LT ==

ik JP0450799
2004-025

TIARA Annual Report 2003

Advanced Radiation Technology Center

BXAEFHDMREF |
Japan Atomic Energy Research Institute




KLUR—= M, BREFHIHERPAZHICATIL TV EEHREETT,
AFOBE&LEE, BREFHEHRFAEREFIERR (T319-1195 KBEIRIHT
HEEN) HT, BRELBLLZE SV, 2B, ZOE»ICHEEARFHILEESERE
Z— (F319-1195 RPEICFTRLE R B AREFHIFERTA) THEICLAERBEME B
ZhoTBNTT,

This report is issued irregularly.
Inquiries about availability of the reports should be addressed to Research Information
Division, Department of Intellectual Resources, Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan.

© Japan Atomic Energy Research Institute, 2004
TRESFAT H AR+ 98ET

-



JAERI-Review 2004-025

TIARA Annual Report 2003
Advanced Radiation Technology Center

Takasaki Radiation Chemistry Research Establishment
Japan Atomic Energy Research Institute
Watanuki-machi, Takasaki-shi, Gunma-ken

(Received October 4, 2004)

This annual report describes research and development activities which have been performed
with the JAERI TIARA (Takasaki Ion Accelerators for Advanced Radiation Application) facilities
from April 1, 2003 to March 31, 2004. Summary reports of 115 papers and brief descriptions on
the status of TIARA in the period are contained. A list of publications, the type of research
collaborations and organization of TIARA are also given as appendices.

Keywords: JAERI TIARA, Ion Accelerators, Solid State Physics, Radiation Effects in Materials,
Materials for Space, Semiconductors, Organic Materials, Inorganic Materials,
Nuclear Fusion Reactor, Functional Materials, Radiation Chemistry, Radiation
Biology, Nuclear Medicine, Biotechnology, Radioisotope Production, Nuclear
Chemistry, Radiation Shielding, Materials Analysis, Microbeam Technology,
Accelerator Technology, Safety Control

(Eds.) Yoshiro OHARA, Kazuo ARAKAWA, Shigeru TANAKA, Hiroshi NARAMOTO,
Masaru YOSHIDA, Hisayosi ITOH, Masato YOSHIKAWA, Atsushi TANAKA,
Yasuhiko KOBAYASHI, Mitsuhiro FUKUDA, Michiaki OTSUBO, Satoshi TAJIMA
and Susumu TANAKA



JAERI-Review 2004-025

W 4 CHREFFER (TIARA) FAkl 5 EEFRRE

H A JE T S W22 P i M A 2
B mEMAE > 5 —

© (2004 4E 10 A 4 H=H)

RERBE FA 4 O BEERmR T, 2003F 43 1 HMS 200443 A 31 HE
TOMIITONEMEEHOMEZELDEBOTH D, 1) FHHALER., 2) N1 4
FTr/aY—, 3) BELFEBIOCEEMEL 4) EEMEL 5) MBUENT. 6) B
FRROIDATAY F—TEE, 7) XA BE—LA. 8) MEER R O AR E
W 9) MUERIBEAMD OEMITHZS 1 1 5 MOMFEIMEITIMA T, MR DO EELRST - H]
FARBE. ARSI N2 CER, B3¢ - KPS EOER I BIFR. DR - M skE & i Z 1Y
Y B ~

SIS RT © T370-1292 HEERIETHAREENT 1233
RERE . /MNRAER., TRk, HP K. MR . FHOB. FEAE. FHEA.
He E, NMEE, EHLE. KEER. B8 . B #



JAERI-Review 2004-025

PREFACE

This report covers research and development activities which have been conducted with
TIARA(Takasaki Ion accelerators for Advanced Radiation Application) during the period from April
2003 to March 2004, and also gives an outline of the operation of TIARA in the same period.

All accelerators in TIARA, the AVF cyclotron, the 3MV tandem accelerator, the 3MV
single-ended accelerator and the 400kV ion implanter, have been operated steadily since the start of
operation in 1993. The beam-time has been allocated to the research programs as evaluated in
advance by the Subcommittee of TIARA of Advisory Council for JAERI's Research Facilities. In the
meantime, available ion species and their energy ranges have been widened to meet the requirements
from users, and the quality of ion beams have been improved intensively.

In the research on semiconductors used in space, radiation degradation of solar cells, single event
phenomena (SEP) in integrated circuits, and development of radiation resistant devices have been
investigated using TIARA. In radiation effects in solar cells, it was found from proton irradiation at around
200K that the radiation hardness of Cu(In,Ga)Se, and InGaP solar cells were attributable mainly to
amnealing of radiation damage at room temperature. Regarding SEP, transient currents observed in MOS
capacitors irradiated with high energy heavy ions like 322MeV-Kr were interpreted as displacement
currents generated in the oxide film. In order to examine SEP caused in terrestrial LSIs by cosmic-rays
(high energy neutrons), the measurement technique of transient currents induced in diodes by
quasi-monoenergetic neutrons has been developed. In the R&D of radiation resistant devices, SiC-based
n-channel MOS field effect transistors (MOSFETS) exhibiting the electron channel mobility of 230cm’/Vs
have been successfully fabricated using hot-implantation and pyrogenic oxidation.

In the field of biotechnology, the biological effects of track structure were investigated for
different swift ions with the same LETs by visualizing DNA damage around ion tracks in the hit cells.
A number of bystander effect studies are in progress using heavy-ion microbeams. The formations of
foci of YH2AX were found in the unirradiated cells in the bystander colonies. For the positron
emitting tracer imaging system (PETIS), mathematical analysis method of the PETIS data was
developed to understand the photoassimilates transportation and partitioning in a broad bean plant
quantitatively. The rate of photoassimilates transportation in the stem increased with recede from
CO, feeding leaf. For the mutation induction of plants, novel phenotypes such as late bolting in
bunching onion, different alkaloid contents in ipecac, and others have been generated. As increased
dose of ion beams easily induce the decrease of the nuclear DNA contents, many investigators prefer
to use low dose irradiation for the mutation induction.

In the field of radiation chemistry and organic materials, the following results should pay
attention in these studies. y-irradiation to polyethylene terephthalate films bombarded with **Xe ions
(3.5 MeV/n) effectively promoted the formation of crosslinked structures in the latent tracks, thereby
increasing the thickness of the gel layer swollen by absorbed etchant. It was newly found that the
current-voltage analysis of the crosslinked Si-based polymer nanowires with the length of 10 ~ 1000
nm and the thickness of 4.0 — 19.4 nm obtained by the high-energy single ion hitting method is clearly
indicated intrinsic semiconductive features. In cluster ion bombardment experiments, the mass
spectroscopy is a very useful tool for chemical analysis of materials with lower electric conductivities.

