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ESR dating of speleothems from Akiyoshi cave using
radical centers produced by radiation damage

faih HEER
URKFZRPRESHRBEET AMEPEH A BT RE

Tatsuro Fukuchi
Course of Science and Culture Education, Graduate School of Education and
Human Sciences, University of Yamanashi

Radical centers produced by natural radiation damage are detected from travertine or fossil teeth and

bones of bats collected from red clay sediments in Akiyoshi cave, Yamaguchi, Japan. A CO; radical center

(9=2.001) derived from calcium carbonate minerals in travertine irregularly increases with increasing

gamma radiation dose, while another CO, radical center (g=2.003) derived from calcium phosphate

minerals in fossil teeth and bones of bats regularly increases with radiation dose. As a result of ESR dating,
the formation age of the travertine is estimated at 99+ 24~126+36 ka (Reliable factor, R=83-91%), while
those of the fossil teeth and bones are estimated at 63+9~94+22 ka (R=91-99%). These ESR ages are

coincident with the radioactive age (7-9 ka) of Aso-4 tephra composing the red clay sediments.
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Radiation damages of the leading edge of semiconductor materials and devices
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We report enhancement of intrinsic photoluminescence
(PL) from B-FeSi, nanocrystals by doping carbon. In the
appropriate dose of Cg,' ion implantation into the aver-
age nanocrystal size of 14 nm, the PL intensity was en-
hanced by 260% and increase of the exciton binding en-
ergy of 1.8meV in comparison with that of the non-doped
nanocrystal. Furthermore, we found that there was a clear

1 Introduction Semiconducting B-FeSi, with an or-
thorhombic structure has been noteworthy about an infra-
red (IR) light emitting material at telecommunication
wavelengths [1, 2], light absorbing layers at IR part in the
solar spectrum [3], antireflection coatings [4] and photonic
crystals [5-7]. Some studies for application of -FeSi, to
light emitters such as LEDs [2, 8] have been performed,
however, present light emitting efficiency was not suffi-
cient and it should be improved by finding physical mech-
anism of enhancement. The intrinsic light (A band) emis-
sion process in B-FeSi, has been reported to be related to
optical transition at an indirect bandgap between the Y
point at the valence band and the minimum point on the A
lines along the conduction band, and to be related also to
optical phonon emission [1, 9, 10].

The enhancement of A band emission was found in the
nanocrystals produced by ion-beam synthesis (IBS) [5, 9,
11]. The IBS using mass separated ions can realize high
purity synthesis of B-FeSi, to prevent optical effects from
some transition metal impurities. The absorption spectrum
measured at the indirect bandgap revealed the presence of
the exciton absorption [12]. The indirect bandgap energy
corresponded to the PL peak energy (0.803-0.805 eV at 8
K) observed in the impurity free IBS B-FeSi,. It means that
exciton states at the bandgap probably dominate the intrin-
sic light emission process. The exciton biding energy E., in

J)WILEY il ONLINE LIBRARY
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correlation between the PL enhancement and increase of
the exciton binding energy. This important result sug-
gests that carbon atoms doped in the silicide lattice may
play as an isoelectronic trap and probably form bound
excitons with stable states as predicted theoretically. We
found a new mechanism of the PL enhancement for [3-
FeSi, nanocrystals.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the bulk crystal is 3.1 meV, which is a very small energy
because of a large static dielectric constant of 3-FeSi, [9].
In cases of nanocrystals with the size close to the effective
Bohr radius, we can expect increase of the exciton biding
energy because of exciton confinement effects. In fact, we
observed E,=~9 meV in the nanocrystal with the average
diameter of 14 nm and enhancement of PL intensity corre-
sponding to increase of the binding energy. Other way to
increase of the exciton binding energy may be to introduce
bound states into the nanocrystal where excitons are con-
fined. It has been theoretically predicted that carbon in f3-
FeSi, may form isoelectronic traps (IET) because of a large
difference in electronegativity between carbon and silicon
atoms [13]. If the IET can be realized, we can expect that
electrons of excitons can be bounded near the IETs and the
effective Bohr radius decreases so that the binding energy
increases.

