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4.11 Effects on Radiation-Induced Segregation
in Fine Grain Stainless Steel

F. Kano*, Y. Tsuchiya*, N. Saito', A. Naito' and I. Ioka""

Toshiba Corporation*

Department of Materials Science, JAERI**

1.Introduction
The recent mechanistic consideration
on irradiation induced stress corrosion
cracking (IASCC) has focused on the role
of grain boundary segregation. The
depletion of chromium at grain boundary
due to irradiation is considered to be the
most important factor because stress
corrosion cracking susceptibility of
thermally sensitized stainless steels is
determined by the degree of chromium
depletion at grain boundary”. Depletion
of chromium at grain boundaries in
stainless steels has been implicated as a
contributing cause for component stress
corrosion cracking in Light Water Reactor
(LWR). The chromium depletion caused
by irradiation, radiation induced
segregation (RIS), is in contrast to
enrichment caused by thermal processing

of alloys.

We investigated the irradiation
characteristic of the fine grain stainless.

2.Experimental

The specimens were commercial
SUS304L (similar to Type 304) stainless
steel’s sheets (100X50X1mm thickness).
All the specimens were heat treated,
followed by water-cooling.
The 3mm diameter TEM disks were
irradiated with 12MeV Ni'* jons at 573K.

The dose was 1 dpa at 14 m depth from
the surface. The damage peak depth and
Ni ion range peak depth were over 3 4 m.
It is known by analysis that at 1um
-depth the influence of an irradiation
nickel ion can be removed by TRIM
calculation. After irradiation, the
specimen surface was removed by
electropolishing to 1 # m and
back-thinned for perforation in HCIO, +
CH:COOH solution.

Microstructural observation and
compositional analysis across grain
boundary were conducted using a
FE-TEM (TOPCON EM-002BF, 200kV)
with an EDS analyzer. The probe
electron beam size for the analysis was
0.4nm on the specimen.

3.Results

The Cr profile of wusual grain
stainless steels, about 70 micron, having
no segregation due to the perfect
thermal heat treatment measured by
EDS across the grain boundary after
1.3dpa irradiation are shown in Fig.1.
The Cr profile of 12micron fine grain
size after 1.3dpa irradiation measured
by EDS across the grain boundary are
shown in Fig.2. Cr profile of 7micron
fine grain size after 1.3dpa irradiation
measured by EDS across the grain
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boundary are shown in Fig.3. No
Precipitates were observed in grain and
at grain boundary before and after
irradiation in all specimens.

Cr depletion at grain boundary after
irradiation in all specimens is shown.
But Cr depletion at grain boundary tends
to be restrained with decreasing the
grain size.

4.Summery

We had succeeded to manufacture
304L stainless steels with 7micron grain
size by cold work and thermal heat
treatment. If grain size is smaller, it
may be restrained Cr depletion more at
grain  boundary after irradiation.
However the effect may be saturated. It
is suggested that there is a proper size of
grain to restrain the Cr depletion after
irradiation. Because we think that the
full length of grain boundary in a finer
grain get longer. and therefore a
probability of point defect extinction per
unit length of grain boundary decreased.

We hope the proper grain stainless
steel is useful for SCC.
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4.12 In-situ TEM Observation of Defect Clusters and their Fast
Diffusion in Copper and Gold under Ion Irradiations

Hiroaki Abe, Tadayasu Tadokoro * and Naoto Sekimura*

Research Center for Nuclear Science and Technology, University of Tokyo,
Shirakata Shirane 2-22, Tokai, Naka, Ibaraki 319-1188, Japan

Department of Quantum Engineering and Systems Science, University of
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1. Introduction

Irradiation with ions and neutrons
produces bunches of atomic displacements
in  materials, so-called displacement
cascades. Recent studies with molecular
dynamics (MD)

punching of  tiny

simulations predicted
interstitial-type
dislocation loops at the periphery of
displacement cascade regions in iron and
copper. Their activation energies of
diffusion were estimated less than 0.1 eV,
even smaller than that of single interstitial
atoms.  Conventional  post-irradiation
observations with transmission electron
microscopy (TEM) are less valid, and no
clear evidence has been derived yet. This is
because the mobile defects may be active
only under irradiation. The purpose of this
study is to report first experimental
evidence of such highly-mobile defect
clusters by in-situ TEM observations under
ion irradiation and 1o clarify the

defect-impurity interactions.

2. Experimental procedure
Well-annealed copper and gold disks
were  electrochemically  perforated  to

achieve clectron-transparent  thin [{oils.

Irradiation was performed with 100 keV C”
jons and a current of 2.5 x 10" C/em’s, or
240 keV Cu* ions and 5.1 x 10" Cu/em’s
at temperatures ranging from 573 K to 823
K. Taking into account the irradiation
geometry, in which the angle between the
ion beam and the sample normal is 30
degrees, projected ranges from the sample
TRIM

calculations as 115 and 57 nm for carbon

surface were estimated by
and copper ions, respectively. Since the
thickness of the observed regions was
typically 50 - 70 nm, roughly 81 - 89 %
and 31 - 58 % of incoming carbon and
copper ions penetrate the sample,
respectively. Microstructural evolution was
observed mainly with the weak-beam
dark-field technique (m = [001], g = 200,
g(4-6g)). The image was videotaped
without image processors so as to achieve

the maximal time resolution.

3. Results and discussion

Tiny defect clusters (less than 10 nm in
size) were formed by ion irradiation, whose
accumulation rate  correlated  with
irradiation time as shown in figure 1.

Majority of them were vacancy- type
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clusters including stacking fault tetrahedra.

Continuous irradiation annihilated them

with lifetime ranging from 0.1 to 3 s, which
depends on ion species. In case of copper
irradiations we detected the interstitial type
which has short lifetime and its annealing
behavior is different from the vacancy-type.
Some of them transtform into highly-mobile
clusters only under irradiation, which are
presumably sessile-to-glissile transition of
interstitial dislocation loops. The clusters
occasionally disappeared when they absorb
enough vacancies with the typical lifetime
of several to tens of thirtieth seconds.
TRIM calculations indicated roughly

S i

20 % or less of irradiated ions remained in
the samples. As increasing ion fluence, we
observed decrease in evolution rate of
defect clusters, longer lifetime of the
clusters, and lower mobility of glissile
loops.  Unless carbon is one of
interstitial-type impurities in copper, it
substitute  or  strongly-bonded  with
vacancies resulting retardation of diffusion
of vacancies and even mobile clusters. This

behavior strongly related to the carbon

onion nucleation.

Figure 1. Microstructural evolution in copper irradiated with 100-keV C" ions at 573 K. The sequence is

captured from videotapes whose time resolution is 1/30 s. The black and white arrows show formation and

annihilation of defect clusters, respectively, while the black large arrow show motion of defect clusters.
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In-situ Observation of Growth Processes of Titanium Nitride

International Student Center / Department of Electronic Engineering, Tohoku

(EELS). and then to discuss the epitaxial growth
mechanism of TiN films.

4.13
Thin Films by Implantation of Nitrogen Ions
Y. Kasukabe*, Y. Fujino* and S. Yamamoto**
University*
Department of Material Development, JAERT**
1.Introduction
Titanium nitrides show metallic, covalent and
also ionic properties, which make them
interesting from both points of view of 2.Experimental

fundamental research and technical applications.
Their
naturally related to the electronic structure. It

fascinating physical properties are
is well known that the valence d orbitals of
titanium (Ti) are more contracted than valence s-
and p-orbitals, and split in energy by the
bonding interaction with the ligand atoms,
nitrogen (N) ones. The bonding interaction
gives rise to transformations of the Ti sublattice,
and to covalent properties. Because of the
covalent properties, the nitrides of Ti are
technologically important, for example. as
corrosion-resistant coatings on cutting tools and
diffusion barriers in silicon microcircuits."” It
has also been revealed that properties of
epitaxially-grown TiN films are superior to those
of polycrystalline ones. Thus, much interest
has been focused on the epitaxial films.
Recently, it was reported in the light of ex-situ
experiments that NaCl-type TiN films were
epitaxially grown by the N-implantation into
deposited Ti films.” However. the nitriding
process of epitaxial Ti films. especially of the
heated films. by N-implantation has not been
sufficiently understood.

The purpose of this work is first to throw light
on changes of the crystallographic and electronic
structures of heated Ti films by N-implantation,
using in-situ transmission electron microscopy
(TEM) and clectron energy loss spectroscopy

Detailed descriptions of the preparation of
evaporated-Ti films were presented in the carlier
paper.”  The 100-nm-thick Ti films were
deposited by an electron-beam heating method
in an ultra-high vacuum onto thermally cleaned
NaCl substrates held at room temperature (RT).
The ultimate pressure in the working chamber
was less than 4x10° Torr. The Ti films
separated from NaCl substrates were heated up
1o 350°C at the heating rate of 2°C/min in the
400 kV analytical and high resolution TEM
combined with ion accelerators at JAERI-
Takasaki." The implantations of N,* jons with
62 keV into the deposited Ti films held at 350°C
were performed in the TEM. The pressure in
the TEM specimen chamber was below 1-2x107
Torr.  According 1o the Monte Carlo simulation
using the TRIMSS code. the projected range of
N," with 62 keV was 55 nm, and thus most of
the implanted ions are thought to be retained
inside the Ti films. The N- concentrations in Ti
films were able to be estimated from the
implantation dose measured by a Faraday cage.
The maximum dose in this experiment was
5.40x10" jons/cm’. which corresponded to the
N/Ti ratio of 0.954 (the average
concentration of N in the Ti film).

atomic

3.Results and discussion

Titanium films grown on NaCl (001) surfaces at
RT consisted mainly of (03+5)- and

( 21 + O)-oriented hep-Ti (lattice constants:
a=0.296 nm. ¢=0.471 nm) and (110)-oriented
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CaF,-type TiHy (x = 1.5; lattice constant:
a=0.441 nm). The growth mechanism of both
hep-Ti and TiH, agrees with the results of
previous paper’: Ti films evaporated on NaCl
substrates spontaneously absorbed hydrogen (H)
from the interior of the NaCl, and then TiH,
grew partially in addition to hcp-Ti. The
orientation relationships between the hcp-Ti and
the NaCl substrate are (03+5)Ti //(001)NaCl and
[21 -0]Ti // [1 10] NaCl:

(03+5)-oriented hep-Ti, and (21 * 0)Ti/
(001)NaCl and [00 - 1]Ti//[100] NaCl:

(51 * O)-oriented hcp-Ti. Judging from the
electron diffraction (ED) intensity, the growth of
the (03-5)-oriented hep-Ti is preferred to that of
(51 * 0)-oriented one. On the other hand, the
orientation relationship between the TiH, and
NaCl is (110)TiH,//(001)NaCl and [001]TiH,/
[110}NaCl: (110)-oriented TiHj.

The deposited Ti film was heated up to 350°C.
Figure 1 shows the variation of the lattice
expansions of hep-Ti, TiH,, with the temperature
of films. The lattice expansion is defined as
100(ar—ay)/ ap. where a, is a lattice constant of
a crystallite in unimplanted films held at RT, and
a7 is that in heated films held at a temperature T.
There is no noticeable change in ED patterns up
to 100°C.
decreases gradually with the rise of temperature
from 100°C to 300°C. Furthermore, the ED
intensity of TiH, also decreases with the rise of

The lattice constant of TiH,
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Fig. 1
temperature of films

Variation of lattice expansion with

temperature and there is no ED from TiH, at
350°C. These results mean that H atoms which
constitute TiH, escape from it with heating films,
and are completely dissociated at 350°C. The
fee-Ti

On the other hand,
there is no noticeable change of lattice constants
of hep-Ti up to 350°C.