In the field of nuclear fusion and advanced fission reactor materials, various kinds of
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experimental studies were performed. In order to simulate the effects of He and/or H produced
through transmutation reactions, dual or triple ion-beams were irradiated onto the candidate
fusion/fission reactor materials (reduced activation ferritic/martensitic steels, austenitic stainless steels,
SiC/SiC composites). Effects of implanted helium and/or hydrogen atoms on physical, chemical
properties and thermo-mechanical properties (thermal diffusivity, radiation hardening, corrosion) as
well as microstructure evolution (change in composition, voids) by irradiation damage were
investigated.

In the field of inorganic materials, the changes of the electronic structures induced by
nitride-implantation to pure Titanium were examined by in-situ TEM observation and the formation
processes of Titanium nitride during ion-irradiation were clarified. The growth condition of TiO, films
on highly oriented ZnO buffer layer with nanometer sizes grain on a quartz glass was determined by
using X-ray diffraction and Rutherford backscattering (RBS) analysis and photo-catalytic films with a
high efficiency was realized for the decomposition reaction. As for the study of fast cluster ions, the
dependence of energy spectra of cluster-induced electrons on the number of cluster atoms was
observed and the energy spectra in the range from 0 to 10 eV was found to reflect the interaction of
the cluster with the target electrons up to a depth of about 100 &. .

The activities in materials analysis have been extended from the classical field into the new and
interdisciplinary ones, and the solid-state reaction process between defects and implants has been
employed in a positive manner to realize novel materials phases. The ion beam treated surfaces have
been reasonably analyzed by employing complementary directional beams including ion beam.
Intensive effort to generate the cluster ions with the broad range of energies and ion-species has made
possible to study about the non-linear effect of radiation effects by structured ions with possible
applications of the massive momentum transfer process.

In the nuclear science and radioisotope production, the study on the production method of positron
emitting nuclei was continued. In particular, the excitation functions of "*Se and "°Se were determined
by the stacked foil method. For the therapy of bone cancer, production procedure of endohedral
*Xe-fullerrenol was modified to obtain high yield. Further, preliminary experiments were performed
to develop a mathematical analysis technique for PETIS data.

In the field of microbeam applications, in-air micro-PIXE and micro-PIGE(Proton Induced
Gamma-ray Emission) techniques have been widely used for investigation of elemental distribution in
microscopic area and for quantitative analysis with high spatial resolution. X-ray detection efficiency
of the in-air micro-PIXE analysis system has been drastically improved. Low concentration of Cs in
the yeast S. cerevisae has been detected by the in-air micro-PIXE analysis, while the Cs peak was not
observed by SEM-EDS(scanning electron microscopy energy dispersive speciroscopy). New
information on fluorine concentration at carious and sound fissures of teeth has been obtained by the
in-air micro-PIXE analysis. Application of monochromatic X-rays produced by MeV protons to high
contrast X-ray imaging of biological samples has been demonstrated. Development of a 260 MeV
*Ne”* microbeam is steadily in progress at the AVF cyclotron facility. .

In the field of radiation shielding for accelerator facilities, three experiments have been
conducted aiming to contribute to the radiation safety of the accelerator facilities. The first one is on
the measurement of G-value for nitric acid production by high energy (50MeV) proton irradiation to
atmospheric air, and the G-value was calculated to be 1.2. The second one is on a successful
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measurement of absorbed dose distributions in phantoms irradiated by 40MeV and 75MeV
quasi-monoenergetic neutrons. It was found that the calculated absorbed dose by MCNPX and PHIS
agreed well with the measured ones. The third one is on a development of track detector type personal
dosimeter for high-energy neutrons. The increase in the sensitivity has been obtained experimentally
for a thick radiator of the order of a few g/cm”.

In the field of accelerator technology, a positron source using the nuclear reaction with proton
accelerated by the cyclotron was designed and installed in order to generate an intense positron beam.
In the cluster ion beam research, the secondary ion emissions from a highly oriented HOPG target
bombarded by carbon cluster ions were measured by the TOF mass spectrometer, and a non-linear
effect was observed clearly. Coulomb explosion images and average charge states of carbon cluster
ions after passing through a thin foil were measured. In the development of a flat-top acceleration
system for the cyclotron, the turn-separation, which indicated a lower energy spread of the beam, was
clearly observed using the beam of 260MeV *Ne’*. A beam current stabilization system using beam
attenuator was designed and installed on a beam-line connected to the ion implanter, and the beam
stability of less than +3% was achieved.

The TIARA accelerators have been utilized smoothly in 2003 fiscal year and the operation time
of each accelerator was 3382 hours, 1988 hours, 2286 hours and 1773 hours for the AVF cyclotron,
the tandem accelerator, the single-ended accelerator and the ion implanter, respectively. The radiation
safety controls and radioactive waste managements were also steadily carried out.

The reception of the users, the supports on utilizations of the experimental apparatus, and safety
management of the radiation controlled area have been conducted smoothly.

The Thirteenth TIARA Research Review Meeting was held on June 28 and 29, 2004 in Takasaki,
of which subjects were reported in this issue. Thirteen oral and ninety five poster papers, and one
invited lecture were presenied. Three hundred and twenty one persons participated in the meeting.

We owe the progress mentioned above to the advice of the Consultative Committee for Joint
Research Project and the Subcommittee of TIARA of Advisory Council for JAERI's Research
Facilities. ‘

Yoshihiro Ohara, Director
Advanced Radiation Technology Center
Takasaki Radiation Chemistry Research Establishment
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1. Introduction

JAERI-Review 2004-025

Radiation Response of Cu(In,Ga)Se , Thin Film Solar Cells

S. Kawakita*, K. Shimazaki *, T. Sumita*, M. Imaizumi*, S. Kuwajima*,

T. Ohshima** and T. Kamiya**
Japan Aerospace Exploration Agency (JAXA)*
Department of Material Development ,JAERI **

irradiation

experiments

A copper indium gallium di-selenide
(CIGS) thin-film solar cell is a promising
candidate for future thin-film solar cells

used in space since the cells have
demonstrated conversion efficiencies
exceeding 19%, which is significantly

higher than other thin-film solar cells®.
CIGS solar thin film solar cells exhibit
excellent radiation tolerance®. In addition,
CIGS perform better than
conventional Si and GaAs space solar cells,
because they are low cost and light weight,
and because the cells can be formed on
either polyimide® or stainless steel sheet®
substrates.