In this study, we systematically investigated PL prop-
erties of non-doped and carbon-doped B-FeSi, in order to
find a new mechanism of emission enhancement predicted
from the bound exciton due to the IETs by carbon doping.

2 Experiments The B-FeSi, nanocrystals precipi-
tated in a Si crystal matrix were prepared by ion-beam syn-
thesis (IBS) containing two processes of *Fe ion implan-
tation (the energy of 200 keV, the dose of 10" ions/cm?)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (a) SEM image of B-FeSi, nanocrystals (bright part in
the image) precipitated in a Si crystalline matrix (dark part) after
annealing at 800 °C for 2 h and (b) the size distribution. The av-
erage size was 14 nm in the logarithm Gaussian distribution.

and post-annealing at 800 °C [11]. Carbon doping was per-
formed by implantation using Ce," cluster ions at 60 keV in
order to realize effective doping at the shallow layer of the
sample where the nanocrystals precipitated. In this study,
amount of carbon doped in the sample was not analyzed,
so that the Cgy" ion dose was employed as an operation pa-
rameter of carbon doping. The depth profiles of implanted
Fe atoms and implantation damage were measured by
Rutherford backscattering spectroscopy (RBS). The
nanocrystals at the shallow layer were observed with a
scanning electron microscope (SEM).

Photoluminescence (PL) was excited with an Ar" ion
laser at 514.5 nm and the PL spectrum was measured with
a monochromator (the focal length of 32 ¢m, Jobin-Yvon
HR320) and a liquid N, cooled Ge pin photodiode (Edin-
burgh Instrument). The samples were cooled at 10 K in a
He cryostat. The PL spectra were calibrated by using pho-
tosensitivity of the Ge detector.

WWW.pss-c.com

3 Results and discussion Figure 1(a) shows a
SEM image of B-FeSi, nanocrystals precipitated in a Si
crystalline matrix (dark part) and Fig. 1(b) shows the size
distribution obtained from the image. The size distribution
can be fitted by the logarithm Gaussian distribution. The
average size obtained from the fitting was 14 nm, which
was a typical size of nanocrystals precipitated in the anneal
condition at 800 °C for 2 h after **Fe” ion implantation into
Si(001) substrates. The density of the nanocrystal at the ar-
ea surface was calculated to be 3.72x10"’ cm™.

Figure 2 shows change of PL spectra for carbon-
doped B-FeSi, nanocrystals when the dose of Cg," ions was
increased from 5x10'" to 5x10" ions/cm”. A shown in the
figure, the PL spectrum can be decomposed into two main
emissions being the A and C band emissions. The PL spec-
tra were measured at 10 K. The A band emission is intrin-
sic and originated to indirect dissociation of excitons [9],
while the C band may be related to transitions between the
conduction band and acceptor levels due to Si deficiency
[14, 15].

In comparison with the non-doped sample, we ob-
served enhancement of PL intensity for both the A and C
band emissions in the dose less than 10" ions/cmz, and
found that the A band intensity was pronouncedly en-
hanced by 260% in the doping of 10" ions/cm?, while the
intensity was decreased with increasing the dose above
10" ions/cm®. The behaviour of the C band intensity with
the dose was the same to that of the A band one.

500

10K |

C_dose (cm'z)
60

----- non-doped

300 -

—5x10'?
—1x10%
—5x10%

PL Intensity

100

0.75 0.80 0.85 0.90
Photon Energy (eV)

Figure 2 Photoluminescence spectra of non-doped and C-doped
B-FeSi, nanocrystals. The symbols A and C denote emissions
from the A band at 0.80 eV and the C band at 0.76 eV, respec-
tively. The amount of carbon doped into the sample was ex-
pressed by the dose of Cyy implanted into 3-FeSi,.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Changes of binding energy of excitons (AE©),,) of car-
bon doped samples from that of non-doped one as a function of
Cyo' ion dose.