Nitrogen ions were implanted into the Ti {ilms,
which consist of only hep-Ti, held at 350°C. In
the N-implanted Ti film (N/Ti=0.954), there
coexisted NaCl-type TiN, (lattice constants:

H-dissociated unstable sublattice is

transformed into hep-Ti.

a=0.424 nm) and a small amount of hcp-Ti
(lattice constants: a=0.296 nm, ¢=0.485 nm).
Since reflections of TiN,, observed up to
N/Ti=0.269, were weak and diffuse, lattice
constants of TiN, could be evaluated with
N/Ti = 0.381.
between hep-Ti and NaCl are the same as those
Crystallites of TiN,
are formed in the two orientations;
(001)-oriented TiN,: (001) TiN, //(001)NaCl and
[100] TiN, //[100]NaCl, and (110)-oriented
TiN,: (110)TiN,//(001)NaCl and [001]TiN,
//[110]NaCl. Figure 2 shows the variation of
the lattice expansions of hcp-Ti, TiN,, with

The orientation relationships

in unimplanted Ti films.

increasing N-dose. The lattice expansion is

defined as 100(an—ay)/ ao, Where a, is a lattice
constant of a crystallite in unimplanted films

held at RT, and ay is a lattice constant of a
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Fig. 2 Variation of lattice expansion
with N/Ti ratio.
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crystallite in N-implanted films. Since the Ti
sublattice of both TiH, and TiNy is a fcc lattice,
the lattice constant of TiH, in unimplanted {ilms
at RT is taken as a, in order to evaluate the
lattice expansion of TiN,. The lattice constant
of c-axis of hep-Ti increases with N-dose.  This
means that the hep-Ti lattice is expanded by the
occupation of O-sites by N atoms. Therefore,
strain due to this lattice expansion can be
considered as one of the driving forces for the
hep-fee transformation of Ti sublattices.  On
the other hand, the slight increase in the lattice
constants of TiN, with N/Tiz 0.381 is attributed
to the increase in the N concentration of TiNy.
Most of hep-Ti crystallites in unimplanted Ti
films were

(03 - 5)-oriented hcp-Ti and the formation of
(001)-oriented TiN, was preferred to that of
(110)-oriented one.
considered that

Therefore, it can be
(001)-oriented and
(110)-oriented TiN, are epitaxially formed by
(03 « 5)-oriented and
(51 - 0)-oriented hcp-Ti, respectively.

In-situ observation of EELS d-uring heating Ti

the transformation of

films elucidated that the variation of the energy
of loss peak due to excitation of plasma
oscillation of the areas where TiH, grew in the
as-deposited Ti {ilm was different from that of
the areas where hep-Ti grew. Figure. 3 shows
the variation of energies of the loss peaks with
the temperature of films. The energy loss of
~17.0 eV for hep-Ti at RT was found to agree
well with the theoretical value of ~17.6 ¢V
calculated, assuming that 3d and 4s clectrons are
For TiH, at RT in Fig. 3, the energy
loss peak of ~19.5 eV is due to excitation of

all free.

plasma oscillation involving electrons in the
valence band consisting of bonding states
formed by Ti 3d and H 1s orbitals. The higher
loss energy for TiH, than for hep-Ti can be
considered to reflect the existence of additional
valence electrons from H. The loss peak for

TiH, in Fig. 3 shifts to lower loss energy with
increasing temperatures of films. This means
that the electron density in the valence band
consisting of Ti 3d and H 1s bonding states
decreases with increasing temperatures of films,
due to the release of H from the TiH,. On the
other hand, the loss peaks due to plasmon
excitation for the implantation of N into hcp-Ti
at 350°C gradually shifted to higher loss energy
This means that the
electron density in the hybridised N2p/Ti3d
valence band increased with the dose of N:

with increasing in N-dose.

The number of N atoms bonding to Ti atoms
increased with the dose of N. It can be
considered that the increase in the electron
density of the hybridised band leads to the

reinforcement of hardness of TiN,.
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plasmon excitation (eV)

Fig. 3 Variation of the energy of loss peak due

to excitation of plasmon with temperature of {ilms.
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4.14

Preparation of Metal-doped TiO; Films by Pulsed

Laser Deposition

S. Yamamoto*, A. Miyashita*, Y. Choi*, T. Umebayashi*, S. Tanaka* and

H. Naramoto**

Department of Material Development, JAERT*
Advanced Science Research Center, JAERI**

1. Introduction

Titanium dioxide (TiO,) doped with several
kinds of transition metals has been studied for
improving photocatalysis or modification of
optical, electrical and magnetic properties using
ion implantation and several deposition
techniques. Especially in anatase TiO, films, the
influence of metal doping on the photocatalytic
properties has not been clarified because
anatase has been difficult to realize the
metastable phase. Therefore the synthesis of
high quality metal-doped epitaxial TiO, films
has been required for the reliable
characterization of photocatalytic properties. In
the present study, we explore the preparation
conditions of epitaxial anatase and rutile TiO,
films doped with Cr. Nb, Ta and W by pulsed
laser deposition (PLD). The annealing effect on
the crystal quality, concentration of doped metal
and orientation relationships have been studied
using Rutherford backscattering spectroscopy

(RBS) with channeling and X-ray diffraction.

2. Experimental

Epitaxial TiO, films were grown on SrTiO;
(001) and a-AlOz (0001) substrates by PLD
using a KrF excimer laser (wavelength: 248 nm,
repetitionrate: 10 Hz). The laser beam was
incident on a single crystal TiO, (rutile) and a
metal target, alternately. Oxygen gas was
flowed into a growth chamber through a mass
flow meter to achieve the pressure about 4.7 Pa.
The temperature of substrates during the

deposition was 500°C. RBS/channeling
analysis using a 3 MV single-stage-accelerator
at  JAERI/Takasaki was
characterize the epitaxial films. The analyzing
20 MeV ‘He' ions

backscattered particles were detected at 165°

employed 1o

were incident and

scattering angle.

3. Results and discussion

The epitaxial anatase TiO, (001) films were
obtained on SrTiO, (001) substrates. Also the
epitaxial rutile TiO, (001) films were grown on
a-Al,Oa (0001) substrates. In order to study the
stability of anatase TiO, (001) f{ilms for
post-deposition  annealing treatment, the
transformation temperature from anatase to
rutile structure was evaluated. Deposited
anatase TiO, (001) films on SrTiO. (001)
substrates were annealed between 800°C and
1100°C in air for 1h. Figure 1 shows the X-ray
diffraction patterns from the anatase TiO, (001)
films on the SrTiO: (001) substrate, (a)
annealed at 1000°C in air for 1h and (b)
annealed at 1100°C in air for 1h, respectively.
XRD analyses show no transformation to rutile
structure up to 1000 °C. After annealing at
1100°C, the changing {rom the anatase TiO,
(001) to the (110)-oriented rutile is observed. In
general, the anatase-rutile transformation has
been observed between 700°C and 900°C for
polycrystalline films mixed with anatase and
rutile phases. In this result shows the higher

transformation temperature from anatase to
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rutile structure. The thermal stability of high
quality anatase TiO, (001) films is probably
affected the substrates with small lattice
mismatch.

Figure 2 illustrates the 2.0 MeV ‘He* RBS
spectra from the W doped anatase and rutile
TiO, films on the SrTiO:(001) and the a-Al,O;
(0001) These were
simultaneously deposited at 500°C up to 150
nm thick. The growth of anatase TiO, (001) and
rutile TiO,(100) films were confirmed by XRD
analysis. The concentration of W is estimated to
be 0.4 at. % from RBS. In Fig. 2 (a), the huge
reduction of Ti (1.37 MeV ~ 1.45 MeV) and W
components of the TiO, film in the aligned

substrates. films

spectrum compared with the random one
suggests the doped W atoms incorporate into
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Fig. 1 X-ray diffraction patterns for
anatase TiO, (001) films on the SrTiO;
(001) substrate annealed at different
temperatures (a) 1000°C and (b) 1100°C
in air for 1h.

the substitutional sites in the anantase TiO,
lattice. In Fig. 2 (b). the respective minimum
yields in the TiO, <100> aligned spectrum is
2.9 % for Ti and 2.8 % for W components,
which suggests that doped W atoms are
incorporated into the substitutional sites in the
rutile TiO, lattice almost completely. The
similar results were obtained in Cr-, Nb- and
Ta-doped anantase TiO, (001) and rutile TiO,
(100) films with a doping level up to 1.5 at. %.
RBS/channeling analysis reveals that Cr-, Nb-
and Ta-doped atoms are incorporated
substitutionally into the anatae and rutile TiO,
lattice sites.

g

Yield (counts)
g

]

f%

Yield (counts)
£

1
Energy (MeV)

Fig. 2 2.0 MeV *He' RBS/channeling
spectra for (a) W doped anatase TiO» (001)
film on SrTiO: (001) substrate and (b) W
doped rutile TiO, (100) film on a-Al,O;
(0001) substrate.
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Micro-PIXE Analysis of Cobalt Sorbed by Lichen Biomass:

T. Ohnuki*, F. Sakamoto**, N. Kozai***, T. Sakai****, T. Kamiya*****,

M. Oikawa**** and T. Sato****

Advanced Science Research Center, JAERI*, Department of Research Reactor,
JAERI**, Department of Environmental Science, JAERI***, Advanced Radiation
Technology Center, JAERI**** Department of Material Development,
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1. Introduction

The migration of radionuclides in
terrestrial environment must be studied to
estimate the impact of radioactive waste
disposal to biosphere.  Radionuclides are
sorbed by inorganic and organic compounds
during migration in terrestrial environment.
Many researchers have studied the sorption of
radionuclides by inorganic compounds.
However, there is little study to examine the
sorption by organic compounds in terrestrial
Microbial surfaces function as

sorb actinides'?.

environment.
cation-binding sites to
These suggest that sorption of radionuclides by
affects
radionuclides in environment.

microbes migration behavior of
Lichens occur worldwide® and the ability
for lichens to accumulate metals has led to
their use in monitoring radionuclides fall-out as
arising from accidents e.g. Chernobyl” and
from nuclear weapons tests”. However, these
studies have not identified accumulation
mechanisms.
defined as

composed

Lichens are symbiotic

organisms of mycobiont and
photobiont”.  Some lichen have lower and
upper cortex and some interesting metabolites,
i.e. melanin in lower cortex.
that the

localized in

This suggests
radionuclides are

Distribution  of
radionuclides in lichen should be examined to

accumulated
lichen.

elucidate the sorption mechanism by lichen.

Cobalt is contained in low-level radioactive
u-PIXE
technique to analyze distributions of the sorbed

wastes. We have applied the

Co in lichen.

2. Experimental

Discs 1 cm diam., weighing ca 9 mg were
cut from the outer margin of Parmotrema
tinctorum (Nyl.) Hale collected near Hitachi
Seaside Park, Ibaraki Prefecture, Japan. We
followed the pretreatment method of lichen
samples suggested by the literature®. Samples
were air dried at 30°C prior to weighing and
wetted thoroughly with deionized water
immediately prior to experimental incubation
to minimize osmotic concentration of Co in
lichen biomass.

Moistened samples were incubated in 25 ml
0.1 M NaCl solutions containing 5.0x10™
mole/l CoCl, solution for up to 96 hours at pH
values from 3 to 5 by addition of concentrated
NaOH and HCI solutions.
of the Co solution was adjusted to 0.1 M with
NaCl.

at room temperature.

The ionic strength

Sorption experiments were performed
At predetermined time
interval, a | ml supernatant was sampled and
the Co concentration was measured by
ICP-AES. Solution pH was measured by a
TOA HM-30S pH meter with a combined
electrode of TOA GS-5015C.

The washed lichen samples were air dried in

polypropylene tubes

sterile centrifuge
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overnight, followed by desiccation in an oven
at ca. 30 °C for 2 hours.

obtain thin

Samples were cut to
section by edge of razor
Elemental distributions in thin section samples
were examined using in-air p-PIXE technique.
A proton beam with the energy of 2.6 MeV
from the single-ended machine was used for
in-air p-PIXE analysis developed at TIARA
facility in Japan Atomic Energy Research
Institute”. The beam spot was approximately
1 pm in diameter. The maximum scanning
area for the u-PIXE analysis system was 740 x

850 pum* ¥

3. Results and discussion

Co sorption by P. tinctorum reached steady
state within 1 day (2 replicates). This indicates
that the sorption rate of Co by P. tinctorum is
very fast.  Co uptake by lichen biomass was
averaged around 27 wt% and was independent
of solution pH between 3 and 5. Solution pH
varied during the incubation period from initial
pHs of 3, 4 and 5 falling to 2.9, 3.5 and 3.6
respectively.

Sorbed Co was distributed in upper and
lower cortex, in medullary and algal layers of P.
tinctorum, evident by p-PIXE (Fig. 1). K was
distributed in almost all regions of P. tinctorum
in the cross section (Fig. 1). Fe was not
distributed in lower cortex, but in upper cortex,
algal layer and medullary layer (Fig. 1). The
distribution of P (Fig. 1) indicates that P was
These

show that the

distributed in upper and lower cortex.
elemental  distributions
distribution of Co does not correspond to those
of K, Fe, and P.

desiccation of the lichen sample probably does

Note that drying and

not cause loss of the non-volatile elements of
Co. K, P, and Fe.
The PIXE image of the distribution of Co

(Fig. 1) indicates that Co density differed

among lower cortex, medullary layer and algal
layer. Highest density in the two-dimensional
distribution of Co was obtained in the lower
surface. The density of Co in algal layer was
lower than those in medullary layer and both
surfaces indicating that the density of Co in the
lichen ordered lower surface > upper surface,
Low density of

Co in algal layer (Fig. 1) shows direct evidence

medullary layer > algal layer.

that mycobiont in lichen sequesters inorganic
toxic metals from photobiont.