Radiation damage studies for CIGS
thin-film solar cells show that high energy
electron irradiation -does not degrade the
electrical properties of the cells, but high
energy proton irradiation degrades those
properties in much the same way as in other
types of solar cells”. These studies also
show that in radiation damage to the cells by
proton irradiation, the irradiated cells were

solar cells

gradually recovered when kept at room
temperature”. This recovery implies that the
annealing rate of radiation damage in CIGS
thin-film solar cells is faster than that in
other types of solar cells®. Therefore,
radiation damage in the CIGS cells is
supposed to be recovering during proton and
electron irradiations. To clarify the
recovery phenomenon of radiation damage
in CIGS thin-film solar cells, we must study
annealing effects of radiation damage in the
CIGS cells in detail.

In this paper, we report on the results of

energies of protons and 1MeV electrons.
The annealing rates of proton degraded
electrical properties are derived from our
results.

2. Experimental

CIGS thin-film solar cell samples (total
area of 0.6 cm®) were cut out from a
30cmx30cm  CIGS  thin-film
(integrated mini-module) and fabricated by a
selenization/sulfurization method”.  The
structure of the cells was
Zn0/Zn(0,S,0H)x/Cu(In,Ga)Se,/Mo/Glass”.
The solar cells had an average efficiency of
10.0%, open-circuit voltage (Voc) of 570 mV,
short-circuit current density (Isc) of 40
mA/cm®, and a fill factor (FF) of 60%,
which were measured under AMO, one-sun
condition. The cells had a lower FF than
typically reported for CIGS thin-film solar
cells, because the cells had relatively high
their

circuit

series resistance due to contact

structure.

3. Results and Discussion
3.1 Relative Damage Coefficient(RDC) of
CIGS Solar Cells

We performed proton irradiation using
the ion implanter, the tandem accelerator
and the AVF cyclotron at the Japan Atomic
Energy Research Institute, Takasaki. We
irradiated the cells with protons of 0.05,
0.10, 0.20, 0.38, 1.00, 3.00 and 10.00 MeV
to study the dependence  of radiation
damage on proton energy. Figure 1 shows
the degradation of the cells by proton
irradiation. The cell performance did not
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degrade below the level of 0.20 MeV in
proton energy, because the protons may stop
at the ZnO window layer on the CIGS
absorption layer. We derived the RDC of the
performance on the cells as shown in Fig. 1.
The RDCs of the short-circuit current (Isc)
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Fig. 1 Remaining factors of (a) Isc

and (b) Voc on the CIGS solar cells
irradiated with 0.05, 0.1, 0.2, 0.38, 1, 3
and 10 MeV protons.

ol 1]

—A— Isc
L__| —B— Voc

w
o

H

(=3
—_—
-

)

[}

i
P

Relative Damage Coefficient
@
=)

\
Ml e |
10

0
0.01

—
<
(=]
-
-

. 1
Proton Energy (MeV)

Fig. 2 Relative damage coefficients for
Isc and Voc of the CIGS solar cells
irradiated with protons.

and the open circuit-voltage (Voc) are
derived from the proton fluence of 10 %
degradation compared with that in the case
of 10 MeV proton. The RDC value at each
proton energy is shown in Fig.2.

3.2 Annealing Rates of Voc and Isc of
Proton-Irradiated CIGS Solar Cells

The following equation expresses the
annealing rate of irradiated CIGS solar cells:

B=B(1 exp(—Al) s (1)

where B is the degradation after annealing,
By is the degradation before annealing, A is
the annealing rate and t is time.

We conducted the thermal annealing
experiments in darkness for the CIGS solar
cells irradiated with 3MeV protons. The
fluence was 1x10™ cm™. The
remaining factors of Isc and Voc were 85 %
and 55 %, respectively. The relations of the
annealing rates of Isc and Voc in the cells to
temperature are shown in Fig. 3 (a) and (b),
respectively.

proton

3.3 Intrinsic Degradation of CIGS Solar
Cells by Protons at Low Temperatures

We performed the proton irradiation
tests for CIGS
temperatures  to

solar cells at Jow
verify the intrinsic
degradation rate without thermal annealing.
The cells were cooled using a cryo generator
avoid the
annealing effect. The lowest temperature of
the sample light
irradiation was below 200 K. Figure 4
illustrates the changes of the remaining
factors of Voc and Isc after irradiation of 10
MeV protons. We measured the performance
of the cells irradiated with 10MeV protons
for each fluence level. The temperature of
the cells was 250K to 270K during the
test. The data in Fig. 3
demonstrates that the recovery rate of the
cell performance was less than 1x10® s and
the experiment lasted 5 hours. Therefore, the

system in order to thermal

without proton and

irradiation

— 4 —
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recovery from proton induced-damage in the
solar cells was less than 1% and therefore
negligible.

We express the degradation of the solar
cells electrical performance as follows:
D=D, ~Clog(]+—%) , )
where D is the performance after irradiation,
Dy is the initial performance, C is the
constant value, ¢o is the fitting parameter
and ¢ is the radiation fluence. The value of
C and ¢ of the cells were derived from the
fitting to the experimental result using
equation (2) and are shown in Table 1.

Table 1. Degradation rate of CIGS solar
cells irradiated with 10 MeV protons.

X da (cm™)

Isc 0.03
Voc 0.15
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Fig. 4 Remaining factors of (a) Isc and (b)
Voc obtained at low temperatures for the
CIGS solar cells irradiated with 10MeV
protons. The solid lines are derived from

Eq. (2).
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1.2 Recovery of Electrical Properties of InGaP Solar Cells after
Proton Irradiation at Low Temperatures

A. Ohi*, T. Ohshima*, T. Kamiya*, M. Imaizumi**, T. Sumita**, S. Kawakita**

And K. Shimazaki**

Department of Material Development, JAERI*
Japan Aerospace Exploration Agency (JAXA)**

1. Introduction

Solar cells are used as the primary energy
source of artificial satellites in space. Since the
electrical performance of solar cells is degraded
in space radiation environment, the prediction of
their lifetime is very important to design power

system of artificial satellites with high reliability.

For this purpose, it is necessary to understand

the degradation behavior of electrical

characteristics of solar cells. Recently, with

increasing electric requirements of satellites,

solar cells with high efficiency are needed to
develop. Since multi-junction solar cells based
on [II-V compounds show high efficiency, these
solar cells are regarded as promising candidate
for space application. InGaP n-p junction solar
cells are used as the top subcells of
InGaP/GaAs/Ge triple junction solar cells, and it
was reported that the electrical performance of
InGaP cells irradiated with 1MeV-electrons was
recovered by the injection of minority carriers”.
For the accurate prediction of lifetime of these
solar cells, it is necessary to understand details
of recovery behavior as well as that of
degradation Because both the

degradation of electrical characteristics due to

behavior.

irradiation and the recovery due to carrier
injection affect the power generation by solar
cells, we need to propose degradation models
including recovery effects. Thermal annealing
effects are also thought to affect the recovery of
the electrical characteristics of solar cells.
Therefore, for understanding the recovery
effects by carrier injection, the measurement

should be carried out at Jow temperatures.

