4.0 8.5 8.7 4.0 23.3 51.4
OP3.8 5.2 10.4 10.4 5.2 19.8 49.0 4.0 8.4 8.6 4.0 24.8 50.1
OP4.0 5.3 10.5 10.5 5.3 21.1 47.4 4.0 8.5 8.6 4.0 26.0 48.8
AlL,O; 40.0 60.0 33.4 66.5 0.1
AlF; 25.0 75.0 21.8 3.8 74.4
Table 3 Thermal and optical properties of OPX glasses 100 - OPE;.O I ‘ I

T, T. AT »p E, M4 va < — Op4o S

® ® K @m) @) s or 1]
OP3.0 712 844 132 3.59 7.03 1.46381 89.2 é 60 - // i
OP3.2 716 834 118 3.57 7.06 1.46638 88.6 E °, ‘o
OP3.4 719 846 127 3.58 7.04 1.47072 87.5 2 40 ~e-0" ]
OP3.6 733 863 130  3.60 6.96 1.47711 86.9 = 0L 0 32 34 36 38 4.0
OP3.8 744 870 126 3.62  6.92 1.48436 85.7 Oo/P
OP4.0 746 871 125  3.64 6.77 1.48946 85.0 %00 300 200 00 500 200

Wavelength (nm)
increasing O/P ratio is due to the decrease in fluorine con- Fig. 1 Internal optical transmittance spectra (10 mm thick) of OP3.0

tent in the glass. In the case of fluoride ions of fluorophos-
phate glasses, only one cation is enough for charge compen-
sation of terminal F, such as P-F bonds. In the case of oxide
ions, however, at least two cations are required to compen-
sate the negative charge of an oxide ion, except for P = O
double bonds. Thus, electrostatic interactions among struc-
tural units, such as P(O, F)4, Al(O, F),, and cations of Ca and
Ba, are supposed to be stronger in oxygen-rich OPX glasses,
resulting in higher viscosity and 7. Similar to 7y, the crystal-
lization onset temperature, T, also increases with an increase
in the O/P ratio. AT (= Tx—T,) is often considered a measure
of the thermal stability of glass against crystallization [15],
[16], but no significant dependence on the O/P ratio is
observed. The glass density increases slightly with increas-
ing O/P ratio.

Figure 1 shows the 10-mm-thick internal optical transmit-
tance spectra of OP3.0 and OP4.0. There is no significant dif-
ference in the position of the absorption edge between OP3.0
and OP4.0; however, OP4.0 shows a lower transmittance at
300-400 nm than OP3.0. As can be seen in the inset of Fig. 1,
the 80% transmission wavelength, /g, does not change signifi-
cantly with the O/P ratio at O/P = 3.0-3.4, but it exhibits
drastic redshifts with the O/P ratio at O/P = 3.6-4.0.

Figure 2 shows the optical absorption spectra of OP3.0
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and OP4.0 glasses. The inset shows the O/P dependence of
Aso. The dashed line is shown to guide the eye.
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Fig. 2 Optical absorption spectra of OP3.0 and OP4.0 glasses in the
vacuum ultraviolet (VUV) region. The inset shows the O/P
dependence of E,. The dashed line is shown to guide the eye.

and OP4.0 in the VUV region. The large absorption below
170 nm is the intrinsic interband absorption of the glass, and
the absorption edge of OP4.0 is located in a longer wave-
length region than that of OP3.0. The bandgap energy, E,,
is estimated from the Tauc plot according to the following

equation, and the results are listed in Table 3:

ahv=A(hv-E,) D
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where o, I, v, and A are the absorption coefficient, Planck’s
constant, light frequency, and an energy-independent con-
stant, respectively. The values of E, for OPX glasses are close
to those of other fluoride—phosphate glasses reported in the
literature [4]. As shown in the inset of Fig. 2, E, is almost
constant at O/P = 3.0-3.4; however, at O/P = 3.6-4.0, it
decreases rapidly as the O/P ratio increases.

Figure 3(a) shows the results of the spectral deconvolu-
tion of the absorption spectra of OP3.0 and OP4.0. The
absorption spectra can be successfully reproduced with three
Gaussian functions. The absorption near 180 and 260 nm is
due to the charge-transfer state (CTS) of O 2p — Fe* 3d
[2], [17], [18], where Fe ions are trace impurities present in
the glass. Because the CTS is a parity-allowed transition, it
has a large absorption coefficient, even at low concentrations
of Fe* ions. Table 4 summarizes the results of the ICP-MS
analysis of the OPX glasses. It can be seen that Fe is present
as a trace impurity in the glass at a concentration of approx-

imately 20 mg/kg in each sample, and the contents of other

transition metals and Pt are significantly lower than that of
Fe. Therefore, the effect of impurity elements other than Fe
on the UV absorption is considered negligible.