Time dependent Co peak intensities of the
PIXE spectra of the lower cortex, medullary
layer and algal layer (Fig. 2) indicate that Co
density in the lower cortex and medullary layer
increased up to 48 hours, followed by the
The density of Co in the
algal layer increased with time in the present

decrease with time.
experimental duration. These show that Co
sorbed by the upper and lower cortexes and
medullary layer is retarded to be transported
into algal layer.
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Fig. 1 PIXE images of Co, K, Fe and P distributions on the cross section of £ tinctrum.
Brighter area shows higher elemental concentration in PIXE image.

The scanning
area in p-PIXE analysis is 22x23 pm2.

=~ Medullary layer
0.8 : w=giy==LOWer cOrtex
=== Algal layer

0.6

0.4

Relative count

Time (day)

Fig. 2 Time dependent peak areas of Co in the PIXE spectra in the region of lower cortex,

medullary layer and algal layer. The PIXE spectra were normalized to the peak intensity of S.
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4.16
MeV carbon clusters

Energy spectra of electrons emitted from solids bombarded by
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1. Introduction

An accelerated atom  cluster  induces
correlated atomic impacts when it is incident on
a solid target. This causes pronounced radiation
effects different from those induced by impact of
a single ion or a small molecule. Actually, fast
cluster ions in the MeV/atom velocity range give
rise 10 nonlinear radiation effects on solid targets
with respect to the number of atoms in the
cluster n. These radiation effects by fast atom
clusters have been reviewed recently by Jacquet
and Beyec," and by Parilis.”

The nonlinearity has so far been reported for
energy loss (stopping power), sputtering, lattice
damage, secondary ion emission, and total
electron emission yield. It is notable that the
total electron emission yield per atom, which
corresponds 10 the emission current, depends on
n weaker than linearly. This is contrast to the
radiation effects accompanying atomic dis-
placements, i.c., sputtering and lattice damage.
for which n dependence is stronger than linear. It
has been accepted that the cluster-induced
phenomena associated with nuclear stopping are
"superlinear”. while those with electronic
stopping are "sublinear".

The aim of the present work is to investigate
the cluster effects by energy analysis of the
cluster-induced electrons. This would provide

knowledge about the electronic processes in the

TExE

Such
approach will also be of practical importance for

cluster impact phenomena. a basic
future applications of fast-cluster impact to

material processing, for example.

2. Experiment

The 0.5MeV/atom C," (n =1. 4. 8) beams
obtained from the 3MV tandem accelerator at
JAERI-Takasaki were incident on the samples of
Nb evaporated on alumina  substrate,
highly-oriented pyrolytic graphite (HOPG) with
a cleaved (0001)

cleaned Si(100). The secondary electrons were

surface, and chemically
measured at 135° with respect to the beam
direction using a 45° parallel-plate electrostatic
spectrometer of the double-deflection type, as
shownin Fig. 1. The electron measurements
were carried out at room temperature under a

pressure of ~6 X 107 Pa.

Electron multiplier

Acceler-
ation grid =]
one < Sample holder
\
\\
\ Faraday cup
Cluster beam . :%}1
{
S — Sample
01 2 3em

Fig. 1 Experimental setup.
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The beam current has been monitored using a
Faraday cup, shown in Fig. 1, while moving the
sample holder away from the beam path. In most
cases, the electrometer connected to the samples
indicated negative values for incidence of Gy,
indicating appreciable emission of positive ions
from the bombarded surface.”

The existence of contaminant atoms on the
surfaces is anticipated under the present vacuum
conditions. This should slightly change the
transmission of outgoing electrons across the
surface, but should not affect the n dependence
of the electron energy spectra, which is of
primary interest in the present studies.

30 v T v T
0.5 MeV/atom C;* on Nb
25F -
n c* ]
20F (O -
? 15 ‘—\ . -
2 17
o, 10 o -
<
- -
-
o O0SF -
2 » -
2
= O 1 i
% 0 20 40 60
[~

1 N
%o 100 150 300

Electron energy (eV)

Fig. 2 Energy spectra of electrons emitted
from Nb bombarded by 0.5 MeV/atom
C1+. C4+. and C8+.

3. Results and discussion
The energy spectra of electrons presented
here are raw data, i.e.. the yield in the vertical

axis is the number of electron signals counted.

Accordingly, the spectra include no correction
for the energy acceptance of the spectrometer,
which is proportional to the electron energy. nor
for the energy dependence of the efficiency of
This

importance because the measured electron yields

the electron multiplier. is of minor

for different experimental conditions are

compared always at the same electron energy.

1.4 . . - r

! 0.5 MeV/atom C,* on Si 7]
1.2
1.0
0.8

0.6

2

Relative yield (10° counts)

0.4

1 i
100 150 200

Electron energy (eV)

Fig. 3 Energy spectra of electrons
emitted from Si bombarded by 0.5
MeV/atom C,*, C,*, and Cy".

Figures 2-4 show energy spectra of the
cluster-induced electrons emitted from Nb, Si,
and HOPG, respectively. The measured electron
yields for the same number of incident C,” (n =1,
4, 8) were divided by n so that the spectra per
projectile C atom can be compared each other.
We see from Figs. 2—4 that the electron yield for
Cs and Cy at energies lower than ~10 eV is
suppressed by a factor of ~0.8, compared with
that for C,". At higher energies, on the contrary,

the electron yield for the cluster ions s slightly
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Fig. 4 Energy spectra of electrons
emitted from HOPG bombarded by 0.5
MeV/atom C,*, C4*, and Cs*.

enhanced.

The sublinear effect at energies lower than 10
eV is consistent with the reduction of the total
electron yield, reported previously by the Orsay
group. The sublinear behavior of the low-energy
yield cannot be accounted for quantitatively in
terms of the stopping powers for the cluster ions.
Indeed, by Kaneko®
concluded only small difference (lypically a

recent  calculations
factor of 0.95-0.97) between the stopping
powers for C;" and Cyg' in the present velocity
range.

The superlinear effect at higher electron

energies has been found first in the present work.

The similar effects have also been found for 1.6
MeV/atom Auy relative to the case for Au;'.
The superlinear effect is probably due to the
multi-stage scattering of the target electrons by
the cluster ions, which should shift the energy

distribution of the electrons that are produced by
the single(-stage) scattering to the high-energy
side. This process might be investigated by the
binary-encounter model of  ion-induced
ionization of orbital electrons in a target atom,”
which demonstrate a higher-energy transfer
process to a moving clectron than to an electron
at rest. Detailed analysis is now under way to
study the atomic process that is essentially
responsible for the cluster-induced electron

emission.
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1. Introduction

JIon implantation into carbon materials, such
as graphite, diamond, Cg and glassy carbon, re-
sults in changing their chemical and physical
properties. Crystalline-to-amorphous transfor-
mation called “amorphization” causes a drastic
change in their properties”. Amorphization is
one of the most important phenomena in the
fields of ion beam modification of carbons.

Raman spectroscopy is a standard tool for the
structural characterization of ion-implanted car-
bons. In case of ion-implanted graphite, for ex-
ample, the structural changes are well charac-
terized by the broadening of two prominent lines
in a Raman spectrum, including the Raman ac-
tive Ez, line at ~1580 cm™ (referred to as G
band) and the disorder induced line at ~1355
cm’ (referred 1o as D band)?. However, Raman
spectroscopy becomes insensitive to the changes
in the structure of carbons after amorphization
because the Raman spectrum exhibits a broad
band in the range of 900 -1800 cm™ (ref. 2).

In the carbon materials, the environment
around a carbon atom atfeclts its electronic struc-
ture on core-level as well as valence band.
Therefore, the examination of the electronic
structure can provide information about the
structure of carbons. X-ray photoelectron spec-
troscopy (XPS) is widely used to study the elec-
tronic structure, and can be applied 1o the struc-
tural characterization of carbons® .

In our previous work for deuteron-irradiated
Ceo films, we found that the shape of a C 1s XPS

spectrum became asymmetric as the deuteron
dose increased®. We speculated that the asym-
metry came from the growth of a graphitic layer
in the amorphized Cg, films according to the re-
sult from Raman analysis. However, the origin
of the asymmetry remains unclear. In the present
work, amorphization processes have been inves-
tigated by using XPS and Raman spectroscopy
for various ca;bons, including highly oriented
pyrolytic graphite (HOPG), isotropic graphite,
glassy carbon (GC) and Cs, to clarify the origin
of the asymmetry appeared on the C 1s line.

2. Experimental procedure

HOPG, manufactured by Molecular Device
Tools for Nano Technology, Russia, was cleav-
aged with a Scotch Tape just before XPS meas-
urements. Isotropic graphite (ISO-880U grade)
was supplied from Toyo Tanso, Japan. Glassy
carbon (Tokai Carbon, Japan; GC-30 grade) was
mechanically polished to mirror surface with 1
um diamond slurry on a cloth lap. Ce films
were prepared onto Si substrates by vacuum
evaporation of Cg, powders of 99.98 % purity,
manufactured by Term, USA.

XPS analysis using monochromatized Al Ka
radiation was performed with JEOL 9010. XPS
is sensitive to only near surface of carbons. The
carbon samples were irradiated with 1 keV Ar
ions produced by a sputter-etching gun, which is
equipped with JEOL 9010. The XPS analysis
can be done without breaking vacuum after ion
irradiation.
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Raman spectroscopy was applied to charac-
terize the ion-irradiated carbons. Higher-energy
irradiation is needed because the information
depth in Raman analysis for carbon is approxi-
mately 100 nm. The carbon samples were also
irradiated with 100 keV Ar ions using the ion
implanter at TIARA so that radiation damage
distributed almost uniformly at depths of 0-100
nm in the carbons.

3. Results and discussion

Figure 1 shows C 1s core-level XPS spectra
for HOPG irradiated with 1 keV Ar ions at
various doses. The peak position of the C 1s line
shifts from 284.3 eV 10 284.2 eV after irradia-
tion. Significantly, the line width becomes larger
as the irradiation dose increases. In addition, the
shape of the C 1s line is found to be asymmetric.

In Fig. 2, the half width at half maximum
(HWHM) values of the C 1s line for HOPG
ISO-880U, GC-30 and Cg/Si are plotted as a
function of irradiation dose. In all kinds of sam-
ples examined, the HWHM values for the
low-energy side, referred to as “HWHM-low”,
increases abruptly from ~0.3 eV to ~0.5 eV with

| L] | I

1 keV Ar'—=HOPG

Intensity (arb. unit)

Ar* Dose (x10'® cm?)
0
0.05
05
2
1 ] |
290 288 286 284 282 280

Binding Energy (eV)

Fig. 1 C Is XPS spectra for HOPG irradiated
with 1 keV Ar jons at various doses.

irradiation at a dose of 0.05x10™ cm™ Above
that dose, the HWHM values are almost con-
stant (~0.5 eV) against the dose. In contrast, the
HWHM values for the high-energy side,
“HWHM-high”, become larger gradually with
the dose and reach 0.8~0.9 eV, depending on the
sample, at a dose of 0.5x10' cm™ The
HWHM-high at 1x10"® cm? for HOPG and
ISO-880U is approximately 0.8 eV, significantly
smaller than that for GC and Cs/Si (~0.9 €V),
indicating the difference in the amorphized
structure between the former and latter samples
even when irradiated up to 1x10'® cm?, corre-
sponding to 3 dpa. For all the samples, the dif-
ference between the HWHM-low and HWHM-
high, that is, the asymmeltry of the C 1s line, in-
creases with increasing the dose. We shall dis-
cuss evolution of the asymmetry accompanied
by ion irradiation.

Damage (dpa)
0 2 4 6
Lo+ % HoPG
104 + X
1keV Ar O 1SO-880U
08l m GC-30
O CgSi
os- -
3
X
04 Low-E Side 7|
< _ ow-Energy Side
Q
g | | L 1
= 02 T 1 T
3 1of -
T
o8t —
06 -
04 -
High-Energy Side
oo b—1 1 1 1 |

o] 0.5 1.0 1.5 2.0

A’ Dose (x10'® cm?)