In this study, we report in situ technique for

the measurement of solar cell properties
combined with proton irradiation at low

temperatures.

2. Experimental procedure

The sample used in this study was a InGaP
single n-p junction solar cell on GaAs/Ge
substrate. Figure 1 shows a schematic diagram
of experimental setup. The sample was set on
the stage of which temperature can be controlled.
The electrical properties of the solar cell were
characterized under light illumination. A single
lamp solar simulator was used as the light source
in this study. The electrical characteristics such
as short circuit current (Isc), open circuit voltage
(Voc) and maximum power (Pmax) were

lon
implanter

o
Q
<
[o]
fa
Q.

solar
simulator

view
port

top view

FV measurement
system

Fig.1 Schematic diagram of experimental
setup
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derived from current-voltage (I-V) curves. The
cell was kept in dark condition except under I-V
measurements.

After evacuation and cooling, the sample was
irradiated with 40 keV-protons. Protons at
energy of 40 keV penetrate to the p-type InGaP
base layer. The sample temperature was kept
around 140 K and the total proton fluence was
1.2X10"%/em*. To check the recovery of cell
characteristics by carrier injection, IV
measurements under light illumination were
repeatedly performed at 140 K after proton
irradiation. Then, thermal annealing behavior of

cell characteristics was observed.

3. Results and discussion

The Isc, Voc and Pmax values measured at
low temperatures after proton irradiation are
shown in Fig.2. No significant change in both
Isc and Voc are observed due to current
injection by light illumination. On the other
hand, Pmax recovered and saturated after
600min. This result indicates that the recovery

of curve fill factor (FF) occurs by current
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Fig.2 Solar cell characteristics at a low
temperature (~130K) after proton irradiation
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injection. Since FF relates to p-n junction
properties such as leakage currents, the result
obtained in this study suggests that defects near
junction decrease by carrier injection.

The wvalues of Isc and measurement

temperature obtained from the annealing
procedure are plotted as a function of time in Fig.
3. A remarkable increase of Isc is observed at
around 150-200 X and no

significant increase of Isc is observed above 200

temperatures

K. This means that defects which act as carrier
traps decrease around 150-200 K. Therefore, the
results obtained in this study suggest that two
type of the recovery (carrier injection and
thermal annealing) occurs in InGaP solar cells
irradiated with protons. To clarify the structure
of these defects, further investigations are
necessary.

4. Summary

The electrical properties of InGaP solar cells
irradiated with 40keV protons were evaluated
using low temperature proton irradiation and in
situ 1-V measurement technique. Recovery of
cell performances is found in annealing after
proton irradiation. These results indicate that this
technique can provide us new information about
radiation response of solar cell properties.

References
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1.3 Bulk Damage Caused by Protons and Heavy Ions

in SDRAMs

H.Shindou’, Y.lide", N.Ikeda , S.Kuboyama’, S.Matsuda ,

T.Hirao ~ and T.Kamiya'

Japan Aerospace Exploration Agency (JAXA) ’
Depertment of Materials Development, JAERI™

1. Introduction

In the design rule for integrated circuits, the
circuit size is becoming smaller year-by-year.
Along with the design rule, the signal level
handled in the circuits is also becoming smaller.
In extremely fine devices, the bulk damage
introduced by single proton or heavy ion is
expected to affect their performance while single
ion induced malfunctions called single event
upsets (SEUs), multiple bit upsets (MBUs)" and
single event functional interrupts (SEFIs)® are
well known. In a previous study” it was
confirmed that most of the bulk damage caused
by protons and heavy ions was defect clusters
formed by the recoiled atom cascade in X-ray
observation Charge Coupled Devices (CCDs).
This type of damage is a serious problem for
CCD imagers because in the pixel involving
such defects, a large dark current is generated
without any optical input.

It is most likely that displacement damage
degrades the elecirical performance of memory
devices like dynamic random access memories
(DRAMsS), which are also very susceptible to
single event effect (SEE) and total ionizing dose
(TID) effects” ). This study is concerned with a
new failure mode that is attributable to the bulk
damage caused by single proton hit in
commercial 256Mbit SDRAMs.

2. Possibility of device malfunction caused by
bulk damage
At first, we describe the possible mechanism
of the new error mode caused by the radiation

in DRAMs. The
representative cross-sectional structure of the

induced bulk damage

DRAM memory cell is shown in Fig.1l. In
DRAMSs, the data is physically memorized as
charged or discharged state of the storage
capacitor. It is necessary to refresh the data
repetitively to maintain the charged state
because the storage

capacitor  discharges

gradually. In the charged state, electrons are
swept out from the diffusion layer and the
depletion layer is formed around the diffusion
layer- substrate junction. If some stable defects
are introduced in the depletion layer, electron-
hole pairs are generated and electrons are
collected to the diffusion layer by the electric
field. As the result, the defects in the depletion
layer accelerate the discharge of the capacitor,
and the refresh rate required to retain memorized
data becomes shorter. Thus the refresh rate is
considered as the key parameter to examine the

damage effect on the memory storage.

Bit Line (Al) Plate (poly-Si)
| v

Word Line :
{poly-Si})

Fig.1. Representative cross-section structure of
DRAM cell (Stack type)
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3. Experimental

Two types of commercial 256Mbit SDRAM
were used in this experiment. A summary of
these devices is shown in Table 1. Both memory

devices are organized as 8Mword x 8bit x 4bank.

The change in the refresh rate to retain
memorized data was measured as a typical
parameter to detect the effect of bulk damage.
For ion irradiation to the sample devices, we
used 70MeV protons and 322MeV Xe ions
accelerated with the azimuthally wvarying
frequency (AVF) cyclotron at the Takasaki
Radiation Chemistry Research Establishment of
Japan Atomic Energy Research Institute
(JAERI). The irradiation was performed at room
temperature with all the terminals grounded to
prevent the influence of other phenomena such
as single event latch-up (SEL). The pre- and
post- irradiation refresh rate was measured using

an LSI tester.

Table I Description of Sample Devices

Device type Manufacturer Cell
TC59SM808BFT-80 Toshiba Trench
HM5225805BTT-A6 Hitachi Stack

4. Result and discussion

Three sample devices of each device type
were tested. Fig.2 shows the number of failed
words in the virgin devices as a function of the
refresh rate. The maximum specification limit of
refresh rate for both test samples is defined as
64ms. In the HMS5225805BTT-A6, no error
was observed when the refresh rate was
prolonged to 200ms. In the TC59SME808BFT-80,
the error was not observed until the refresh rate
reached to 400ms.
shortest refresh rate at which the error is

It is confirmed that the

observed is longer than the specification limit
for both test samples.