Figure 3 shows magnification of enhancement of the
A band intensity in comparison with the PL intensity of
non-doped B-FeSi, nanocrystal as a function of Cg ion
dose. It was found clearly that carbon doping was effective
to enhancement of the A band emission. However, high
dose case of 5x10" ¢cm™ induced decrease of the PL inten-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

sity. RBS revealed that implantation damage at the shallow
layer specially increased at this ion dose. We can speculate
that such a surface damage can play as non-radiative re-
combination centers or thermalization traps of excitons
which lead decrease of the PL intensity. Therefore, carbon
doping effect on the PL may be lost by the implantation
damage.

Next, we measured the exciton binding energy (Ec)
as a function of the dose in order to confirm the bound
state of excitons. The exciton binding energy in carbon-
doped samples (E“., ) can be calculated from a red shift of
the A band peak energy. In comparison with the E,, for the
non-doped sample, the energy change (AE“),,) with doping
carbon can be evaluated as shown in Fig. 4. It was found
that carbon doping below the dose 10" ¢cm™ of Cg' ions
contributed to increase of the binding energy. The maxi-
mum increase of 1.8 meV was observed at the dose corre-
sponding to the maximum enhancement of the PL intensity.
This result implies that there is a strong correlation be-
tween the magnification of A band enhancement in Fig. 3
and the change of binding energy in Fig. 4 and that the PL
enhancement observed may come from the presence of
bound exciton with a large binding energy.
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Figure 5 (a) PL spectra of non-doped and carbon doped B-FeSi,
nanocrystal and (b) those of polycrystalline film.
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We investigated a difference in the effect of carbon doping
into B-FeSi, with different crystal morphology to the en-
hancement. Figure 5 shows (a) the PL spectra for the nano-
crystal and (b) those of B-FeSi, polycrystalline films in
both non-doped and carbon doped cases.

The shape of PL spectrum for the polycrystalline
film was different from that for the nanocrystal, and the in-
tensity was smaller than that for the nanocrystal. It is be-
cause in the polycrystalline film some defect related light
emissions dominate the PL property, and for such extrinsic
emissions contribution of the intrinsic A band emission to
the PL property decreases. We observed no effect of car-

bon doping into the polycrystalline film on the PL intensity.

This result suggests that carbon doping may contribute
strongly to the intrinsic A band emission relating to the ex-
citon process and not to such a extrinsic emission process.

4 Conclusions We have systematically investigated
the photoluminescence behaviours of carbon-doped f-
FeSi, nanocrystal and found pronounced enhancement of
the PL intensity in the carbon-doped nanocrystal with the
most appropriate dose (10" cm™ as a Cq" ion dose in the
present study). The exciton biding energy increased sys-
tematically with increasing the doped carbon except for the
case of high dose implantation. It have been confirmed that
there is a strong correlation between increase of biding en-
ergy of excitons and enhancement of the PL intensity.

From experimental results, it can be speculated that
such an increase of the binding energy observed in carbon-
doped sample has its origin in bound exciton states due to
isoelectronic traps (IET) by carbon atoms doped into [3-
FeSi, nanocrystals. However, further studies are needed in
order to confirm the real contribution of the IET to influ-
ence on the exciton states and enhancement of related in-
trinsic light emission.

WWW.pss-c.com
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Fig.1 Photoluminescence spectra with the A and C bands emissions at 10 K (left) and the intensities of the A and C bands
normalized by those of the non-doped sample as a function of the 60 keV-Cgy 10n dose (right).
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Introduction

A specific luminescence of B-FeSi, nanocrystals has been observed at 0.803eV (A band due to recombination of
indirect excitons) and expected to be applied to Si based light emitters at telecom wavelengths [1]. Other effective
elements for enhancement of the A band luminescence have not been found except for Al and B [2,3]. Carbon in the
B-FeSi, lattice was predicted to form isoelectronic traps (IET) because of its large difference in electronegativity
between C and Si [4]. We can actively expect enhancement of luminescence efficiency by bound excitons (BEX) due
to the IET. In this study, we investigated ion beam synthesis of carbon doped B-FeSi, nanocrystals embedded in Si
and photoluminescence (PL) properties, and found pronounced PL enhancement by C doping.