Fig. 2 HWHM values of C 1s XPS spectra for
HOPG ISO-880U, GC-30 and Ce/Si as a
function of 1 keV Ar* dose and accumulated
damage in the unit of dpa.
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Cheung” pointed out that the asymmetry of
the C 1s line comes from the delocalization of
m-electron on a graphitic component in an
amQrphous carbon. Therefore, the increased
asymmetry indicates the increased size of a
graphitic domain. This is referred to as “size ef-
fect” hereafter. For graphitic materials, however,
jon irradiation should lead to the reduction in
size of a graphitic domain. Information about
the size of a graphitic layer in an ion-irradiated
carbon can be obtained from a Raman spectrum
because the peak height ratio of the D band to G
band, Ip/I;, in the spectrum depends on the size
of a graphitic layer™®.

Figure 3 shows irradiation dose dependence
of the peak height ratio Ip/Ic in Raman spectra
for HOPG and Cgy/Si. In case of HOPG, the Ip/Ig

increases as the dose increases up to 4x10™ cm?,

corresponding to 0.25 dpa, indicating that the
size of a graphitic layer becomes smaller”® as
has been expected. On the other hand, the Ip/ls
for Cey/Si decreases with the dose, suggesting
the increase in size of a graphitic layer.
According to the findings by Cheung”, the
shape of the C 1s line might be related to the

Damage (dba)

0 0.2 0.4 0.6
T T T 1 T ]

.o 100keV Ar* # :

0.4 i ] | {

Ar* Dose (x10" cm?)

Fig. 3 Intensity ratio Ip/lc in Raman spectra
for HOPG and Cgy/Si as a function of Ar* dose
and accumulated damage in the unit of dpa.

size effect. However, this is not the case for
HOPG as described above. Thus, evolution of
the asymmetry of the C 1s line shown in Fig. 2
dose not relate to the increase in the size of a
graphitic layer, but relates to structural disorders,
such as bond angle disorder, produced by ion ir-
radiation. In conclusion, the origin of the asym-
metry of the C 1s line for ion-irradiated carbons
has not been well understood yet, but we can
exclude the size effect from the origin of the
asymmetry.
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1. Introduction

The effect of ion irradiation on the rate of
electrochemical hydrogen absorption by Pd
and Mm (misch metal)-Ni based hydrogen
storage alloy, which used as a negative
electrode of the nickel-metal hydride battery,
was investigated. Surface modifications
are crucial to improve the reactivity of
hydrogen with metals because the
dissociation of the H, molecules in the gas
phase or the dissociation of the H,O
molecules in electrochemical process is the
first step of the overall reaction of hydrogen
absorption by metals”. The dissociation of
the H, or H,0 molecule becomes markedly
influenced by surface conditions of a
material. It is indispensable to improve the
hydrogen absorptivity in the material.
Regarding the hydrogen storage in metals, it
was reported that the hydrogen reaction rate

depend strongly on the surface state of"

metals. For surface modification of
materials, since low energy ion irradiation,
i.e., ion implantation is known to be a quite
useful method.  These facts give the
possibility that the hydrogen absorptivity in
Pd and Mm are improved by surface
modification due to ion irradiation® . In
order to examine the effects of ion
irradiation on the hydrogen absorption
process in Pd and Mm, we have performed
proton (H") and argon ion (Ar") irradiation
into the materials. Hydrogen absorption in

ion irradiated Pd and Mm were also
evaluated. Based on the obtained results,
we discuss the correlation between ion
irradiation and hydrogen absorption in Pd
and Mm.

2. Experimental

The samples used in this study were Pd
sheets (99.99 % purity) with a size of 15 x
15 x 0.1 mm* and MmNi, ,,Co, ;;Mm, 4sAl, 34
(Mm = La,;Ce,¢) pellet with a size of 13
mm¢ with a thickness 2 mm. Regarding
Pd, prior to irradiation, all samples were
annealed at 1173 K in a flowing pure N, gas
(99.9998 % purity).
made with Ar’in an acceleration energy of
350 keV, dose range from 1 x 10" to 1 x
10" /em®. In case of Mm sample, ion
irradiation was made with H" and Ar*in an
acceleration energy of 350 keV, dose range
from 1 x 10"to 1 x 10'® /cm?” respectively.

Hydrogen absorption measurements were

Ion irradiation was

M
(0.93V:const.) ik B
il B\
1 : 4 Pt sheet
-ﬁ- {purity : 99.98%)
Thermo Minder Pd ¢ (30 x 30 x 0.3mm?3)
(298K:const.)
refernce electrode electrolyte solution
(HgMgO) (6M-KOH)

Fig. 1 An electrolytic cell with palladium/misch
metal cathode apparatus
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performed for the irradiated and unirradiated
samples. An electrolytic cell with
palladium/mische metal cathode apparatus,
which is shown in Fig.l, was used to
characterize hydrogen storage of the
samples® .  The rate of hydrogen
absorption of a sample was measured
electrochemically in a 6M-KOH using an
open cell as the chane of current density mA
(g-alloy)" at a constant voltage -0.93 V and
298 K, the H concentration absorbed by the
negative electrode was calculated.

3. Results and discussion

3.1 Pd-H system

Figure 2 shows the results of hydrogen
reaction rate in the non-irraidated, 350 keV
argon ion irradiated Pd. Typical
electrochemical hydriding curves, non-
irradiated, dose range from 1 x 10" to 1 x
10" /em? are measured at 298 K. The
hydrogen reaction rate can be determined
from a temporal change in the [H]/[Pd]
value. The value of non-irradiated, 1 x 10",
1x 10%,1x 10" and 1 x 10" /cm® samples
were estimated to be [H]/[Pd] = 0.0018,

0.0035, 0.0037, 0.0052 and 0.0108
Ar+350keV10E14-10E17
0.012 — ey
—— g QY HE T :
% =P S "
0.01 L= mmeemeie B et
0.008 [oovmnreebrveme - '.J-‘ .......
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% 0.006
0.004
0.002 [ a4
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omi i i i i i
0 50 100 150 200 250 300 350

Time/ min

Fig.2 Change in the ratio of absorbed hydrogen
atoms to Pd atoms ([H]/[Pd]) for the non-
irradiated and irradiated samples.

respectively for the initial stage at reaction
time from 0 to 350 minutes. The hydrogen
reaction rate of the ion irradiated sample
was higher (max. 6 times) than that of the
non-irradiated one.

A sample irradiated with a dose of 1 x
10" /em? exhibited a much higher rate than
the other samples, indicating that the
increase in ion dose, namely, the increase in
vacancy concentration is effective to
enhance of the initial rate of hydrogen
absorption by Pd.

3.2 Mm-H system
Figure 3 shows the curve of the initial
hydrogen absorption by Mm-Ni based alloy
samples irradiated at two different dose of 1
x 10" and 1 x 10'® /cm? of H® and Ar" ions.

_a- hon irradiated

* H+350keV 10014 v
H+350keV 10016 v
—v— Ar+350keV 10014 v

HIMmHi;Cm: Mwus Alss
—
g
2
<
°
L]
o

10 20 30
Time [min]

Fig.3 Change in the ratio of absorbed
hydrogen atoms to Mm-Ni based alloy
([H)/[Mm]) for the non-irradiated and
irradiated samples.

Compared with an unirradiated sample, the
initial rate became higher (max. 1.44 times)
as the ion mass increased from H* and Ar
(Table. 1.). For same ion, the rate became
higher for the sample with a higher ion dose.
These results are similar to those measured
for the Pd samples with respect to the effects
of the ion mass and the ion dose on the rate.
Therefore, in this study, we assume similar
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distribution of vacancy in the Mm-Ni based
alloy.

Table. 1 Reaction rate of Mm-H system.

Ion Dose /cm? standardized reaction rate
Non irradiated 1.00
H* 1x 10" 1.25
H* 1x10" 1.26
Ar* 1x10" 1.50
Ar* 1x 10 1.70

As a result, ion irradiated Pd/Mm sample
was found to induce a higher absorption rate
than that of the non-irradiated one. The
initial hydrogen absorption rate was also
found to increase with increasing irradiation
energy. These results suggest that defects
introduced in Pd/Mm by ion irradiation
facilitate the rate of nucleation and growth
of hydride.

A further study is needed to investigate a
vacancy distribution in the Mm-Ni based
alloy.
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1. Introduction

Zinc oxide (ZnO) is a promising material
for the application in the short wavelength light
emitting devices” because of its wide band gap
(3.37 eV) and large exciton binding energy (60
meV). However, There is a serious doping
problem in ZnO. It is very difficult to get p-type
conductivity by doping. Ion implantation is one
of the methods for the selective doping in
semiconductors. But the ion-implantation
always causes severe damages. The defects
introduced by implantation will strongly affect
the performance of devices. It is therefore
necessary to study the introduction and recovery
induced defects. Positron
annihilation is a powerful method to study
vacancy defects in semiconductors because of
the high sensitivity of positron to vacancies”. In
this work, AI’/N* ions were co-implanted to
ZnO single crystals in order to get p-type ZnO
as suggested by Yamamoto et al”. The
implantation induced defects
electrical properties were studied by positron
annihilation and Hall measurements.

of implantation

as well as

2. Experiment

Undoped n-type ZnO single crystals with
(0001) orientation were purchased from the
Scientific Production Company (SPC). Prior to
ion implantation, the ZnO samples were
annealed at 900°C to remove any grown in
defects. After that, the samples were implanted
with AI*, N* and AI'/N’, respectively. Multiple-
step implantation was performed for each ion
species with several energies ranging from 50 to
380 keV. The ion doses were from 10" cm™ to
10" cm™. After implantation, the samples were

*

annealed in nitrogen ambient for 30min from 20
to 1200°C. The implantation induced defects
and their recovery after annealing were studied
by the measurements of Doppler broadening of
positron annihilation radiation using a variable
energy (0-30 keV) slow positron beam. The S-
parameter, which is defined as the ratio of the
central region to the total area of the 511 keV
annihilation peak, is used to characterize the
defects introduced by implantation. Hall
measurements were performed using the van der
Pauw method.

3. Results and discussion

Figure 1 shows the representative change of
S-E curves before and after ion-implantation. In
all the implanted ZnO samples, the S-parameter
shows increase with increasing ion dose,
suggesting defects
introduced. The major defect species might be
vacancy clusters. The defect layer thickness
obtained by the analysis of the S-E curve shows

vacancy-type were

Mean implantation depth (.um)

1150 010203 05 10 15
O  unimplanted
o 10" A'/ont’ implanted
110k A 10" Al'fort implanted |
: o

Positron energy E (keV)

Fig.1 S-E curves measured for the ZnO before
and after Al* implantation with different doses.
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good agreement with the TRIM simulation.

Figure 2 shows the S-E curves for the Al*-
implanted ZnO after annealing. The annealing
of the defects in Al" implanted sample shows
two stages. As-shown in Fig.3, the S-parameter
shows increase in the first (20-600°C) and
decreases to the bulk value in the second stage
(600-900°C), which might be due to the
agglomeration of vacancy clusters and their
recovery, respectively. The {ormation of
positronium might be responsible for the large
increase of S-parameter after annealing, which
indicated the formation of large voids. This
result suggests that the Al*-implantation induces
amorphization in ZnO. Further annealing above
600°C will cause the transformation of the
amorphous structure 1o the crystalline structure
through the recrystallization process. The strong
n-type conductive layer after Al* implantation
and annealing suggests that all the Al* ions are
activated and act as donors.

The annealing of the N*-implantation induced
defects shows more complicated behavior as
compared to the aluminum implantation (Fig.2).
There are four annealing stages. The increase
and decrease of the S-parameter in the first two
stages (20-500°C and 500-800°C) might be due
to the increase of vacancy cluster size and the
recovery of the vacancy clusters, respectively.
The increase of S-parameter again in the third

stage (800-1100°C) and its recovery to the bulk

Mean implantation depth (jum)
1.35Q_ 010208 05 1.0 15

A'-—>Zr0 10"%em’ as-implanted
1.30¢ 200C 7
300C
1.25 2000 3
500°C 3

1.20

1.15}
-0-0

1.10 8}

cdqQOoOePpPCen

S-parameter

1.05

1.00F

0'956 5 R
Positron energy E(keV)

Fig.2 S-E curves measured for the Al*-implanted
ZnO after annealing at different temperatures.

state in the last stage (1100-1200°C) might be
due to the formation and disappearance of
nitrogen related defect complexes. The
substitution of oxygen with nitrogen near the
vacancies causes the increase of S-parameter.
Due to the formation of vacancy-nitrogen
complexes, a much higher temperature of
1200°C is needed 10 remove the defects in the
N*-implanted sample as compared to the Al'-
implanted one. The Hall measurements show
that the nitrogen implanted layer still exhibits n-
type conductivity. The possible reasons for the
failure of nitrogen acting as acceptors may be
due to the compensation by the residual donor
type defects, such as Vg and Zn;, or the out
diffusion of nitrogen after high temperature
annealing.