In order to evaluate the damage level
introduced by the irradiation, we defined and
used an error cross-section, which was defined

aS the number of failed words increased by
irradiation divided by the total fluence at each
refresh rate. Fig.3 shows the cross-section as a
function of the refresh cycle for the sample
devices irradiated with protons or Xe ions. Total
3.3x10°
particles/cm® and that of Xe ions was about

fluence of protons was about
3.0x10” particles/cm®. These correspond to the
absorption dose of about 3.6Gy(Si) for proton

and about 55 Gy(Si) for Xe ion irradiation.
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1E+7 | o
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1E+5 ¢
1E+4 |

1E+3

# of Words Failed
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1E+0 A Aotoa n sash
10 100 1000

Refresh Cycle [ms]
Fig. 2. Initial characteristics for SDRAMSs

10000

As shown in Fig.3, several words failed
even if the refresh rate is shorter than the
specification limit after irradiation. No
significant difference was observed in the results
obtained for two device types. The electrical
characteristic such as the retention time in
DRAMs is significantly sensitive to TID”. Thus
to distinguish the influences of the TID and bulk
damage, we performed the y-ray irradiation test
for the same samples using Co-60 y-ray
irradiation facility at Takasaki Radiation
Chemistry Research Establishment of JAERI.
The absorbed dose of y—ray irradiation was set to
about 30Gy(Si). The number of failed words as a
function of the refresh rate before and after
irradiation is shown in Fig.4. No increase of

power supply current was observed in this
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irradiation level. For the comparison
between proton and y-ray irradiations, the
data shown in Fig.3 is re-plotted and shown
in Fig.5. The effect of annealing was hardly
seen even if 100 hours have passed after the
irradiation test. Whereas TID causes the
degradation in the refresh rate of devices,
significant difference is observed between
proton and y-ray irradiation test results. In
the y-ray irradiation, no failure word was
observed in the refresh cycle range shorter
than the specification limit (64ms). On the
other hand, in the proton irradiation, the
number of failure is increased in a low
refresh cycle below 200ms although the
absorbed dose is an order of magnitude
smaller. This difference suggests strongly
that the failure caused by proton irradiation
is not attributable to the TID effect.
Therefore, the bulk damage introduced by
protons probably affects the performance of
test memory devices. Further investigations are
necessary to confirm the effect of bulk damage
on malfunction in memory devices.
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1. Introduction

CMOS LSIs are widely used in various
fields and become one of the most important
elements constructing the infrastructure because
both their characteristics and cost can be
improved by shrinking the dimensions of CMOS
devices. However, scaling of devices involves
many serious problems. Increasing Single Event
Upset (SEU) is one of the most serious problems,
because it causes the operational errors of the
system. It has been reported that when the gate
length of MOSFETs becomes smaller than 50
nm, SEU caused by cosmic rays will affect the
system operation even at the ground level.
Therefore, for mass production utilizing them, it
is required to develop the method to suppress
SEU induced by cosmic rays.

Our objective in this work is to develop the
guideline to design the soft-error immune
circuits utilizing CMOSFETs with the gate
length below 50nm. We have developed the
measurement system of SEU and verified that
the  measurement has been completed
successfully. We have also measured the SEU
cross section caused by proton irradiation and
found the radiation energy dependency of the
SEU cross section.

2. Experiment

We have prepared the shift register with
40,000 flip-flop stages for SEU measurements
as shown in Figure 1. Each flip-flop cell is
connected in series. After 40,000 cycles of clock

40,000 flip-flops
A

' ™

Input —FF, [—FF,[— ® ® @ —FF, [— Output

Clock

Figure 1. Schematic diagram of the test circuit used in
SEU measurements.

signal, data is output. Test circuit was fabricated
by 65nm CMOS process. It consists of
CMOSFETs with the gate length of 90 nm.
Figure 2 shows the measurement procedure.
At first, the experimental conditions are input
into the system and the circuit is initialized.
Next proton beam irradiation starts. During
irradiation, the data pattern is sequentially
written into the circuit. In the experiment, we
write the same data into each stage. Next, the

Initialize

Start beam irradiation

Repeat in a
constant time

‘Write/Read data '

Yes
Output = Input ?

NO e

Increase error count by 1

Figure 2. Measurement procedures.
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output is compared the input. When the output is
different from the input, we consider that SEU
occurs and increase the error count by one. The
above procedures are repeated in a constant time
and errors are summed up.

Accelerated soft error testing was performed
utilizing Cycrotron at JAERI Takasaki. The test
circuits were irradiated directly by a scanning
proton beam in 5 minutes. The scanning
and 2.5Hz
(Y-axis). The proton flux was measured by

frequency was 50Hz (X-axis)

Faraday cup. The SEU measurement was done
at the energies of 20, 50 and 80 MeV. The SEU
cross section can be calculated by the total error
counts, proton fluence and the area of the test
chip.

3. Results and Discussion

Figure 3 shows the relationship between the
SEU cross section and the supply voltage Vi, at
the radiation energy of 80 MeV. In Figure 3,
“All High” or “All Low” means that high or low
level is written into all cells, respectively. As
shown in Figure 3, the SEU cross section of “All
“All Low” for
each Vg, This tendency is observed at the other

High” is the same as that of

radiation energies. Test chip is composed of
40,000 flip-flop cells as shown in Figure 1. Fach

1.5
5
8
s 1
t é
()]
0
‘n @
[//]
g 05 el
- @ Ali High .
o ‘Al Low

0
0.6 0.8 il 1.2
vdd(v)

Figure 3. Relationship between the SEU cross section
and the supply voltage Vg, The proton energy is 80 MeV.
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Master cell } )
A B: iC D

Aétive when cloclz A}:Iive when cloc.£<
= high = low

Figure 4. Circuit configuration of flip-flop cell, which is
composed of master- and slave cells. Master cell is active
when clock = high, while slave cell is active when clock
= low.

Table 1. Voltage at the nodes shown in Figure 4. Hand L
mean high (V) and low (Ground) levels, respectively.
Node voltage of master cell at input = H is the same as
that of slave cell at input = L.

Master | Slave

Input f A| B | C| D | Output
H |LIH|H|L H

L JH{LjJL|H| L

flip-flop cell is composed by master- and slave
cells as shown in Figure 4. Since both cells have
the same structure, their SEU cross section are
the same. Table 1 shows the input and the
voltage at the nodes shown in Figure 4. From
Table 1, it is found that the node voltage in
master cell at input = High is the same as that in
slave cell at input = Low. As a result, the SEU
cross section is independent of the input. It is
also found from Figure 3 that the SEU cross
section increases linearly with decreasing V.
This is explained by the fact that the charge O
required for SEU decreases with decreasing Vyq
as shown in Figure 5. Since Q. decreases
linearly with decreasing Vy, the SEU cross
section is the linear function of Q.

