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HEERIEHESEEF Geosphere Environment
EIEMRIBERESE9EF  Study of Functional Materials
RIEYERESSEF  Control of Environmental Materials
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Towards Establishing Environmentally Benign Material Synthesis

and Devices and New Material Circulation Systems.
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EMERT—VICUTHEREB ZHET 5.

The DOWA Holdings Co., Ltd. Sponsored laboratory was inaugurated in FY 2004 and comes under the endowed division of the Graduate School of

Environmental Studies. The main study aim of our laboratory is to solve problems of environmental conservation while taking into consideration the

viewpoints of both manufacturers and the high-consumption society. Research in this division is categorized mainly into (a) establishing processes of

valuable material resources released in society and controlling, recycling, and disposing of them efficiently and safely, and (b) inventing the preparation of

functional materials that can nurture environmentally friendly engineering applications, such as electronic devices with less impact on the environment.

The research activities of the geosphere environmentalogy division were separation, decomposition, and migration control of pollutants such as heavy

metals. Technologies related to the development of materials for concentrating and retaining rare metals are also being researched. On the other hand, the

study of the functional materials division focuses on mass production of inorganic materials for electronic, photonic, and energy storage devices. These

materials are prepared using solution synthesis or a dry process such as arc discharge evaporation. Research on the control of environmental materials

focuses on the development of technologies for applying carbon nanotubes for light-emitting devices and modifying a negatively charged material for the

purpose of future Li-ion rechargeable batteries.
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Fig.1 The potential of WEEE generation in Miyagi on GIS.

ATEER S DR RT T T

[ Geosphere Environment ]

Research for the Circular Economy

We are mainly focusing on the development of recycling technology and a
waste electrical and electronic equipment (WEEE) social collecting
system, as well as controlling contaminants in geosphere environments.
From the circular economy viewpoint, we have promoted the recycling-
based social system construction project in Miyagi prefecture with other
laboratories since 2017. The aim of this project is to develop a strategic
plan for producing secondary raw materials from waste disposed in
landfills. Because it relates the both technical and social aspects, we can
put the experience of researching EU regulations to use. In 2019, which is
the project’s last year, based on the results to date, we are conducting

Fig.2 Remediation seminar and site visit in Thailand.

#ix BHE—

HHIR TALIEL

Professor Associate Professor

B KB RE
Assistant Professor

Ryuichi Toba Norihiro Shimoi Takahiro Ohashi

TORRICEDWT, GIS GHEBERIVZATL) 2FERALT ZXRFEH
DPEBREUVTWKREREDH DY YA VILAEERM N EEEBEA O
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BIUTITHEREL T 2 EN SN TH D, ZDIsH. EYa1—ILHDER
BOHUANZZLE, REROUERINNEY AT LOHAERZHBD .
I5E, YA EETIE. THENSOBEYEDMTRKE=ZFU VI ICHE
REYTIRHUWERISGE IEHREMNGLTWD, SHEIFE TY1EAARD
BHRYA MDA REED OO IS —) ZRELEL, WE
DEVWVARELVARBIOREBRESIRIORRERXBFLTNS,
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Fig.3 Device structure of the AlGaN PIN photodetector.

analysis on the effective collection of recyclable materials and hazardous
fraction that have to bleed off from secondary materials using the
Geographic Information System (GIS).

Due to the spread of renewable energy, disposing of end-of-life PV
modules from solar power plants will soon become a problem. We have
begun to research a deterioration mechanism of parts in the modules and
the social collecting systems for them. In addition, in the Kingdom of
Thailand, we continue to respond to a new law focusing on groundwater
monitoring for factory pollutants. In 2019, we held a “Seminar for
Sustainable Remediation of Contaminated Sites in Thailand and Japan,”
and the young researchers of both countries shared their experiences on
the Japanese side and the current situation on the Thai side.

[ Study of Functional Materials ]

Research for Reducing the Environmental Load

In our laboratory, we developed deep ultraviolet-light emitters and
photodetectors. Schottky-type photodetectors have been developed in recent
years. In this year, we developed the capability to add a PIN structure to
photodetector devices. The PIN has a structure in which an insulating layer is
used as an active layer and is sandwiched between a p-layer and an n-layer.
Figure 3 shows a cross-section of the device; the ultraviolet light is irradiated
from the side with the sapphire substrate. The AlGaN layer reduces the short-
wavelength light between the sapphire substrate and the active layer. The
device fabrication procedure is as follows.

First, heat treatment was performed in nitrogen to activate Mg as a p-type
dopant. Next, dry etching (using BCI3) was performed to isolate the devices
and to expose an n-type Ohmic contact layer. Finally, Ti/Al and Ni/Au
electrodes were deposited on n-type and p-type layers, respectively. Fig.4
shows the spectral responsivity of an AIGaN PIN photodetector under zero
bias. The peak wavelength is 270 nm and the photo responsivity is 95 mA/W
(Q.E.: ~45%). Table 1 summarizes the sensitivity comparison of PIN,
Schottky, and Si PD. The PIN type achieves three times higher sensitivity
than the Schottky type and seven times higher sensitivity than Si PD.
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Fig.4 The spectral responsivities of the AIGaN PIN photodetector.
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Table 1 [c Schottky BB ETROSNIER. WROTFHT1ILY—
BT Si RARTFEDLEETRI A, Schottky BIcLER3fF538,. Si PD
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Fig.5 Schematic diagram of Fowler-Nordheim (F-N) tunneling.