For the AI'/N* co-implanted sample, the
annealing of the defects shows similar behavior
as that of N* implantation. This reveals that the
annealing behavior in stage III and 1V is related
with nitrogen-defect complex. But some
difference can be also seen in the third stage.
The increase of S-parameter for the co-
implanted sample is suppressed as compared 1o
the N*-implanted sample. This may indicate the
formation of N+Al+N complexes, which will
act as acceptors as suggested by Yamamoto et
al”. The number of vacancy-nitrogen complexes
is then reduced, so the increase of S-parameter
is weakened. In this co-implanted sample, the

115 T T T T T T
I o 11— — T —}—1V—
o A’ 10"cm?
® N 10"m®
& AN 10"em?

1.10}

105

S-parameter

1.00 | mmmmm e e .

60 800 1000 1200
Annealing temperatutre ('C)

Fig.3 Annealing behavior of the S-parameter for
the ZnO implanted with Al*, N* and AI'/N*,
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formation of positronium is also observed after
annealing, but the intensity is much smaller than
that of Al'-implantation. The increase of S-
parameter during the annealing in the first stage
is also much smaller for the N*-implanted or
Al"/N* co-implanted sample as compared to that
of the Al*-implanted one. This means that the
nitrogen suppresses amorphization or void
formation. The co-implanted ZnO layer still
n-type  conductivity from  Hall
measurements. We assume that even though
some of the nitrogen and aluminum ions might
have interaction, the N+ Al+N acceptors are over
compensated by the other Al* donors or donor-
type defects like Vo or Zn;. Suppression of these

shows

defects is then very crucial for the successful p-
type doping in ZnO.
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4.20

Application of micro-PIXE to Study on Sorption Behavior of

Heavy Elements on Mixtures of Minerals -Improvement of
Detection of Clay Minerals by A High Resolution X-ray Detector-

N. Kozai', T. Ohnuki'’, T. Sakai', M. Okawa" , T. Satoh™
Department of Environmental Sciences, JAERI"

Advanced Science research Center, JAERI™

Advanced Radiation Technology Center, JAERI -

-1. Introduction

The purpose of this study is to understand
migration behavior of heavy metals in soil
environment. As results of industrial activities,
toxic heavy metals have been released to and
stored in the soil environment.  Soil is mixture
of various minerals such as clay, other silicate,
iron, and phosphate minerals. We have used
micro-PIXE to investigate sorption behavior of
heavy metal ions on minerals in their mixtures.
The spatial resolution of the micro-PIXE
analyzing system developed in the TIARA
facility, JAERI is less than 1 um in diameter ”,
which allows us to obtain highly sensitive
two-dimensional element-mapping and is thus
suited for investigating distribution of elements
sorbed on a mixture of minerals.

Clay minerals play very important role on
migration of heavy metal c¢lements in soil
because clay minerals are ubiquitous in soil and
many of them sorb cations. Allophane,
imogolite, and naturally occurring anionic clays
such as hydrotalcite sorb anions. However, it
was difficult to detect clay minerals by the
previous micro-PIXE analyzing system in the
TIARA facility.
low-energy characteristic X-ray emitters Si (1.74
keV), Al (1.49 keV), Mg (1.25 keV), and Na

(1.04 keV) as major elements, and it is hard for

Clay minerals contain

the Ge detector of the micro-PIXE analyzing
Thus,
mapping of clay minerals in a mixture with other

system to detect those eclements.

minerals is difficult even when the clay minerals
in the sample can been seen well by an optical
microscope.

A high resolution X-ray detector was
recently introduced to the micro-PIXE analyzing
system in the TIARA facility. Detection of clay
minerals has been greatly improved with this
detector. This paper describes how detection of

clay minerals has been improved.

2. Experimental

A mixture of three minerals was prepared.
This contained a swelling clay mineral
montmorillonite 50% by weight, a synthetic iron
(II1) hydroxide ferrihydrite 25%, and a synthetic
calcium-phosphate mineral hydroxyapatite 25%.
The montmorillonite used was natural and
purchased from Kunimine Industries.  The
interlayer cations of this montmorillonite were
exchanged with Mg® (Mg-montmorillonite)
beforehand. The ferrihydrite with particle size
between 25-46 pum was prepared according to
the method by Schwertmann and Cornell”.
The hydroxyapatite with a particle size of 20 pm
in diameter was purchased from Bio-Rad
laboratories Inc. This mixture sample is to use
for study on sorption behavior of heavy elements,
and the results of sorption experiments using this
mixture sample will be described elsewhere. For

comparison, a synthetic mica named Na-4 mica”

with a composition of Na,AlSi;MgcO,F4 H,0
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and low impurities was also analyzed by
micro-PIXE.

The mixture sample was spread on a glassy
carbon plate with water and then the spatial
elemental distribution of the samples was
measured by micro-PIXE by a proton beam with
the energy of 2.6 MeV. To detect characteristic
X-rays, a high purity Ge detector with a crysial
size of 100mm” (ORTEC IGLET-X) and a Si(Li)
detector with a crystal of 30 mm’ (PGT

L.S-30135) were used at the same time.

3. Results and discussion

Figure 1 shows elemental mapping of the
mixture sample measured by micro-PIXE. The
Ge detector was used for mapping of Fe (6.40
keV) and Ca (3.69 keV) because detection of
these clements by the Ge detector was better
than the Si(Li) detector. Figure 1C and 1D
shows distribution of montmorillonite obtained
by those two delectors. Mapping of
montmorillonite was greatly improved by using
the Si(Li) detector.
obtained by the
approximately 65 greater than that
obtained by the Ge detector. The

montmorillonite contained Mg. Al, and Si, and

The gross count of Si
Si(Li)

times

detector was

the sum of the gross counts of Mg, Al, and Si by
the Si(Li) detector was approximately 95 times
greater than that of Si by the Ge detector. Figure
1C was drawn by mapping those three elements.
By optical microscope observation of this
sample, montmorillonite was found over the
sample (Figure not shown). Figure 1C well
shows such distribution of montmorillonite.
However, distribution  of  montmorillonite
obtained by the Ge detector is unclear (Fig 1E).
The  distributions of  montmorillonite,
ferrihydrite, and apatite in the mixture sample
can be clearly distinguished from each other by
combination use of the Ge detector and the

newly installed Si(Li) detector.

In the synthetic mica the molar ratio of Al to
Si is 1:1, and these elements are located in the
same position in the mica structure. The Al in
the synthetic mica was undelectable by the Ge
detector. The detection of the Al by the Si(Li)
detector was good, and the ratio of the net count
of the Al and that of the Si in the synthetic mica
obtained by the Si(Li) detector was 0.90 to 1.
Similarly, the ratio of the net count of the Mg to
that of the Si in the synthetic mica was 0.75 to 1.

Because the newly installed Si(Li) detector
are very sensitive to Mg, Al, and Si, the
following experiments may become possible in
the TIARA facility.
1) Distinguish of Si-containing minerals: For
example, clay minerals may be distinguished
from silica sand by inclusion of Al. Some clay
minerals may be distinguished from each other
whether they contain Mg or Al.
2) Detection of hydrotalcite: Hydrotalcite is a
representative anionic clay.  Anionic clays
contains anions in the interlayer and these anions
are exchangeable with other anions. Anionic
clays are rare in nature and synthetic anionic
clays have been investigated on chemical,
catalytic, and electronic properties and else.
Hydrotalcite is undetectable by the Ge detector
because it contains Mg and Al only as
component metal elements.
These may bring various experimental options to
related research fields.
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A: Major metal elements of the mixture
(Mg, Al, Si, Fe, Ca) by Si(Li)
detector

B: Fe (ferrihydrite) by Ge detector

C: Mg, Al, Si (Mg-montmorillonite)
by Si(Li) detector

D: Ca (apatite) by Ge detector

E: Si (Mg-montmorillonite)
by Ge detector

Fig. 1 Distributions of clements in the mixture of Mg-montmorillonite, ferrihydrite,
and apatite obtained by micro-PIXE. The above pictures indicate the same region of
the mixture spread on a carbon plate. A brighter region shows higher concentration of a
given element.

— 214 —



- 51

52

53

5.4

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

JAERI-Review 2003-033

5. Material Analysis

Formation Process and Stability of Radiation-induced Non-equilibrium

PhaseinSilicon(III) R R R N A R N N N K
S. Ohnuki, E. Shioya, M. Takeda, T. Suda, S. Watanabe, A. Miyashita,
M. Ishino and O. Yoda

Hydrogen Up-take in Gas lon Implantation Induced Porous Surface Layers =~ ccecccecees
S. Nagata, S. Yamamoto, B. Tsuchiya, K. Toh, N. Ohtsu and T. Shikama

Sulfur-doping in Titanium Dioxide by Ion Implantation Technique = *<=-==ecccsrroccces
T. Umebayashi, T. Yamaki, T. Sumita, S. Yamamoto, A. Miyashita,
S. Tanaka and K. Asai

Irradiation Effect on Crystalline Cy, Films with Low Energy Self-ions ~ cecceeccecceccee
H. Naramoto, V. Lavrentiev, K. Narumi and S. Sakai

Cobalt Ion Implantation into Nano-porous Carbon Structures ~ eessecvee- AARARARERRES
V. Lavrentiev, H. Naramoto, K. Narumi and S. Kitazawa

Ion-irradiation-induced Color Centers and Anti-Stokes Luminescence in Diamond =~ <++*<**
Y. Xu, H. Naramoto, K. Miyashita, T. Kamiya, S. Yamamoto, T. Sakai,
T. Hamano and T. Suda

Jon-irradiation-induced Resistance to Photopolymerization of Cyy Thin Films =~ e cvevce-
K. Narumi, Y. Xu, K. Miyashita and H. Naramoto

Defect Creation due to X-ray Irradiation and Electron Irradiation in EuBa,Cu;Og ¢ ¢+
N. Ishikawa, Y. Chimi, A. Iwase, H.-Wakana, T. Hashimoto and O. Michikami

Electron Beam Energy Dependence of Cross-section for Production of

Frenkel Pairs in Nanocrystalline GOld ........... esesecces . ...... R
Y. Chimi, A. Iwase, N. Ishikawa, M. Kobiyama, T. Inami and S. Okuda

Study on Processes of Radiation-enhanced Segregation in Fe-Cu Model Alloys for

Pressure Vessel Steels of Light Water Reactors  secseoeseereccercrrcccccrccoccccnes
Y. Chimi, A. Iwase, T. Tobita, N. Ishikawa, M. Suzuki and S. Ishino

Radiation Effects on Li-vacancy Ordering in NaTl-type Li Compound =~ ccsecceeeccseee
M. Yahagi, T. Hashimoto, H. Sugai, A.lwase, Y. Chimi, N. Ishikawa, |
H. Hamanaka and K. Kuriyama

Mechanical Properties of High-density Nanocrystalline Au after Low-temperature

Irradiation cecece eesseecssesssssssssss sses s sesssesecesscvcsene cececee
H. Tanimoto, T. Yamada, N. Yagi, H. Mizubayashi, A. Iwase , N. Ishikawa
and Y. Chimi

ESR Characterization of fon Implantation Doping of Wide-gap Semiconductor Crystals

: Phosphorus Donors in SiC~ #+eeseseecsrrsercccccccacaae S oo
J. Isoya, N. Mizuochi, T. Ohshima, N. Morishita and T. Kamiya

Identification of Ion-implantation-induced Defects with the Use of

— 215 —

217

219

222

225

228

230

233

236

238

240

242

245

248



JAERI-Review 2003-033

Hydrogen_doped Sl Crystals tessscecscessssssene ee e s e s evseeessecssensssecencacea

N. Fukata, M. Suezawa, A. Kawasuso and M. Maekawa

5.15 Evaluation of Three Dimensional Microstructures on Silica Glass Fabricated

bonnMicrobeam €0 000000090 INIROEIIOEEIONIOIEOIEOIEPINRIOIEOIOIRNRNOIOROOROONROEOROETONDS ee e

H. Nishikawa, T. Souno, M. Hattori, Y. Ohki, E. Watanabe, M. Oikawa,
K. Arakawa and T. Kamiya

— 216 —



JAERI-Review 2003-033

5.1 Formation process

and _ stability of radiation-induced

non-equilibrium phase in silicon (11I)

S. Ohnuki ', E. Shioya*, M. Takeda' ", T. Suda’, S. Watanabe ', A. Miyashila“,

M. Ishino'"", O.Yoda"""

Dept. Mater. Sci., Fac. Engin., Hokkaido Univ. Sapporo 060-8628, Japan'
Dept. Mater. Sci. Miyagi Technical Collage, Natori 981-1239, Japan"

Advanced Photon Reseach Center, JAERI

1. Introduction

An important  material  issue  of
multi-layers structure is the stability of such
nano-scale structure. Compared with bulk
materials, the atomic diffusion in the
multilayer materials can be enhanced by
high-energy particle irradiation. Therefore,
thermal annealing and particle irradiation
could be helpful for studying the stability of
nano-multilayer.