Figure 6 shows the dependence of the SEU
cross section on radiation energy, indicating that
the SEU cross section exhibits the maximum
value around 50MeV. This result is in good

agreement with the previous report”.
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Figure 5. Critical charge Q. required for SEU vs. Vg,
Q. is obtained by SPICE simulation. Q. increases
linearly with increasing Vq.

4. Summary

We have developed the measurement system
of the SEU and verified that the measurement
has been completed successfully. We have
measured the SEU cross section caused by
proton irradiation. As a result, it is found that the
SEU cross section is independent of the input
data and increases linearly with decreasing V.
We have investigated the dependence of the
SEU cross section on

proton energy.

.15
=
8
f s
]
5 ¢
2 ¢
© 05 o - )
(8}
=
23]
(/3]
0

0 20 40 60 80 100

Energy (MeV)

Figure 6. Dependence of SEU cross section on proton
energy. The SEU cross section has the maximum value
around 50 MeV.

Experimental data show that the SEU cross
section has the maximum value around 50 MeV.
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1.5 Anomalous Gain Mechanisms during Single Ion Hit

in Avalanche Photodiodes
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1. Introduction

With the reduction in typical operational
bias and improved temperature stabilization,
the Avalanche Photodiode (APD) is becoming
the device of choice for high-speed low light
exhibit
sensitivities of 5 to 10 dB better than p-i-n

level applications where they
structures (provided both the gain-bandwidth
product is high and the multiplication noise is
low). However, the intrinsic gain mechanism
makes them susceptible to high energy heavy
ions generated by proton induced nuclear
reactions". Heavy ion strikes result in large
Transients (SET) which
degrades the Bit Error rate (BER) of an optical

link®. To more fully understand mechanisms

Single Event

which lead to BER degradation we have

examined the spatial charge collection
characteristics of a high-speed commercial
APD for 6MeV N and 7MeV O to ascertain the
existence or not of any non-linear charge

collection/gain mechanisms.

2. Experimental Results
2.1 Device Specifications

The device under test (DUT) was a 2.5GHz
InP-InGaAsP-InGaAs communications APD
with cross-sectional structure as given in the
top of Fig.1. The InGaAsP increases the
bandgap discontinuity between the InGaAs
and InP reducing the large dark current from
narrow gap InGaAs. The top p*n-InP region

was 0.92pm; the InGaAsP thickness was
0.1um and the n-InGaAs layer was 1.23pum".
Dark current and photocurrent characteristics
of the device were measured using a 1.5um
laser at room temperature.

-BIAS  SIGNAL

o InP (Burien)

RING—— mInP (Subsirate)

e TRIGGER

A —————————~%y

EDGE  CENTER L_E".ﬁ_ T

Fig.1: APD device cross-section. Charge
generated in the absorption region is
multiplied in the M-region resulting in gain.
Both 6MeV N and 7MeV O have a range of
approximately 4.5 um.

As shown in Fig.2, the photocurrent curve
undergoes several discrete steps when the bias
reaches that required for punchthrough into
the InGaAs region. The main step occurs for
hole transport over the CENTER region at
Veenier = 35V.
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2.2 Transient IBIC Measurements

For these experiments focused 6MeV N
and 7MeV N beams were scanned over the
APD and SET data collected using the JAERI
TIBIC system® in conjunction with a 3GHz
Tektronix TDS694C. These ions and energies

were chosen to have the same range of 4.5um.

10 T T L T
1" EDGE PUNCHTHROUGH
PHOTOCURRENT CURVE

DARK

Current (A)

BREAKDOWN (78V) A

T LA T S e S e B
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[
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Fig. 2: Photocurrent and dark current IV
curve takenm at room temperature. The
main punchthrough into the CENTER
region occurs at around 35V, The device
breaks down at close to 78V.

. 4oy

50V 60V 7oV

(me) Apip

FALLTIME CHARGE PEAK

. 375mA
< 300ps
0.75pC

| 60V 18Mev O

Fig. 3: TIBIC Peak, Charge and Falltime
images of the APD under test. For V>V uers
the peak and charge increase dramatically
due to impact ionization. For amnalysis
average SET data was extracted from the
circular mask shown.

Any marked differences in the SET
amplitudes and characteristics can therefore
be ascribed to the mnon-linear charge

collection/gain mechanism described earlier.
Post-data collection TIBIC peak -current,
charge and falltime images were generated as
shown for the case of 6MeV N in Fig.3. Also
shown for comparison is data from a previous
18MeV O experiment on the same device
where the EDGE region generated large SET
amplitudes’. As we are examining gain
mechanisms prevalent during an ion strike the
device CENTER region was chosen for all
further analyses.

3. Results and Discussion

Shown in  Fig.4 below are the bias
dependencies for both the average peak
current and total charge as extracted from the
area of the average SET in the CENTER. The
peak current is seen to increase exponentially
due to field induced impact ionization in the
M-region. Interestingly, the charge collected
for biases below all punchthrough points is
greater than that expected (0.06pC was
predicted by SRIM combined with known
energies  required to  generated an
electron-hole pair in InP¥ and InGaAs™®). This
suggests an additional collection mechanism
is at play; drawing charge from below the
InGaAs InP heterointerface. This charge is
likely due to the influence of funneling fields.

For biases V > V...r, the situation is more
complicated and comparisons are necessary.
After normalizing to the beam energy, we can
see that both data sets lie clearly within error
of one another suggesting the absence of any
strong  electron-hole

plasma  density

dependent non-linear charge collection

mechanism for these low LET ions. We are
currently analyzing this data in more detail

' — 15 —
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Fig. 4: TIBIC peak current and charge versus
bias for both 7MeV O and 6 MeV N ions
extracted from the CENTER region.

and comparing these low LET results to data
LET

additional charge collection mechanisms were

collected with higher ions, where

found to contribute to an anomalous gain.
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1.6 Transient Current Induced by Heavy Ions in MOS Devices
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1. Introduction

Silicon on insulator (SOI) devices, which are
structured by placing an oxide layer between a
thin top silicon layer and a silicon substrate,
exhibit high performance and need low power in
comparison with conventional bulk silicon
devices because the amount of electrical charge
during device operations can be reduced due to a
low parasitic capacitance of SOI devices. An
additional advantage of SOI devices is their high
resistance to radiations. Thus SOI devices are
expected to be applied in space. In recent years,
an anomalous charge collection in SOI device
has been observed when high-energy charged
particles traverse their active regions™ *. This
fact suggests that dense charges generated under
a buried oxide contribute to the charge
collection. To investigate the charge collection
mechanisms in SOI devices, we have measured
transient currents induced in Metal Oxide
(MOS)
high-energy heavy ions.