The O/P dependence of the absorption peak positions
near 180 and 260 nm is shown in Fig. 3(b). Neither peak
position shows a significant change in the range of O/P =
3.0-3.4, but both peaks shift drastically toward lower wave
numbers with an increase in the O/P ratio from 3.6 to 4.0.
As shown in Fig. 3(a), the absorption in the region below 5
eV is dominated by the CTS of O 2p — Fe* 3d and is almost
unaffected by the inherent absorption. Therefore, it is con-
sidered that the decrease in transmittance at 300-400 nm
shown in Fig. 1 is due to the redshift of the CTS absorption
as the O/P ratio increases. Figure 4(a) shows the refractive
index dispersion of OPX glasses. As indicated in Table 3, as
the O/P ratio increases, the refractive index increases, and
the Abbe number decreases. Here, the Abbe number is
defined as vq = (nq—1)/ (np—nc), where nq, nr, and nc are the
refractive indices at d (587.56 nm), F (486.1 nm), and C
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Fig. 3 (a) Spectral deconvolution of the optical absorption spectra for OP3.0 and OP4.0 glasses;

(b) relationships between the peak positions and O/P ratio. The dashed and solid lines in

(a) are the experimental and fitted data, respectively, and the dashed lines in (b) are

guides for the eye.

Table 4 Results of the quantitative analysis of trace impurities by inductively coupled plasma—mass spectrom-

etry (ICP-MS)

Cr Mn Fe Co Ni Cu Mo Pt

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
OP3.0 1.3 0.2 21.9 <0.1 0.3 0.2 <0.1 0.5
OP3.2 1.0 0.1 16.9 <0.1 0.2 <0.1 <0.1 0.2
OP3.4 1.2 0.1 20.8 <0.1 0.2 <0.1 <0.1 <0.1
OP3.6 1.3 0.2 21.3 <0.1 0.2 <0.1 <0.1 <0.1
OP3.8 1.2 0.1 18.7 <0.1 0.1 <0.1 <0.1 <0.1
OP4.0 1.1 0.1 17.5 <0.1 0.1 <0.1 <0.1 <0.1
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(656.3 nm) lines, respectively. Figure 4(b) shows the cor-
relation between n4 and O/P ratio. It is noted that Fig. 4(b)
shows that 7, increases nonlinearly with the O/P ratio: The

increase of nq with respect to the O/P ratio is greater at
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Fig. 4 (a) Refractive index dispersion of OPX glasses; (b) O/P
dependence of #4. The solid lines in (a) represent curves fit-
ted using the Lorentz model, and the dashed line in (b) is
guide for the eye.
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O/P =3.6-4.0 than at O/P = 3.0-3.4. The refractive index
dispersion is fitted using the Lorentz model, as represented

by the following equation:

2 .
(n+jk)2=1+e—z N

gom < (0f — o — joy;)

@

where 7 is the refractive index, 7 is the pure imaginary com-
plex number, % is the extinction coefficient, e is the elemen-
tary charge, ¢ is the electric permittivity of a vacuum, m is
the mass of the electron, i is the type of oscillator, N; is the
number density of the oscillator, w is the angular fre-
quency, w; is the resonance frequency, and y; is the damping
coefficient. Here, k& and y; are assumed to be zero because
the samples are optically transparent at the measured wave-
length. Additionally, Eq. (2) can be simplified as the follow-
ing equation, assuming that there are only two resonance
terms in the UV and IR regions:

l

eom

Nyy

(DLZIV - (1)2

NIR

n=1+ g zj
WIR — @

+ ®)
where Nyv and Nik are the number densities of oscillators in
the UV and IR regions, respectively, and wyy and wik are the
resonance frequencies in the UV and IR regions, respec-
tively. As shown in Fig. 4(a), the refractive index dispersion
of OPX glasses can be well represented by the two-term
Lorentz model given in Eq. (3).

Figure 5 shows the O/P ratio dependence of the fitting
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Fig. 5 Dispersion parameters of the OPX glasses: (a) Nuv, (b) wuv, (¢) Nir, and (d) wir.