In Mo/Si system, there are three typical
intermetallic compounds, ie. of MoSi,,
MosSis and MosSi, which are different in
crystal structure and composition, but the
phase stability under irradiation is not
surveyed in nano-scale. In this study, we
focused on the non-equilibrium phase
formation and diffusion process in
multilayer materials by using HRTEM.

2. Experimental Procedure

Multilayer samples with alternation of
Mo and Si were prepared by ion beam
sputtering method on Si substrates”. The
thickness of cach layer with typically less
than 10 nm and the total thickness with 100
nm were sclected for having nominal
compositions of inter-metallic compounds in
Mo/Si  system. TEM specimens were
prepared by the conventional cross-sectional
method using ion thinning. The HRTEM
was performed with JEM-2010F. 1 MeV Si*
ion beam was irradiated in TIARA Tandem
facility Takasaki, and “in-situ” observation
of microstructure was carried out in a 1250
kV HVEM (JEM-ARM 1300) at Hokkaido
University.

3. Results and Discussion
3.1 Amorphization due to ion-irradiation

¥ ¥

Figure 1 shows a typical sequence of
amorphization in Mo3Si multi-layer during
jon-irradiation at  room  temperature.
Obviously the amorphous layer is developed
from Mo/Si interface. This result implies
that the amorphization results in atomistic
mixing and dittfusion due to ion-irradiation.

3.2 Amorphization during e-irradiation

“In-situ” high-resolution observation was
performed under electron-irradiation at room
temperature. Figure 2 shows a mixing
process in multilayer, MosSis, under electron
irradiation. Although periodic structures
were basically stable after thermal annealing
up to 773 K, we observed that c-Mo layers
were mixed with a-Si, and all area turned to
amorphous structure with homogeneous
contrast after irradiation. It should be noted
that the position of the layers shifted to the
left side after irradiation, which means the
shrinkage due to irradiation.

Figure 3 shows the shrinkage as a tunction
of irradiation time. The shrinkage finished
very quickly and the reduction rate was
around 10-15 %, which depended on the
Mo/Si ftraction. In general, amorphization
may increase the volume, but covalent
bonding materials are exceptional. For
example, c-Si reduces the volume with
several percents afler  amorphization.
However, this reduction occurred during the
mixing of a-Si and ¢c-Mo. It seems that this
phenomenon is related to the mixing process
betwecen the larger size atom and the smaller
size atom. In Ti/TiC multilayer, the value of
the inter-diffusion coeflicient is higher by
many orders of magnitude than that
expected  from  extrapolation  of  high
temperature bulk data®.
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Figure 4 is typical FFT results from halo
ring, which shows coarse and dense
amorphous structures formed by
e-irradiation. The dense amorphous phase is
supposed to be ideally amorphous.

4. Summary

We tried to accelerate local diffusion using
ion and electron  irradiation at room
temperature. The transition layer grew from
the interface and finally the whole
multi-layer became amorphous structure.
The intensive inter-diffusion between layers
was confirmed by EDS analysis.

Our results suggest that a non-equilibrium

Figure 2 Amorphization process due to
e-irradiation at RT.

phase may develop at interfaces 1n 1w ey ——

multilayer materials composed of elements o e

quite deferent in atomic weight and crystal = El \\,w; . 1

structure. Low temperature diffusion in & el N\ : 4

amorphous structure could be important for ;- "\b

the understanding of the observations. S e 1
An intensive shrinkage, about 10-15%, . Th—— e :

was confirmed during electron-irradiation at

RT. Two types of amorphous zones were 7 : P—

Q0 500 1000 1500 2000 2500 3000 500

Time /sec

developed; bright and dark. The dense
amorphous phase is supposed to be ideally

Figure 3 The shrinkage of amorphous
amorphous.

layers during e-irradiation at RT.
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Fig. 1 Amorphization at the interface of
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5.2 Hydrogen Up-take in Gas Ion Implantation Induced Porous

Surface Layers

S. Nagata*, S. Yamamoto**, B. Tsuchiya*, K. Toh*, N. Ohtsu*, T. Shikama*
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Department of Material Development, JAERI**

1. Introduction

The implantation of gas ions such as helium
can produce porous cavity structure, which has a
potential to modify the surface properties of
functional materials". Concerning hydrogen, it
is well accepted that ion irradiation provides
strong hydrogen trapping sites” and significantly
affects  the
Recently we found that the He irradiation at

hydrogen transport  process.
higher doses caused hydrogen enrichment in the
He saturated layer of W and Mo single crystals
in a high vacuum, without post hydrogen ion
implantation”™. The up-taken H concentration
reached 10~20 at. % within the He saturated
layer of the specimen at room temperature.
Moreover. isotopic difference was observed
between H and D uptake rates; H atoms were
preferentially up-taken in the He saturated layer
Although

the significant H up-take and isotope difference

even in the D, and D,O atmosphere.

can be attributed to the proton conductive oxide
formation as well as the He bubble formation in
the heavily irradiated surface, a detail of the
mechanism for the anomalous hydrogen

In the

the gas ion

accumulation has not been known.

present work, we ¢xamine
implantation effects on the W and Mo to clarify

the hydrogen up-take mechanism.

2.Experimental procedure

Specimens used were W and Mo single
crystalline disks of 8 mm diameter and 0.5 mm
thickness. They were cut from single crystal
rods made by the floating zone melting method,

with <100> or <111> crystallographic axis. To

obtain mirror like surface, the specimens were
electro polished in 0.1 N NaOH solutions and in
a 1:3 mixture of sulfuric acid and methanol, for
W and Mo, respectively.

fon implantations were carried out using a
400 kV ion implantation facility at TIARA, with
He, Ne, Kr, Xe ions of 50 ~ 280 keV, at room
temperature.  The maximum dose was about 2
x 102 ions/m’, with a typical current density of
about 3x10"™ jon/m’s.
implantation, the residual gas pressure was kept
about 2 x 10° Pa. Low energy He (10 keV)
irradiation was performed using an ion gun with

During the ion

a velocity filter.  Concentration depth profiles
of hydrogen isotopes in the surface layer of the
specimen were measured by Elastic Recoil
Detection Analysis (ERDA) using 2.8 MeV He™
beams. An ion beam with Imm diameter was
incident on the specimen at an angle of 75
degree 1o the surface normal and the recoiled He
and hydrogen isotopes were detected at an angle
of 30 degree with respect to the analyzing beam.
The depth resolution of hydrogen in the present
ERD experiments was estimated 1o be 25 nm at
the surface of W. Changes of the surface
morphology due to the jon implantation were
investigated by Scanning Electron Microscope
(SEM) and Atomic Force Microscope (AFM)

observation.

3.Results and Discussion

Concentration depth profiles of up-taken H
in the surface layer of various ion implanted W
crystals were shown in Fig. 1. measured by the
ERDA technique after the ion implantation.
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Fig. 1. Recoil spectra of H atoms in the surface

layer of W crystals obtained by ERDA

technique.

The depth profile of H in the He implanted
specimen extends 1o the top most surface in
with  the
A long tail of H distribution

comparison calculated  range
distribution.
observed for the ion-irradiated specimen was
probably due to the deterioration of the depth
resolution. caused by morphological changes of
the irradiated surface. No large difference was
observed for H accumulation in specimens

irradiated by 100 keV Ne, 200 keV Ar, 380 keV

Kr ions.  The up-taken H profiles for heavier
ions (Ne, Ar, Kr, Xe) irradiation nearly

corresponds to their projected range profiles in
spite of sputtering effects; the sputtering rates of
W by these ions bombardment are expected 1o
From the RBS spectra, the
ratio of retained implanted atoms to the substrate

be larger than 1°.

W atoms was roughly cstimated to be about 0.1
for Ar, Kr, Xe implantation, and was less for Ne.

Fig. 2 shows a typical SEM micrograph of
surfaces of the W crystals irradiated by 100 keV
Ne ions to a dose about 8 x 10*" ions/m” at 295
K. The edge of the irradiated area is seen: the
left half and right half of the image correspond
o the
respectively.  Pinholes with a size of about 100

irradiated and un-irradiated region

Fig.2. SEM micrograph showing unirradiated
(right) and irradiated (left) region of the W
crystal, after implantation of 100 keV Ne to a
dose of 8 x 107'/m” at room temperature.

c) d)
Fig. 3. SEM micrographs of the W single
crystals irradiated by 100 keV Ne, 380 keV

Kr (b). 380 keV Xe (¢). A SEM micrograph
for the 60 degree tilted for the 380 keV Xe

irradiated specimen as the same as (c).
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nm in waved structures were observed in the
irradiated surface. The porous surface like
“seaweed” was confirmed in the same specimen
The irradiation of 380

keV Kr created tiny halls in the flat surface

as shown in Fig. 3 (a).

without waved structure as shown in Fig. 3(b).
For the 200 keV Ar ion irradiated specimen, the
blisters are regularly dome-shaped with about
Those
are similar 1o the blister formation observed for

111m and some of them lost their covers.
He implantation.  Although the ion implanted
surface has porous structure, or similar to the He
irradiation induced microstructure, hydrogen
accumulation in Ne, Ar and Kr irradiation
resulted little accumulation of hydrogen.

A unique image was found for 380 keV Xe
ion implanted surface, where the H atoms were
enriched, as shown in Fig. 3(c). A number of
large ‘shells” with a size of several pm was
created in the relatively flat surface. The
original smooth surface was maintained except
for the “shell” structure, while the sputtering rate
Fig. 3(d)
shows a SEM micrograph taken as the specimen
Each ‘shell’

seems 1o be arranged with the same symmetry

would be large for Xe ion irradiation.

was lilted about 60-degrees.

on as the crystal lattice of the host W atoms.
Structural and compositional microanalysis for
this ion-irradiated surface is in progress.

4.Conclusions

To study the hydrogen up-take behavior in
the gas ion implanted metal surface, we
measured the concentration depth profiles of
hydrogen in the He, Ne, Ar, Kr, Xe ion
Although, the

various

implanted W single crystals.

ion implantation caused porous

structures  depending on the ion species,
enhancement of hydrogen up-take was found
only for He and Xe ion irradiated surfaces.
Further investigation is needed to clarify the

correlation of the hydrogen up-take with

structure and composition in the ion irradiated

surface.
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5.3 Sulfur-doping in titanium dioxide by ion implantation technique
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1. Introduction

Although titanium oxides (TiO,) is the most
promising photocatalytic material ", it is
active only under ultraviolet (UV) light
irradiation because of its wide bandgap (~3.0
eV). The effective utilization of visible light,
therefore, is one of the important subjects for
the increased applicability of TiO, as a
photocatalyst.

Recently, the S-doped anatase TiO,,
including S substituted for O, was synthesized
by the oxidative heating of the TiS, powder 2.
The S-doping shifted the optical absorption
edge to a lower energy-side, thereby
increasing the photoreactivity in the visible
light region. The S-doped TiO, is expected
to be available as the novel visible light

B4 However, the oxidative

photocatalyst
heating of TiS, is a difficult method to control
the concentration of the dopant and its
dependant profile, which should govern the
photocatalytic activities of the doped TiO-..
Control of these factors can be best carried out
In this study. the

S-doped TiO» single crystal was synthesized

by ion implantation.

by ion implantation and its optical properties
and electronic structures were investigated.

2. Methods

Optically polished single-crystalline TiO,
(rutile; 10 x 10 x 0.5 mm) with a <001>
crystallographic axis was used for our

experiments. The implantations were carried
out with 200 keV S* at room temperature (RT).
The implanted crystals were annealed at 600
“C in air for 6 hours. After the annealing, the
Rutherford backscattering spectrometry and
(RBS-C)
measurements were performed with a 2 MeV

ion channeling analysis
‘He* beam from a 3 MV single-stage
accelerator. The charge state of the dopants
was investigated by x-ray photoelectron
spectroscopy (XPS) with an ESCALAB-MK
I (VG Scientific) using an Mg X-ray source
MgK a. Av = 1253.6 eV). The differential
absorption spectra were measured by a
UV/VIS spectrophotometer.