Semiconductor capacitors by

2. Experimental Procedure

The samples used were MOS capacitors
fabricated at Nihon University”. An oxide layer
was grown on an n-type Si wafer with the carrier
concentration of 2 x 10" cm™. The thickness of
the grown oxide layer was about 50 nm. The Al
contact with the diameter of 50 um was
deposited on the oxide layer. The depth of
inversion layer at an applied bias of —10 V was
about 0.6 pm.

In heavy ion irradiation, we used cocktail ion
beams which consist of N, Ne, Ar and Kr ions
accelerated by an AVF cyclotron at JAERI
Takasaki. The beam flux were controlled to be
~100 cm®s’ to minimize the displacement
damage effects. The value of the Linear Energy
Transfer (LET) and the project range of each ion
were calculated by SRIM code” and listed in
Table 1. Transient currents were recorded with a

3 GHz Tektronix oscilloscope  (model
TDS694C).
Table 1. LET and range of ions used in this study.
LET Range
lIons & Energy (MeV cm?/mg) (. m)
PN* 56 MeV 3.31 53.9
“Ne** 75 MeV 6.33 425
“Ar*t 150 MeV 15.3 39.6
“Kr'7 322 MeV 39.9 40.9

3. Results and Discussion

Typical transient current waveforms induced
by different ions are shown in Fig. 1. The peak
currents obtained for N, Ne, Ar and Kr ion
irradiations were 22.9, 43.0, 59.9 and 66.6 A,
respectively. After reaching the peak, the current
was reduced with elapsed time, and finally
became negative. In order to estimate the
intersection of the waveforms and the ground
level, the amount of charges were derived by
integrating transient currents. The results are
shown in Fig. 2. The time when the transient
charge reaches the maximum means the
intersection. The periods to the intersection for

N, Ne, Ar and Kr ion irradiations are 325.6,
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266.4, 179.2 and 132.8 ns, respectively. The
maximum charges of them are 333.1, 586.2,
1181.3 and 1693.6 fC, respectively. Such
behavior has not been observed for pn junctions,
in which the charge collection was dominated by
conduction currents”.

Now we discuss what the nature of observed
transient current is. Recently, several researchers
reported that the current collected in SOI
devices is caused by the displacement current
For general definition, the displacement current
is proportional to the capacitance and the time
dependence of potential variation across the gate
dielectrics. When the generated carriers drift
toward Si/SiO, interface by electric field, the
potential at the interface increases with elapsed
time. As a result the current is induced on the
terminal of electrode as shown in Figs. 1 and 2.
After collected charge reaches maximum, the
charge reduces because the excited potential
relaxes and the induced current flow to the
opposite direction. Regarding observed transient
current  as

displacement  current, the

experimental results are successfully explained.

4. Summary

Transient currents induced by high-energy
heavy ions in MOS capacitors were measured
and analyzed. We found that the displacement
currents play an important role in the charge
collection of MOS capacitors. Since a typical
SOI  structure  contains  capacitors, the
displacement currents have to be considered in

the charge collection of SOI devices.
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Fig. 1 Transient currents observed in MOS

capacitor irradiated with heavy ions.
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Fig. 2 Transient charges derived using the data

shown in Fig. 1.
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1.7 Transient Currents Induced in MOS Capacitors by
Ion Irradiation: Influence of Incident Angle of Ions

and Device Temperature

T. Yamakawa™**, T. Hirao™®, H. Abe*, S. Onoda™ **, T. Wakasa™ **
T. Shibata®™ *** and T. Kamiya™
Department of Material Development, JAERI™

Graduate School of Engineering, Tokai University™**

College of Science and Technology, Nihon University

1. Introduction

It is well known that the SOI (silicon
on insulator) structure is suitable for high
speed operation and power saving. SOI
devices are also of great interest due to their
radiation hardness. Concerning the tolerance
of single event phenomena, they are thought
to be highly resistant because the buried
oxide layer is expected to prevent the
transport of charges generated in the
substrate to the top silicon (Si) layer. On the
other hand, recent investigations of high
energy ion irradiation to SOI devices
showed that the amount of charges collected
exceeded that generated in the top layer.” In
order to clarify the influence of buried
oxides on the charge transportation, detailed
investigations of the charge transportation in
SOI devices using high energy ions are
necessary. In this work, we have performed
the measurements of transient currents
induced in  metal-oxide-semiconductor
(MOS) capacitors, which were used instead
of complicated SOI devices, by irradiation
of high energy heavy ions under the
conditions of different ion incident angle
and device temperature. Theoretical
investigations based on electromagnetics
have also been made to explain the
experimental data.

2. Experiments

The structure of the device sample
used in this study is schematically shown in
Fig. 1. The oxide layer with the thickness of
50nm was grown on the n-type silicon (Si)
substrate with the doping density of

ok sk

3 K

Oxide Laver

n-Substrate
(doping level : 2 x 10% /em3)

Fig. 1. Schematics illustration of the MOS
capacitor sample

2x10"%/cm’. Aluminum (Al) was deposited
on the oxide to make an electrode with the
diameter of 100pm and thickness of 50nm.
Irradiation of carbon ions with the
acceleration energy of 15MeV  was
performed using the ion microbeam system
connected to a 3MV Tandem accelerator at
JAERI Takasaki. The transient current
induced in the sample by a single ion was
measured with the TIBIC (Transient lon
Beam Induced Current) system developed at
JAERI. During the measurements, a reverse
bias of —10V was applied to the sample. The
incident angle of ions to the sample was set
at 0 (normal to the sample), 30 or 60 degree.
The sample temperature was also changed
from room temperature (RT: approximately
25°C) to 180°C.

3. Results and Discussion

Fig. 2 shows the waveforms of the
transient current obtained at RT at the ion
incident angles of 0, 30 and 60 degree. As
reported in the reference 1, charges were
collected at the Al electrode even though it
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Fig. 2. Transient currents obtained at RT
at the ion incident angles of 0, 30 and 60
deerees.
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Fig. 3. Dependence of the amount of
collected charge on the incident angle of
ions.

was separated from the semiconductor
substrate by the oxide. The result can be
explained in terms of the displacement
current induced by a change in the electric
potential in an insulator.” The total amount
of collected charge at the electrode is plotted
in Fig. 3 as a function of the incident angle
of ions. The collected charge was found to
increase with increasing in the ion incident
angle. Then the charge generated in the
substrate is estimated to increase as the ion
incident angle increases. It is likely that a
large amount of generated charge in the
substrate causes large displacement current,
accounting for the result obtained.