The dashed lines are guides for the eye.
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Fig. 6 (a) Infrared (IR) absorption and (b) Raman scattering spectra
of the OPX glasses. The inset in (b) shows an enlarged view.

parameters determined using Eq. (3). As O/P increases, Nuyy
seems to increase from O/P = 3.0 to 3.4 but remains almost
constant at O/P = 3.6-4.0 (Fig. 5(a)). On the other
hand, wyy shifts to lower wave numbers as the O/P ratio
increases, and the slope becomes considerably larger at O/
P = 3.6-4.0 than that at O/P = 3.0-3.4 (Fig. 5(b)). The
dependence of wyy on the O/P ratio is consistent with the
compositional change of E, presented in Table 3 and Fig. 2.
The above results indicate that the increase in the refractive
index with the increase in the O/P ratio at O/P =3.0-3.4
and O/P = 3.6-4.0 is mainly due to the increase in Nyv and
the shift in wyy, respectively. As for the oscillator parameters
in IR region, with an increase in the O/P ratio, Nk increases
almost monotonically, and w shifts to lower wave numbers,
but the slope of wk at O/P = 3.6-4.0 is slightly larger than
that at O/P = 3.0-3.4. Therefore, the compositional depen-
dence of the dispersion parameters in the UV and IR regions
is considered to reflect changes in the electronic states and
network structures of the OPX glasses, respectively.

Figure 6(a) shows the IR absorption spectra of the OPX
glasses. There is no significant change in the spectrum at
O/P =3.0-3.4; however, at O/P = 3.6-4.0, the peak at 650
cm shifts to a slightly lower wave number with an increase
in the O/P ratio. In addition, the intensities at 950 and 1200

cm' decrease, whereas those at 1100 cm™" increase. Because
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the spectrum in the range of 8001250 cm™ is attributed to
the structure of the phosphate units, these changes in the
spectrum at O/P = 3.6-4.0 reflect a drastic structural
change in the phosphate groups that form the glass network.
As shown in Fig. 7(a), the IR absorption spectrum at 800—
1250 cm™ can be deconvoluted into four Gaussian functions.
Band A (1150-1190 cm™) corresponds to asymmetric
stretching (v.s) of P—O bonds in P@,0, (@) units [10], [13],
[19], band B (1130 cm™) is va of P=O bonds in PGOs> (QY)
units [10], [13], [19], [20], band C (1080 cm™) is the sym-
metric stretching (v)) of P=0 bonds in P@0O:* (") units
and v, of P—0 bonds in PO,* (") units [10], [13], [19] and
band D (960 cm™) is v.s of P=O—P bonds [10], [19], [20].
Here, @ is bridging oxygen. The absence of a band at 1350
cm! assigned to v, of P = O double bonds in P@;0 (%) units
[14] indicates that the fraction of €® units is very small in the
OPX glasses. As shown in Fig. 7(a), the peak position of
band A (v.s PO in @) is located at 1189 cm™ in the OP3.0
glass and 1156 cm™ in OP4.0 glass, showing a shift to a
lower wave number as the O/P ratio increases. This sug-
gests a decrease in the length of the phosphate chains con-
taining * units with increasing O/P ratio [21]. The fraction
of each peak area in Fig. 7(a) is shown in part (b). The frac-
tions of bands A (v,s P-0 in @%) and D (v,s P-O-P) are
largely constant at O/P = 3.0-3.4; however, at O/P =
3.6-4.0, they decrease monotonically as the O/P ratio
increases. On the other hand, the fraction of band C (vs P—
O in @', v,s P-0 in @) increases with the increase in the O/
P ratio from 3.6 to 4.0. The fraction of band B (v, P-0 in
@") does not show a clear dependence on the O/P ratio.
Figure 6(b) shows the Raman scattering spectra of the
OPX glasses. Similar to the IR absorption spectra, no signifi-
cant change is observed in the Raman spectra at O/P =
3.0-3.4; however, with an increase in the O/P ratio from
3.6 to 4.0, the intensities at 540, 750, 1060, and 1200 cm™
decrease, whereas those at 460 and 1000 cm™' increase. Fig-
ure 7(c) shows the result of spectral deconvolution of the
Raman spectra at 800-1250 cm™ using four Gaussian func-
tions. Band E (1160-1180 cm™) is v of P-O bonds in
P@,0; (% units [6], [10], [13], [19], [22], band F (1110
cm™) is vas of P=0O bonds in PG05> (@Y units [6], [101, [22],
band G (1050 cm™) is vs of P—=O bonds in POOs* (") units
[101, [13], [19], [22] and pyrophosphate P,O;* groups [19],
and band H (1000-1020 cm™) is vs of P—O bonds in PO+
(@ units [6], [10], [13], [19], [22]. The fraction of each
peak area in Fig. 7(c) is shown in Fig. 7(d). The ratio of
each peak area is almost constant at O/P = 3.0-3.4; how-
ever, at O/P = 3.6-4.0, the fractions of bands E (v P-0 in
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Table 5 Assignments of infrared (IR) and Raman bands attributed to phosphate units in OPX glasses