Device Photo Respons. (mA/W)

AlGaN PIN 95

AlGaN Schottky 30

Si PD ( Filter) 13

Table 1 The comparison of spectral responsivities
between AlGaN PIN, AlGaN SB and Si PD.

[ Control of Environmental Materials ]

Research for the Establishment of
a Low-Carbon Society

Carbon nanomaterial is drawing keen interest from researchers and
materials scientists. Carbon nanotubes (CNTs) — and their nanoscale
needle shape —offering chemical stability, thermal conductivity, and
mechanical strength exhibit unique properties as a quasi-one-dimensional
material. Among the expected applications, field emission electron sources
appear the most promising industrially and are approaching practical
utilization. However, efforts to construct a field emission (FE) cathode
with single-walled carbon nanotubes (SWCNTs) have so far only helped
average out a non-homogeneous electron emitter plane with large FE
current fluctuations and a short emission life-time because they failed to
realize a stable emission current owing to crystal defects of the carbon
network in CNTs. The utilization of CNTs to obtain an effective cathode,
one with a stable emission and low FE current fluctuation, relies on the
ability to disperse CNTs uniformly in liquid media. In particular, highly
crystalline SWCNTs (hc-SWCNTs) hold promise to obtain good stability
and reliability. The author successfully manufactured hc-SWCNTs-based
FE lighting elements that exhibit stable electron emission, a long emission
lifetime, and low power consumption for electron emitters. This FE device
employing hc-SWCNTs has the potential to conserve energy through low
power consumption in our habitats.
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Fig.6 Fitting of simulation results to experimental current
density-electrical field characteristics.
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We applied he-SWCNTs as the field emitters of planar lighting devices.
The homogeneous dispersion of hc-SWCNTs is one of the essential design
requirements in the fabrication of electronic devices. We have succeeded
in the homogeneous dispersion of hc-SWCNTs for the first time in the
world. The hc-SWCNTs are expected to improve the FE properties
significantly compared to those of devices produced with conventional
materials. The thin films fabricated from hc-SWCNTs are expected to
serve as field emitters that can emit ballistic electrons and realize low
power and energy consumption. However, the SWCNTs currently used in
various applications have crystal defects that hinder the emission of
ballistic electrons. Therefore, we examined the conductivity of electrons
passing through SWCNTs by simulating the crystal defects in SWCNTs as
energy barriers in the inelastic electron-tunneling model. First, we
succeeded in obtaining almost identical homogeneous dispersion states
between he-SWCNTs and SWCNTs with crystal defects to examine their
FE properties. We then fabricated field emitters using hc-SWCNTs and
SWCNTs with crystal defects under similar conditions, (i.e., almost
identical density of SWCNT bundles exposed in the scratched grooves,
diameter of dispersed SWCNT bundles, and distance between neighboring
SWCNT bundles exposed in the scratched grooves). A significant
difference was observed in the FE properties depending on the crystallinity
of the SWCNTs. The results indicate that a low-threshold field and driving
voltage are obtained for the field emitters using hc-SWCNTs. It is
considered that the crystal defects in SWCNTs deteriorate the electrical
properties compared with those of hc-SWCNTs. The mechanism behind
this can be explained by the energy loss based on inelastic electron
tunneling. In this study, we considered that the tunneling of electrons in
the vicinity of a crystal defect that acts as a rectangular potential barrier
causes the energy loss. We also succeeded in developing a model of the
flow of electrons (current) in SWCNTs using the fluctuation of tunnel
current. The tunneling matrix based on the rectangular potential barrier is
an important parameter in developing the inelastic electron-tunneling
model and was used to obtain power spectra. The model for SWCNTs with
crystal defects was obtained by combining the F-N tunneling model with
the power spectrum obtained using the tunneling matrix. From the above
results, hc-SWCNTs were found to achieve almost zero energy loss of
electrical conductivity and can be used in energy-saving field emitters. We
have given a brief explanation of the effect of the increased crystallinity of
SWCNTs synthesized by arc discharge on their electrical conductivity and
then described the development of a conduction model for electrons that
pass through the crystal defects of SWCNTs. The hc-SWCNTs are
expected to be used as field emitters with stable FE.
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1.60 X 10°°C

A(BFRETAH)

6.48 X 10724 m?

bg (/IO H—HR AL FEREE)

4.3 eV

h(= 55 h: TSUUEH)

6.58 X 107®eVs

B (EFENEE)

2.56 X 103

m(BEHEFONEE)

9.11 X 10731kg

Table 2 Parameters used in the theoretical calculations.
Aand 3 were obtained from our simulation results.
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