The electronic structures of the S-doped
TiO> were studied using first principles
density functional (DF) band calculations
by the full potential linearized augmented
plane wave method with the super-cell
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Fig. 1. 2 MeV *He* RBS-C specira of TiO, single
crystals implanted with 200 keV S* (8 x 10" jons/em?)
at RT for (a) As implanted and (b) annealed samples at
600°C in air for 6 h.  Gray lines: random spectra; black
lines: <001> aligned spectra.
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Fig. 2. X-ray photoelectron spectrum for the S
2p state of the S-implanted and subsequently
annealed TiO,.

approach .  Our model consists of 2
unit-cells stacked along the c-axis, where one
O atom was replaced by the S atom. The
details of the calculation methods have
been described in previous reports ¢ 7.

3. Results and discussion

Figure 1 shows the random and <001>
aligned RBS-C spectra after the implantation
of 8 x 10" S'/cm® at RT. Based on the
analysis of the Rutherford universal
manipulation program (RUMP) code ¥, the
signal of S occurs around 1.22 MeV. The S
signal was not detected for the implanted
crystal. As shown in the aligned spectrum of
the as-implanted sample, two damage peaks
(D1 and D2) were observed around 1.4 and
1.2 MeV and both of them did not reach the
random level. The former peak is due to the
surface damage, while the latter is attributed
to the displacement damage in the solids
generated by the S implantation.  According
to the RUMP simulation, the displacement
damage lies at a depth of 220 nm. A large
amount of S atoms would occur in a deeper
area in the as-implanted crystal. The aligned
spectrum of the sample annealed at 600 C for
6 hours. where the damage peak disappeared,

05 —
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Fig. 3. (a) Differential absorption spectrum

A4A=-10x log(T/T,), where T and Tyare the transmittance
of the S-doped and undoped TiO; crystal, respectively.
(b) Transmittance spectrum of the undoped TiO; crystal.
indicates that radiation damage recovered due
to the annealing.

Figure 2 shows the XPS spectrum for the S
2p core level of the S-implanted crystal
annealed at 600 'C for 6 hours. This
spectrum was referenced to the C 1s state at
284.8 eV. The signal observed at 161 eV is
associated with S forming Ti-S bonds in the
TiO,”. A trace amount of S would remain in
the annealed sample as substitutional atoms at
the O sites.

Combining the above RBS-C and XPS
results, we concluded that the S-doped TiO,
was synthesized by the S implantation and
subsequent annealing at 600 “C.

Figure 3 shows the differential absorption
spectrum AA(A) = -10x log(T/Ty), where T and
T, are the transmittance of the implanted and
unimplanted TiO, crystal, respectively. In
the pure crystal, optical absorption is observed
below 410 nm which corresponds to the
bandgap energy. In contrast to this crystal,
the S-doped crystal absorbed the light below
650 nm. This visible light absorption would
be due to the S-doping.

Figure 4 shows the calculated total and
partial density of states (DOS) of the VB and
CB for the pure and S-doped TiO,. When
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Fig. 4. Total and partial DOS of the (a) pure and (b)
S-doped TiO,.

TiO, is doped with S, the S 3p states are
somewhat  delocalized, thus greatly
contributing to the formation of the VB with
the O 2p and Ti 3d orbitals. Consequently,
the mixing of the S 3p states with VB
increases the width of the VB itself. This
results in a decrease in the bandgap energy
due to S doping. The calculated bandgap
energies were 1.31 eV for the S-doped TiO,
and 1.93 eV for the pure TiO,. Our
calculation results consistently confirm that
the S atoms doped into the substitutional site
of rutile TiO, are effective for the bandgap
narrowing. ,
TiO; doped with a transition metal, i.c.,
Cr, V, Mn, Fe, elc., also absorbs a photon in
This visible light

absorption is caused by an impurity level in
7, 10)

the visible light region.
the bandgap In contrast with the case
of the transition metal doping. the bandgap
narrowing leads to the optical-absorption in
the visible light region for the S-doped TiO-.

4. Conclusion

(i) S-doped TiO, was synthesized by 200
keV S* implantation and subsequent thermal
annealing at 600 “C in air for 6 hours,

(i) In the S-doped TiO,, the
optical-absorption occurred in the visible light
region.

(iii) S-doping into TiO, causes an increase
in the width of the valance band, resulting in
bandgap narrowing.
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5.4 Irradiation Effect on Crystalline Cg Films with

Low Energy Self-Ions

Hiroshi Naramoto, Vasily Lavrentiev, Kazumasa Narumi and Seiji Sakai
Advanced Science Research Center, JAERI

1. Introduction

Since the synthesis of Cg molecules,
there appeared many kinds of reports
treating Ceo as starting materials. Transition
metal atoms are interesting partners for
chemical modification of Cey molecules
because both are expected to play the
complementary roles in the process of
charge transfer. The charge transfer induces
the weekly bound chemical compounds
competing with the strain accumulation
associated with the phase separation. This
process can be supposed to the complex
system suitable for the spontaneous
structure evolution study. The recent effort
has shown that the evolved structures are
endowed with interesting electrical
functions 2.

The structures obtained are weakly
bound, and should be changed into the
endurable ones for the use as functional
materials. Energy beam illumination at the
spatially specified points will give us an
additional means to design the functional
materials. In the present report, the effort
on the irradiation-effect-study with self
ions is described made for a last fiscal year.
The ion irradiation is a violent technique
beyond the binding energy of the relevant
system but the caretul application has been
shown to be useful V.

In the present study, the energy of Cgo
ions was chosen so as to be just below the
critical one for the break-up of Cy cages
*+9_The simple process of graphitization by
high encrgy ion bombardments is beyond
our interests.

2. Experimentals

FCC Crystalline Cgp films with ~100nm
order thickness were prepared on (0001)
a-AlO;3 around 70-120 ‘' C under 10 Torr
by operating a Knudsen cell at the
temperature range of 440-460 'C. The
source material for Cg is relatively high
quality with 99.99 % purity. For the present
chemical  modification  study  the
bombardments of Ceo" ions (50keV, 200
nA/cmz) from a Freemann-type ion source
were carried out at room temperature.
Difterent from the usual ion irradiation
experiment, in Cgo' ion irradiation the
negative potential for the secondary
electron suppression was not applied for
the proper evaluation of ion current under
the strong influence of desorbed particles.
The irradiated surfaces were analyzed by

employing micro-Raman spectrometry,
Atomic  Force  Microscopy (AFM),
Fluorescent spectrometry and

step-profiling with a Dectak machine. The
step height change was evaluated referring
to the pristine region in the same sample
that was prepared by covering partly on a
sample surface when irradiation.

3. Results and Discussion

In the coursc of irradiation the special
cares were paid for jon beam integration
because the materials properties of Cg
films are expected to change from insulator
into conductor depending on the nature of
irradiation effect. Actually, the apparent
incident ion current has increased afier the
incubation period where the release of
desorbed molecules is operative. In this
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course of study we found that the step
height evaluation is more sensitive way to
detect the subtle change of Ceq surface with
Raman analysis.

Fig. 1 illustrates the step-height change
“as a function of the fluence of Cep' ion.
One can recognize the two stages feature.
At the 1% stage, the step-height increase is
detected but this is apparent phenomena
coming from roughening on the irradiated
area because Dektak machine is only
sensitive to the height change but limited
to the spatial resolution. The Raman
analysis shows the intensity increase of
Ag(2) peak without appreciable peak-shift.
This result  suggests the improvement of
Ceo crystal quality. It is reasonable to
consider the ejection of adsorbed oxygen
molecules and the subsequent
rearrangement as evidenced by the AFM
micrographs in Fig. 2. As illustrated at the
top part of Fig. 2, even just afier the low
fluence irradiation (1.5x1015 /sz)’ there
appears the drastic topographic change
from rounded Ce  granules into
well-facetted ones. This process could
induce the apparent step-height increase.

At the 2" stage, one can observe the
linear decrease of step-height from zero to
40 nm within the fluence of 1.6x1016 /cm’
at room temperature. The corresponding
change of Raman spectra features is as
follows: The Ay (2) peak corresponding to
tangential mode of Cgo intra-vibration was
down-shifted linearly from 1462 to 1458

cm’ by the irradiation up to 1.63x106 /cm’.

This change suggests strongly the
polymerization  associated  with  the
rearrangement  of partly broken Ceo
molecules through the collision process.
The AFM analysis suggests also the
existence of lineage structure but not for
long polymerized chains. The step-height

changes are fitted on the same line even
though the samples with different
thicknesses (200 nm-2100 nm) were used
for the present experiment. This result
implies that the irradiation effect remained
even after sputtering is localized to almost
the top surface-layer. The sputtering
process was analyzed based on
Winter-Sigmond approach and it s
concluded that the step-height change is
associated with C, molecule ejection from
Cso molecule. The additional experiment
gives us the favorable result that the
sputtering ratio between a-AlO3 and Ceo in
the present experiment is so close to the
results for the sputtering ratio between
a-AlOj; and carbon.
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Fig. 1: Step-height change as a function of 50keV Cgy' ion fluence for three different samples.
The 1% stage corresponds to apparent step-height increase associated with reordering of Cgo
molecule, and the 2™ stage does to sputtering associated with C, molecule ejection and the
subsequent rearrangement on the surface.
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Fig. 2: AFM pictures taken from virgin (left) and irradiated region (right) on the sample irradiated
within the low fluence region (1.5x10" /cm®). One can recognize the clear topographic change from
granulitic into terrace-stacked surfaces.
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5.5 Cobalt Ion Implantation into Nano-Porous Carbon
Structures

V. Lavrentiev, H. Naramoto, K. Narumi and S. Kitazawa
Advanced Science Research Center, JAERI, Takasaki

1. Introduction

The mechanisms study of electronic
interaction between carbon and transition
metals (Me) has been essential and
attractive during several decades. The
discovery of Ceo fullerene critically
improved the interest because of the
variety of possible Me-Cgo electronic
hybridizations  suggesting  intriguing
nano-structures . At the same time the
wealth of possible Me-Cgy bonding
predicts the high sensitivity of final
structure to  the  thermodynamic
conditions and, as a consequence, to the
preparation  method.  Recently we
successfully combined Co and Cg( using
the simultaneous deposition technique 2.
Here we have tested the ion implantation
to create buried Co-Cgo layers important
for  applicat ion™. Expecting  the
destructive effects of the energetic ions
we  performed the  similar  ion
implantation into glassy carbon (GC) to
have the reference samples. A
comparison between these low-density
C-materials has provided the
complementary  information  helpful
during analysis of the post-implantation
structural etfects using approach reported

in 4).

2. Experimental

Implantation of cobalt into Cg film
and GC has been performed using 100
keV Co” ions at room temperature (RT)
under UHV conditions (TIARA facilities,
JAERI, Takasaki). Ion current during
implantation process was kept at around
5 nA. Implantation doses were kept to be
3x10'® Co*/em® and 1x10'" Co*/em’ in
case of Cg film and GC, respectively.
The value of Co concentration in Cgo has
been chosen to provide Co/C atomic ratio
(0.02/0.98) generally used for creation of
fullerene-based  structures (see, for
instance, 5)). Fullerene films have been
grown at RT on (0001) a-Al,O3; up to
thickness of 1200 nm by the thermal
sublimation of pure Cg powder (99.99
mass. %Cgo) in UHV vacuum. The glassy
carbon samples were supplied by Tokai
Carbon Co., Lid. After Co-implantation
the samples were annealed several times
at 500°C. We analyzed the samples afier
each annealing step. The implanted
samples were analyzed with Rutherford
Backscattering Spectrometry (RBS) and
Raman Spectrometry. Depth profiles of
implanted Co have been simulated by
RUMP codes.
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3. Results and Discussion

Raman analysis of as-implanted Cg
and GC revealed the broad peak between
900 and 1700 cm’ the

decomposition of Cg molecules and

reflecting

nano-graphitic units in glassy carbon and
the appearance of disordered carbon in
Co-irradiated area. The area is rather
different in Cgo and GC in spite of
comparable average density (1.7 and 1.5
g/em®, implying  the
different distribution of
“vacuum” in these nano-porous materials.
After  the  first
annealing, the composition in subsurface
region of the
changed. Although implanted Co in GC
got received the reasonable shift to the

respectively)

nano-scale
post-implantation

samples remarkably

sample surface the thermal response of
that in Csy was opposite (Fig. 1). The
depth profiles show that afier the first
annealing Co ions are situated within
perfect fcc-Cqo lattice. The appearance of
1448 cm' Raman peak suggests the
charge transfer and the fesultant Co-Cqgo
bonding in the created buried layer.