IR Raman
Band Wavenumber Assignment Ref. Band Wavenumber Assignment Ref.
(cm™) (cm™)
A 1090-1150 vs P-0in @* [10], [13], [19] E 1160-1180 vsP-0in @ [6], [10], [13], [19], [22]
B ~1130 v P-0in Q' [10], [13], [19], [20]  F ~1100 vis P-0in Q' [6], [101, [22]
C ~1080 vs P-0in @  [10], [13], [19] G ~1050 vsP-0in @  [10], [13], [19], [22]
ves P=0in @ [10], [13], [19] vs PO [19]
D ~960 vas P-O-P [101, [19], [20] H 1000-1020 v P-0in @  [6], [10], [13], [19], [22]

@ and G (s P-0 in @', vs P,O;") decrease, and that of band
H (vs P-0 in €°) increase as the O/P ratio increases. On the
other hand, band F shows an almost constant fraction
regardless of the O/P ratio. The assignments of IR and
Raman bands attributed to phosphate units in OPX glasses
are summarized in Table 5.

The results in Fig. 7 strongly indicate a structural change
of @ units to € units with an increase in the O/P ratio at O/
P =3.6-4.0. The Raman spectra additionally support the
breakage of the phosphate chains with increasing O/P ratio
because the band at 750 cm™, which is assigned to the sym-
metric stretching mode of P-O—-P bonds in the phosphate
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chains [6], [10], [19], [22], decreases in intensity with the
O/P ratio at O/P = 3.6-4.0 (Fig. 6(b)). In addition, a slight
band is confirmed at 850 cm™ in the Raman spectra (inset of
Fig. 6(b)), and its intensity decreases as the O/P ratio
increases, almost disappearing at O/P = 3.6-4.0. Because
this band is attributed to the symmetric stretching of F—P-
F bonds [6], [23], it indicates that P—F bonds are present at
low O/P ratios. The symmetric stretching vibration of P-F
bond is reported to appear around 760 cm™ [6], [13], [23],
but it is difficult to evaluate it independently because it over-
laps with the peak of the symmetric stretching vibration of
P-0O-P (750 cm™).
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The evaluation of the low-frequency region (< 700 cm™) in
the IR and Raman spectra of OPX glasses is more compli-
cated. In aluminofluoride—phosphate systems, various
modes due to the Al- (O, F) and P- (O, F) networks overlap
in this region, and their frequencies also depend on the
degree of polymerization [24]. The IR bands due to the
vibrations of AlOs, AlO,, AlFs, and AlF, appear at 535, 730,
540-570, and 620 cm™, respectively [25], and the asymmet-
ric stretching modes of the Al-F-Al groups appear at 630
and 680 cm™ [13]. Furthermore, in the IR absorption spec-
tra, the bending vibrations of O—P-0O units and 6(PO)
modes of (PO,), chains show a band at approximately 480
cm’, and the band at 540 cm™ is described as a fundamental
frequency of @° units or as harmonics of P = O bending
vibrations [20]. In Raman spectroscopy, the vibrations of AlFs
and AIF; units appear at 570 and 625 cm™, respectively [13],
and the vibrations of F3Al-O-AlF; groups appear at 530
cm™ [13]. In addition, the bending mode of 0-P-0 in @°
units, bending mode of phosphate chains, and symmetric
stretching mode of P-O-P bonds in €° units show Raman
bands at approximately 440, 560, and 620 cm, respectively
[19]. From the above, the shift of the IR absorption peak at
650 cm ! with an increase in the O/P ratio (Fig. 6(a)) may
reflect structural changes, such as a decrease in P-F bonds,
an increase in Q° units, and a transformation from AlFg and
AlF, to AI(O, F)s. In addition, the decrease in intensity at 550
cm™ and increase at 480 cm™ in the Raman spectra (Fig.
6(b)) possibly reflect the structural changes of phosphate
groups, such as the increase in @° units and breakage of the

phosphate chains with the increase in the O/P ratio.