Fig. 4 indicates the waveforms of the
transient current obtained at the normal
incidence of ions at RT, 75, 125 and 180°C.
Apparently the peak value of the transient
current ~ decreases  with  increasing

80
Z 60 b RT(25°
<§’ 60 4/ T(Q C)
= 10 75°C
= 125°C
® 2 P
2 180°C
0
O
.20 8 a 8 a
0 20 40 60 80 100
Time (ns)

Fig. 4 Transient currents obtained at
the normal incidence of ions at
temperatures of 25°C, 75°C, 125°C and
180°C.
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Fig.5. Dependence of the amount of
collected charge on the device
temperature.

temperature. The amount of collected charge
also decreased by raising temperature, as
shown in Fig. 5. Theoretical investigations
leaded to mno significant change in the
capacitance of the oxide by raising
temperature from RT to 180°C. It was also
estimated that similar amount of charge was
generated in the substrate at each
temperature. Further investigations are
necessary to clarify the mechanism behind
the temperature dependence of the collected
charge in MOS capacitors.
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1. Introduction

It is well known that when an
energetic ion passes through semiconductor
devices used in space, a dense electron-hole
plasma is generated along the ion track,
leading to an assortment of single event
phenomena (SEP) V. In recent years, SEP
have been reported to be also induced by
neutrons in terrestrial devices 2. Such SEP
are regarded as a serious problem. For
fabricating reliable electronic system, it is
necessary to clarify mechanisms behind
neutron induced SEP. For this purpose, it is
important to measure the charge collection
characteristics in semiconductor devices. In

this study, we have developed the

measurement system of single event
transient (SET) currents in silicon pin
photodiodes subjected to irradiation of

quasi-monoenergetic neutrons, and acquired
the data using the system.

2. Experiments

The samples investigated were Si
pin photodiodes with a junction diameter of
450 um. A 65MeV quasi-monoenergetic
neutron beam used in this study was

Ty o
Li(p,n)
quasi-monoenergetic neutron source facility

generated by using  the
which is schematically shown in Fig.1.

A proton beam accelerated with the AVF
cyclotron was transported to a 'Li (99.8%

purity) target. Neutrons produced via a
"Li(p,n) reaction traveled directly into the
experimental hall and irradiated to the
samples. The neutron flux at the sample

., . -2 -
position was about 10* cm™ s’.

Protons
transmitted through the Li target are mass
separated by a magnet and dumped into a

faraday cup for flux monitor.
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Fig. 1: Schematic view of 7Li(p,n)

quasi-monoenergetic neutron source
facility
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Fig. 2: Energy spectrum of the

quasi-monoenergetic neutron beam

generated by 68 MeV protons )
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Fig. 2 shows the energy spectrum of
neutron  beam
measured by time of flight (TOF) when
proton energy of 68 MeV was used. The

a  quasi-monoenergetic

TOF measurement was carried out in the
neutron beam axis using a scintillation

detector

. As shown, the neutron peak
approximately 65 MeV.

Coincident TOF and SET currents were

energy  was

measured using the system displayed in Fig.
3. The signal from the top contact of the
sample (SET current) was recorded with a 3
GHz Tektronix 694C DSO, while the bottom
contact was connected to a time to amplitude
converter (TAC). The TAC was used to
perform the TOF measurement by recording
the time difference between an RF signal
provided by the AVF Cyclotron and the SET
current observed. A minimum value of the
TAC amplitude was used to determine
whether neutrons of a peak energy had in
fact hit the device. This procedure allowed
us to discriminate peak neutrons (65 MeV
neutrons) from scattered or lower energy
ones.

Sample oy Contact

\ Bottom

Contact

...... | AVF
{ Cyclatron !

Fig. 3: Schematic diagram of the
SET current measurement system.

3. Results and Discussion

Fig. 4 shows the normalized TAC
output spectrum. The initial peak at
approximately 700 mV corresponds to 65
MeV neutrons. SET current measured with

the TAC output, which has a 400 to 1000 mV

1.2

0.8+
0.6

04t F o e

o AN A (AN @
0.2+
ZAT. AN s WAV 1743 FAVSRpETAY

0.0 — : :
0 1000 2000 3000 4000 5000
TAC out [mV] ‘

Normalized Value

Fig. 4: Normalized TAC output spectrum
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Fig. 5: SET current waveforms induced
by 65 MeV neutrons

amplitude, was chosen as 65 MeV neutron
induces. Fig. 5 shows typical SET current
waveforms measured using the above energy
discrimination system. A variety of SET
current waveform shapes were observed.
This variation is caused by the generation of
several kinds of nuclides due to nuclear
reactions. Fig. 6 shows the normalized
collected charge distribution obtained by
The peak of

collected charge is seen around 200 fC. Fig.

integrating SET currents.

7 shows the secondary nuclides production
cross section distributions derived from the
ENDF database (ENDF/B-VI) . Hear, the
production cross section of heavy particles

than a particles is negligibly small.



JAERI-Review 2004-025

-
o

=

=]
T
>

>

(=]

BT
P

malized Value
=
=N
P —_—
\P
—
=
%—
>

04} L J
0 200 400 600 800
Collected Charge [fC]

Nor
[oe]
N

54
=

Fig. 6: Normalized collected charge
distributions

The cross section in the ordinate is
normalized by the peak value of proton
production cross section. We can convert the
secondary nuclides energy E (MeV) to the
generated charge Q (fC) by using the simple
equation (1),

E
v (1)
where, g is the electronic charge and W (3.6
eV in Si) is the energy required to generate
an e-h pair.
of data
between Fig. 6 and Fig. 7, the shape of the

From the comparison
collected charge distribution is quite similar
to the sum of the secondary nuclides
production cross section - distributions.
Therefore, we can conclude that the SET
current observed in Si pin diodes by
irradiation of 65 MeV neutrons are ascribed
to the

secondary induced protons and recoil Si

currents generated mainly by

nuclel.

1.2
_.Recoil Si

1.0}~

_Proton _

e
&0

malized Value
=)
(=2

0.4 a particle
X —

\

\
A

h

Nor
<>
fye)

5
=

0 200 400 600 800
Estimated Charge [£C]

Fig. 7. Secondary nuclides production
cross section distributions from the
ENDF database

4. Summary

In this study, we has succeed in the
induced SET
currents in Si pin photodiodes using the

measurement of neutron
neutron energy discrimination system. It can
be concluded from the comparison between
the collected charge distribution and the
secondary nuclide production cross section
distribution that secondary protons and
recoil Si nuclei mainly induce the SET

currents.
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