Experimental Procedures

B-FeSi, nanocrystals were formed at the surface of Si substrate by ion beam synthesis, in which 200 keV-"Fe”
ions with the dose of 10" ions/cm® were implanted into Si(001) substrates. The iron implanted substrates were
annealed at 800°C by rapid thermal anneal (RTA). We employed Cq," cluster ions to realize shallow implantation. 60
keV-Cy, ' ions with doses of 5x10'"-5x10" C60+/cm2 were implanted into the surface layer with nanocrystals. The PLs
excited with an Ar' ion laser of 514.5 nm were measured with a monochromator and a LN, cooled Ge-pin
photodetector. All the spectra were detected at the constant optical condition in order to compare their intensities.

Results and Discussion 500 ‘ ‘

Figure 1 shows some PL spectra at 10 K corresponding to 10 K A‘ (0.803 eV)
the dose of Cg,' ions. The spectrum showed two components of 400 C,, ion dose (cm™)]
the A band at 0.803 eV and the C band at 0.763 eV. Both - ‘1‘1 — non-doped
intensities of the A and C bands were observed to be dependent % 300 F / | ——sx10m2
upon the dose. In comparison with the non-doped sample, § :;i]gi]g
especially only the sample implanted by 10" Cg" ions/cm? f 200 - \ ]
showed pronounced enhancement by 260 % of the A band o C(0.763 eV) /A
luminescence. The intensity rapidly decreased as the dose 100 | //L‘:/ /;/(\\ ]
increased from 10" Ceo” ions/cm’. This critical dose of 10" ,/r e 3\ \
ions/cm” at 60 keV corresponds to ~1 at%C. Using the density of { "“‘/// ‘/‘ T
2x10""em™ and the average size of 14 nm for spherical 07 0.75 0.8 0.85 0.9
nanocrystal obtained by an electron microscope observations and Photon Energy (eV)

the ﬁ—FeSiz unit cell volume of 602.9 AS we can know that Fig.1 Photoluminescence spectra of carbon doped B-FeSi, as a
. . .. function of the Cq' ion dose.

average number of C atom doped in the unit cell of B-FeSi, is one HneHom OTTRe o o Cose
atom at the critical dose. One C atom doping into -FeSi, lattice can realize effective formation of BEX due to the

IET, so that pronounced enhancement of the PL may be caused by quasi direct recombination of BEX.
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Abstract
A specific luminescence of B-FeSi, nanocrystals has been observed at 0.803eV (A band due to recombination of indirect excitons) and
expected to be applied to Si based light emitters at telecom wavelengths. Other effective elements for enhancement of the A band
luminescence have not been found except for Al and B. Carbon in the B-FeSi, lattice was predicted to form isoelectronic traps (IET)
because of its large difference in electronegativity between C and Si. We can actively expect enhancement of luminescence efficiency by
bound excitons (BEX) due to the IET. In this study, we investigated ion beam synthesis of carbon doped p-FeSi, nanocrystals embedded
in Si and photoluminescence (PL) properties, and found pronounced PL enhancement by C doping.

Introduction Motivation Experiments
Sample preparation
Photoluminescence properties of B-FeSi, We expect large ype CZ-Si(100) (1) Fe ion implantation
efficiency of p-FeSi, by carbon doplng (1) Fe* ion implantation 200keV i
Bulk Nan tals lon : %6Fe* -
u anocrysta’s Carbon on a Si-site in p-FeSi, was predicted |:‘p|am:m energy : 200keV si
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z H P Implantation energy : 60keV & res
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Resume : Beta-FeSi is one of important light emitting materials which can be synthesized on

Si substrates. We report synthesis of beta-FeSi> nanocrystals embedded in a Si matrix and
enhancement of IR light emission at 1544 nm (corresponding to the A band at 0.803eV). High

purity synthesis of the nanocrystal can be realized by iron ion-beam implantation into Si

substrates and post thermal anneal. We found the fact that the intensity of light emission was

affected by a thermal annealing process. A double step process of both preannealing at 400

or 500°C and postannealing at 800°C was very effective to enhacement of the A-band light

emission. Observations using Rutherford backscattering spectrometry (RBS), IR absorption
spectroscopy and Scaning Electron Microscope (SEM) teach us that the enhacement of light