4 Discussion

The IR and Raman spectroscopy results strongly indicate
that the increase in the O/P ratio from 3.6 to 4.0 leads to
the breakage of the phosphate chains, causing a decrease in
€’ units and an increase in isolated @° units. The increase in
N and decrease in wr with increasing O/P ratio (Figs. 5(c,
d)) are also consistent with the spectral changes caused by
the decrease in @° units and increase in ° units (Fig. 6(a)).
This nonlinear structural change with the variation in the O/
P ratio can be understood by considering the structure of
phosphate glass, which is well described using the O/P ratio
[14]. At O/P = 3.0-3.5, metaphosphate groups [(POs),] are
obtained, and the structure can be described as chains
formed by PO, tetrahedra. In contrast, when the O/P ratio is
between 3.5 and 4.0, isolated orthophosphate units (PO.>)
are generated. It should be noted that these orthophosphate
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units are separated from other P(O, F), tetrahedra but are
expected to be linked to Al- (O, F) polyhedra because previ-
ous structural analyses of fluoride—phosphate glass have
shown that Al(O, F)s octahedra interconnect with phosphate
monomers and dimers [26], [27]. In this study, however,
oxygens in P-O-Al bonds are classified as non-bridging
oxygens because the differences in electronegativities
between Al (1.61) and O (3.44) are significantly larger than
that between P (2.19) and O (3.44), resulting in more the
ionicity of Al-0 bonds than P-O bonds [28].

Although OPX glasses have a much lower oxygen content
than fluorine content, structures in phosphate groups are
strongly dependent on the O/P ratio, similar to phosphate
glass. Therefore, it is suggested that P preferentially coordi-
nates with oxygen, and this is also supported by the fact that
the Raman intensity of F—-P-F bonds is very weak com-
pared with that of P-O-related bands (Fig. 6(b)). Such
selectivity has also been reported in oxyfluoroborate glass,
and its origin was discussed using the concept of electro-
negativity by Shinozaki et al [29]. The Pauling electronega-
tivity values are Ba (0.89) < Ca (1.00) < Al (1.61) < P
(2.19) <O (3.44) < F (3.98) [28]. Ba and Ca, which have
low electronegativities, strongly attract fluorine and prefer-
entially form ionic bonds. In contrast, P, which has a higher
electronegativity than other cations, is more likely to form
covalent bonds with oxygen, which has a more similar elec-
tronegativity than fluorine.

From the results of IR and Raman spectroscopy, almost no
structural change was observed at O/P = 3.0-3.4, but sig-
nificant structural changes were confirmed at O/P = 3.6-
4.0. One possible explanation for this nonlinear trend is the
effect of P-F bonds. Although the intensity of the Raman
peak is small, Fig. 6(b) suggests the presence of F-P-F
bonds at O/P = 3.0-3.4, and its intensity decreases with the
increase of O/P ratio. Therefore, at O/P = 3.0-3.4, it is sug-
gested that terminal fluorines in P-F bonds are replaced by
oxygen as the O/P ratio increases. According to Ref. [26],
fluorine preferentially replaces bridging oxygen on the phos-
phate tetrahedra [26]. If so, when the O/P ratio increases at
O/P =3.0-3.4, the introduced oxygen is expected to pref-
erentially replace the fluorine in the P-F bonds to form the
bridging P-O-P bonds. From Fig. 7, it can be seen that the
fraction of IR band A (v,s P—0 in @% and Raman band E (v,
P-0 in @) slightly increase with O/P ratio at O/P = 3.0-
3.4, supporting the formation of bridging P—O-P bonds by
F — O substitution. Similarly, it is also expected that IR
band D (v,s P-O-P) and Raman band at 750 cm™ (vs P-O-
P) increase with O/P ratio at O/P = 3.0-3.4, but the results
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do not show a clear increase. This might be due to the over-
lap of these bands with vibrational components originating
from the fluorophosphate units because it has been reported
that the F—P-F and P-F bonds exhibit vibrational peaks at
980 cm™ in IR spectra [11], [25], and 760 cm™ in Raman
spectra [6], [13], [23], respectively. At O/P = 3.0-3.4, the
fraction and peak intensity in vibrational spectra of these
fluorophosphate units should decrease with increasing O/P
ratio.