The analysis of the implantation
modified layers in Cgp and GC after the
thermal treatments revealed other
interesting phenomena. We found the
strong competition between thermal and
chemical effects during the structure
evolution in Co-doped amorphous carbon,
resulting in the abnormal shift of Co
away from the surface. The correlation
between Raman and RBS results suggests

the diffusion of Co atoms through C=C

Cobalt concentration

double bonds as a possible mechanism of

the post-implantation structure evolution.
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Figure 1: Depth profiles of cobalt

implanted into GC (a) and Cep film (b) in
as-implanted samples and after annealing
at 500°C for 0.5 hours.
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5.6 Ion-irradiation-induced Color Centers and Anti-Stokes
Luminescence in Diamond
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1. Introduction

Since diamond films were synthesized even
at low pressure in 1968", the broad applications
of diamond, particularly in optoelectronic
devices, have been expected, attributing to its
outstanding electronic and optical properties.
During the time, ion beam technique has been
extensively applied to analyze and to improve
the structure and properties of diamond films.
However, many kinds of defects are induced
during ion irradiation, due to the severe energy
dissipation beyond the binding energies.

In the present report, we describe the color
centers induced by H* ion irradiation, which is
usually used in ion beam analysis technique such
as PIXE. To characterize the depth distribution
of point defects in ion-irradiated diamond, a
micro-Raman spectroscope with sub-micrometer
spatial resolution was employed, and anti-Stokes
luminescence has been observed from a selected
area with high concentration of 3H color centers.

2. Experiment

A synthetic single crystal diamond (type 1la)
was used in this experiment. The concentration
of the main impurity of nitrogen is less than 10
ppm. lon bombardments were made into the
diamond platelet from the side-face with a 2
MeV H* micro-beam at room temperature (100
pPA. 1pm in diameter). The scanning area for
bombardment was kept to be about 50% 50 um®

for the convenience of finding the irradiation
spot for micro-Raman measurement. The doses
employed are about 10'%/cm?.

A micro-Raman spectrometer with a
confocal scanning microscope equipped with a
488 nm Ar” laser as the light source was used. In
this spectrometer, a good spatial resolution
(about 0.2 pm) is achieved using the confocal
system. Moreover, an AFM scanning system is
combined with the spectroscope. So, the position
adjustment and Raman point mapping of the
sample can be easily realized. In addition,
another micro-Raman spectroscope with a 514
nm Ar” laser as the light source was also used to
measure the samples for a comparison.

3. Results and Discussion

Figurer 1(a) typical Raman
spectrum of H*-ion-irradiated diamond excited
by 488 nm Ar' laser excitation. Very strong

shows a

peaks can be observed, but these peaks
correspond to neither the Raman peaks of
diamond and graphite, nor that of amorphous
the peaks at
wavelength are observed when sample is excited
by 514 nm wavelength (Figure 1(b)), all of the
peaks at 504 nm, 518.6 nm, 534.7 nm, 541 nm,

and 553 nm are considered to be induced

carbon. Because the same

through the photoluminescence. Comparing the
peak positions and intensities with the reference
data, it is confirmed that these peaks correspond
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1o the zero-phonon line or one-phonon lines of
3H color centers in diamond. In the emission
spectrum, a peak at 742 nm is also observed.
This peak is from luminescence too, being
associated with GR1 color centers.

30000
3H

25000}
3 200001
4
Z 15000
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Figwre 1. Raman spectra of

R*-irradiated diamond with a 488 nm
Ar” laser (a) and a 514 nm Ar* laser (b).

Because H* ions were irradiated into the
side-face of the diamond platelet, the
depth-profiles of ion-irradiation-induced defects
can be casily characterized from the top-face of
the diamond platelet. Figure 2 (a) shows the
intensity changes of 3H and GR1 color centers
along the depth from the irradiated side. It
should be pointed out that the intensities of 3H
and GR1 at

simultaneously obtained, and that each datum is

the specified position were

only related with the information of vary small
arca due to the high spatial resolution of Raman
spectroscope. It is observed that the intensities
for both 3H emission and GR1 emission increase
along the depth and get the maximum at about
22.3um, while the intensity of GR1 emission
changes more slowly than that of 34 emission
along the depth. A relation of [OClgr,”® is
found, when we plot the 3H intensity (/ay) with
GR1 intensity (Jgri). as shown in Fig. 2 (b).

Although 3H luminescence is considered to be
associated with interstitial-type color centers in
diamond, whether they are single isolated, di-, or
other interstitials has not been identified up to
now 2 ¥, However, it can be inferred that the 3H
emission probably is related with tri-interstitials,
based on the result in Fig. 2, as knowing that
GR1 cmission comes from single isolated
neutral vacancy .
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Figure 2. (a) Intensity changes of 3H and GR1
with the depth of ion implantation. (b)
Relationship between the intensities of 3H and
GR1.

Now, returning back to Fig 1 (b), a strong
peak at 504 nm is observed even' though the
excitation wavelength is as long as 514 nm. This
emission is called as anti-Stokes luminescence
(ASL). To our knowledge. such strong ASL
phenomenon has not been reported in diamond
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up 10 now. At ASL, the energy of the emitted
photons is higher than that of the incident
photons, therefore, it is necessary for the system
to obtain additional energies, except for the
incident photon energy, during the absorption
and emission process of photons. Generally,
ASL is caused by muiti-photon absorption,
Auger recombination, or thermal energy
absorption, etc. It is reasonably considered in the
present case that ASL arises from a simultaneous
phonon-absorption  process during photon
absorption which leads to the electronic
transition from the ground states to the excited
states.
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5.7 Ion-Irradiation-Induced Resistance to Photopolymerization of

Ceo Thin Films

Kazumasa Narumi’, Yonghua Xu', Kiyoshi Miyashita” and Hiroshi Naramoto’
Advanced Science Research Center, JAERI"
Gunma Prefectural Industrial Technology Research Laboratory™

1. Introduction

Ion-irradiation effect of solid state Cgo has
been investigated by many researchers and the
primary effect is destruction of the molecule:
Energetic-ion impact leads to destruction of cage
FTIR and Raman
analyses have revealed that no intermediate

. . 41-3
structure in a Cgo solid*™.

fragments of a Ce molecules are generated by
ion impact'™. On the other hand, solid state Cgo
can be transformed by UV-visible light to a
polymeric phase®. It has been proposed that in
the photopolymer, Cq molecules are linked by
covalent bonds via a photochemical 2 + 2
cycloaddition reaction in which the double bonds
on neighboring Cs molecules are broken and
reformed as a four-membered ring. This process
can be monitored by characteristic peak splittings
and shifts in Raman and other vibrational spectra
with regard to pristine Ceo.

In the present study, ion-irradiation effect
on photopolymerization in a Cg solid is
investigated with the use of Raman spectroscopy.
We observe the resistance of ion-irradiated films
to the photopolymerization, which is explained
by the fact that the number of a Cg pair satisfying
the topochemical requirement for photochemical
reaction in solids decreases by ion-induced
decomposition of the Cg molecules accompanied
by lattice disorder.

2. Experimental

Thin films of Cs were prepared by
molecular beam epitaxy on Si(111) substrates. A
surface oxide of the substrate was removed by
immersing in a 5% HF solution. Pure Cq, powder

of 99.99 % (Term USA) was loaded into a
Knudsen cell in a deposition chamber whose base
pressure was 1x 10° Pa. During the deposition,
the temperature of the substrates was kept at
165 'C and a deposition rate was about 0.6
nm/min. The pressure in the chamber was lower
than 5% 10" Pa during the deposition. After the
deposition, the specimens were irradiated at
room temperature with 7-MeV >C* jons from
the 3-MV accelerator of
JAERI/Takasaki in an irradiation chamber,
whose base pressure was 1% 10 Pa. The films

Tandem

were about 190 nm thick so that almost all of C
ions could pass through the film. Current density
was around 200 nA/cm®. Raman spectra were
measured in air with Renishaw Ramascope 2000
p-Raman system using a {ixed grating angle and
514.5 nm radiation from an Ar* laser. The spot
size of the laser was estimated to be about 3um.

3. Results and Discussion

Figure 1 shows the dependence of Raman
spectra around the "pentagonal pinch" mode for
an unirradiated {ilm on power density of the Ar’
laser. Each of the spectra was measured with
accumulation time of 120 s with the power
density indicated in the figure. The Ar’ laser
illuminated the specimen just only during the
accumulation of a spectrum. The Raman
intensity of the line at 1469 cm™ decreases with
increasing power density, while a shoulder at the
lower-frequency side of the line becomes
prominent. The result of Lorentzian-line-fit
analysis for the spectrum measured with 7100

W/cm? is shown in the inset. which demonstrates
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Fig. 1 Dependence of Raman spectra for an
unirradiated specimen on power density of the Ar*
laser. Inset shows Lorentzian-line-fit analysis of the
Raman spectrum measured with 7100 W/cm?.

that the shoulder is attributed to the Raman band
at 1460 cm™ due to a polymeric phase of Ce".
Figure 1 indicates that the Ar* laser illumination
photopolymerizes Cg in the film during the
collection of a spectrum.

On the other hand, Fig. 2 shows the change
of the Raman spectrum for a Ce film irradiated
with 1.0x 10" /cm®, where all of the spectra were
measured on the same conditions as those in Fig.
1. Contrary to the result shown in Fig. 1, the
spectra do not depend on the laser power and the
Raman band due to a polymeric phase is hardly
observed. Figure 3 shows ratio of integrated
peak intensity of the Raman band due to a
polymeric phase to that of the line at 1469 cm™ as
a function of the laser power for four different ion
fluences.

Integrated peak intensity was

determined by the Lorentzian-curve-fitting
analysis of the obtained Raman spectra. As
inferred easily from Fig. 1. the ratio for the
unirradiated film increases with increasing power

density of the laser. Such a change is also

1x10" /em?®

900 W/em®

1700 W/em®

3800 W/em®

NORMALIZED INTENSITY (arb. units)

7100 W/em®

1400 1500 1600
RAMAN SHIFT (cm™)
Fig. 2 Dependence of Raman spectra for a specimen
irradiated with the fluence of 1.0x 10" cm? on power

densitv of the Ar* laser.
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Fig. 3 Laser-power dependence of integrated-intensity
ratio of the Raman band due to a polymeric phase to
that of the line at 1469 cm™” peak for four different
fluences. Broken lines are guide to the eye.
observed except for the film irradiated with
1% 10" /cm® and the variation becomes smaller as
the ion fluence increases. On the other hand. for
the film irradiated with 1x 10" /em”. the ratio is
so small and hardly depends on the power density
of the laser as inferred from Fig. 2.
indicates  that

Figure 3  clearly

jon-irradiated  films  are  resistant  to
photopolymerization and that the resistance

increases with increasing ion fluence. This can
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be qualitatively explained by the topochemical
requirement for the photochemical 2 + 2
cycloaddition reaction in solids and destructive
collisions of the Cg molecules with energetic

ions accompanied by lattice disorder. At first, let

us consider photochemical reaction in a Cqg solid.
According to the topochemical requirement for
photochemical reaction in molecular solids, the
photopolymerization is active when two carbon
double bonds on adjacent molecules are oriented
parallel to one another and separated by less than
0.42 nm® 7. In the fcc structure of a Cgy crystal,
the distance between adjacent molecules is as
small as 0.29 nm®. A Cso molecule has 30 double
bonds and spins freely about randomly oriented
axes on fcc lattice positions at room temperature;
thus the probability that two double bonds on
adjacent molecules are oriented parallel to one
another is high. Therefore, the topochemical
requirement is satisfied in a Ceo crystal. On the
other hand, ion irradiation of C films leads to
complete decomposition of each molecule into
its constituent atoms'™. In the present study, the
number of the Cg molecule surviving ion
bombardment decreases exponentially with
increasing ion fluence: it was estimated that
about 30 % of Ce molecules in an as-deposited
film was destroyed after the irradiation of the
fluence of 1x 10" /cm®. Thus the number of the
molecules involved in photopolymerization

decrecase  with  increasing ion  fluence.
Furthermore, the decomposition of molecules
The disorder of the

crystal lattice induces change of the distance

induces lattice disorder.

between adjacent molecules. Because of these
two  reasons. the number of the
adjacent-molecule  pairs  satisfying  the
decreases  with

Therefore, the

topochemical  requirement

increasing ion {luence.
photopolymerization is suppressed for the

ion-irradiated films.

In conclusion, we mention application of
the effect observed in the present study: It has
potential to make it possible to control
polymerization although the effect accompanies
the destruction of the molecules. In addition, the
same effect is expected in the case of
pressure-induced polymerization, because the
covalent linking between the Cq molecules has
also been proposed to be via the 2 + 2
cycloaddition reaction in the pressure-induced
Ceo polymers”.
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