emission from beta-FeSi> nanocrystals surely originate from increase in nucleation density of
nanocrystals.
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Resume : We report enahncement of photoluminescence (PL) intensity by doping of carbon

atoms into beta-FeSi> nanocrystals. Carbon atoms were doped into the nanocrystals by

implantation of Ceo cluster ions. The most appropriate condition of implantation dose at the

energy of 60 keV was investigated by PL measurements. At the best doping condition, we

found enhacement of the intrinsic (A band) PL intensity by 230% in comparison with non-

doped samples. A model of bound excitons at doped carbon atoms in nanocrystals was

discussed as one of possible models to undestand the observed PL enhancement.
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Study on Insulation Degradation Properties of Satellite Material irradiated by Proton

Ryo Uchiyama, Hiroaki Miyake, Yasuhiro Tanaka
Tokyo City University

The spacecraft like a communication or a broadcasting satellite flying in GEO (Geostationary Orbit) is always

exposed to plasma and/or radioactive-rays such as a-, -, and y-rays. When the insulating materials, in which the

spacecraft is wrapped to keep temperature in it stable, are irradiated by the high energy proton beam, sometimes an

unexpected accident due to an electrostatic discharge occurs. However, it has not known how the irradiation affects

to change of the electrical properties of the materials. In our previous research work, we especially focused on an

internal charging phenomenon which must affect to the electrical properties of irradiated polyimide for spacecraft.

Judging from the measurement results, it is found that a positive charge accumulates in polyimide rapidly up to a

certain saturated value, then it gradually decreases even during the proton beam irradiation. As the reason for the

phenomenon, we consider the generation of RIC (Radiation Induced Conductivity). In this paper, we tried to

measure the space charge distribution and conduction current under DC stress of 100 kV/mm in proton beam

irradiated different type of Polyimides to figure out the mechanism of RIC.

Key words: Spacecraft, Proton beam irradiation, Insulating material, Polyimide, Space charge, Conductivity
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NTHEZ EOFHEL, BEZOM LWFHER
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T EBIG AL, BRI OB EOTH IR
WIS N TV DR ORRER) - idE 2 51 & 29 1] 4%
B ICRRT AEREBED S b, WL B
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ZEAENTWBEMIZHS. b OEIT Y 7
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E, HERNEEZITo/. RHTIE, I bORER
& X BEE T43tik(Xray photoelectron spectroscopy:
XPS)RP4E4} « RIS YA (Ultraviolet - Visible Absorption
Spectroscopy: UV-VIS)E D B Hr FIEDORERE &
2, RUA I ROoTm b BN L Dz bR ER

W EBRENAT > =D TULFICHET 5.

2. AERES L UHARRBHENE

2.1 PEAZEDFRE

Fig. 1(a)lZ PEA IEDJFERX A7~ 7. B THA T2
WV REREANINT D Z L2k 0, ZERIEROFET
LEAE (BAJ50h) CHES BRI L, 3R
BHZERE L CWDEMBINENT 5. Zhuc kY, &
TRENFRET D, EEE N EmA S L T Y —



(EEF#RT) ICBEL, BREFICARINDG. TER
TSN EEEBEE TS D Z itk - T
ZEIEMA A 5. 2Rk, JESRIEEREIN OB E
FET D ENENDOMENOIAET D120, JEEHLTIZE
TS5 E TICHRENE LS. 2 HIE B O E
E LTRSS DT, BN ZERER OB H A
BAZENTED. IBIL, BAETAEEOIREILE
W HBIT 572, BEEI S L ERE A
75 LNTE D2

2.2 ASTMEDRE
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Fig. 1 Principle of the measurement
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Fig. 2 Chemical structures of polyimide films
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Table 1 Naming table of the irradiated samples

Accelaration energy Sample name Penetration depth
PA PB
RIS PAO PBO
1.0 MeV PA10 PB10 19 pm
1.5 MeV PALS PBI5 37 um
2.0 MeV PA20 PB20 59 pm
2.5 MeV PA25 PB25 84 pm
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MR OERFENE R T5 &, FIET R L X—128
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