According to the previous study [13], [23], the vibrational
energy of non-bridging oxygen connected with P in P(O, F),
strongly depends on the number of non-bridging oxygens.
This is because the bond order of terminal oxygen is aver-
aged over the total number of non-bridging oxygens, so
POO,F", PO,F,, and PJ,0, (Q% units have almost the same
bond order of 1.5 between P and the terminal oxygen atoms.
Similarly, less polymerized POsF? and P@Os* (@) units
would have almost the same bond order as 1.33. Therefore,
even if the terminal fluorines in the P—F bonds are replaced
with bridging oxygens at O/P = 3.0-3.4, it is estimated that
the vibrational energy is hardly changed. At O/P=3.6-4.0,
on the other hand, there should be almost no P-F bonds
remaining due to the substitution to P-O-P bonds, so the
oxygens introduced by increasing the O/P ratio preferen-
tially form P-O" and P-O-Al bonds, leading the drastic
structural change of phosphate units (@ — Q°).

Finally, we discuss the relationship between the structural
changes in the OPX glasses and their optical properties.
Using the concept of optical basicity proposed by Duffy and
Ingram, the optical basicities of the @, @', and §° units are
0.50, 0.57, and 0.63, respectively [30]. This indicates that
the electron-donating ability of oxygen increases as the num-
ber of non-bridging oxygen atoms in the PO, tetrahedron
increases. This is because non-bridging oxygen generally
has a smaller binding energy of outer electrons than bridg-
ing oxygen, resulting in a higher energy level of the O 2p
orbital, which forms the upper valence states of the glass
[31], [32]. In the OPX glasses, it is strongly expected that
the energy level of the O 2p orbital shifts to a higher energy
owing to the non-bridging oxygen generated with the
increase in the O/P ratio at 3.6—4.0. The high-energy shift
of the O 2p level reduces the transition energy to the con-
duction band, resulting in a decrease in the bandgap energy,
as indicated in Table 3 and Fig. 2. This mechanism is also
important for the refractive index dispersion because the
redshift of the intrinsic resonance frequency, wyy, can be
explained in the same manner. As for the CTS transition

band, the relationship between the electron-donating ability

61

of ligand anions and the CTS transition energy has been
discussed in other studies [18], [33]. Considering this, the
nonlinear decrease in the CTS transition energy from O 2p
to Fe* 3d (Fig. 3) can also be explained by the drastic
increase in the electron-donating ability of oxygen by the
generation of non-bridging oxygen at O/P = 3.6-4.0. As for
the refractive index, Fig. 4(b) clearly shows that the increase
of nq with respect to the O/P ratio is greater at O/P = 3.6-
4.0 than at O/P = 3.0-3.4. At O/P = 3.0-3.4, it is esti-
mated that n4 increases simply due to the increase in the
number density of oxide ions with higher polarizability than
fluoride ions because there is no significant change in the @”"
distribution. On the other hand, at O/P = 3.6-4.0, in addi-
tion to the effect of an increase in the number density of
oxide ions, the increase in optical basicity (number density
of non-bridging oxygens) caused by a drastic change in the

Q" distribution should contribute to increase #q.

4 Conclusion

Ca(POs),—AlF;-CaF,-BaF,-BaO glasses were prepared
using the melt-quenching method, and the effects of the O/P
ratio on the absorption spectrum and refractive index disper-
sion were evaluated. The bandgap energy determined from
the intrinsic interband absorption edge was almost constant
at approximately 7.0 eV at O/P = 3.0-3.4, but it rapidly
decreased to 6.77 eV with the increase of O/P ratio at
3.6-4.0. Furthermore, the glass contained approximately 20
mg/kg Fe ions, and absorption peaks due to CTS from O 2p
to Fe* 3d were observed at approximately 180 and 260 nm;
their peak positions also showed a redshift as the O/P ratio
increased from 3.6 to 4.0. We also investigated the refractive
index dispersion of the glass using the Lorentz model and
clarified the nonlinear O/P dependence of refractive index
nq, the number density of oscillators, and resonance frequen-
cies. IR and Raman spectroscopy suggested that, at O/P =
3.0-3.4, P-F bonds were substituted by bridging P-O-P
bonds with an increase of O/P ratio, whereas at O/P = 3.6—
4.0, the @* units drastically decreased, and @° units were
generated as the O/P ratio increased, indicating the breakage
of phosphate chains in the glass. From these results, it was
concluded that the nonlinear changes in the optical proper-
ties with respect to the O/P ratio were due to an increase
in non-bridging oxygen associated with the breakage of the
phosphate chains: The increase in non-bridging oxygen with
a high electron-donating ability enhanced the energy level of
the upper valence band, resulting in a decrease in the transi-

tion energies from the O 2p level to the conduction band and
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Fe? 3d level.
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