
高放射線耐性半導体検出器
実現のための調査研究
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背景
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半導体材料の特徴
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放射線耐性に優れた半導体材料の探索

keV protons on GaN and other III-V materials.12,13 To the
best of our knowledge, no research has been published on
the study of the effect of 100 keV protons on AlGaN/GaN
heterostructures.

In order to bypass a lethal radiation zone in Van Allen
belts when launching a spacecraft/satellite, an alternate path
(called as a polar escape route) has been proposed.14,15 When
supersonic solar wind encounters the earth’s magnetosphere,
it forms an aerodynamic shock wave in front of the nose of
the magnetopause, and it extends over the polar regions of
the earth, producing the so-called bow shock. Whenever
interplanetary fields connect the spacecraft and the earth’s
bow shock, protons with a cutoff energy of 100 keV are
reported to be found upstream from bow shock.16,17 As a
result, even if the polar escape route is chosen, electronics
will still be exposed to protons. On the other hand, even
though the high energy protons are present in space environ-
ments, electronic devices will not directly be exposed to such
high energy protons. There will always be some shielding
materials which prevent the energetic particles from directly
entering into the electronics, and during the course, energetic
protons will slow down and lose energy. Also, it has been
reported that the degradation of electronic devices by low
energy protons is more severe than high energy protons.18

Therefore, it is consequential to investigate the effects of low
energy (100 keV) protons in the semiconductor materials.

In this research, the study was carried out on the effects
of irradiation of 100 keV protons (with fluences of 1 × 1010,
1 × 1012, and 1 × 1014 protons/cm2) on materials and device
characteristics of AlGaN/GaN HEMTs. The pristine and irra-
diated AlGaN/GaN HEMTs were characterized by comparing
the phenomenological changes in the electrical and optical
properties, which was augmented by trap distribution analy-
sis via the spectroscopic photocurrent-voltage (SPIV) tech-
nique.19 The epitaxial layers were irradiated prior to
constructing the devices because the primary interest of this
study was to examine the proton irradiation effects on the
epi-layer itself rather than just the device characteristics,
although metallic contacts need to be used in the actual
applications of electronic devices. By irradiating the epilayers

with no contacts, the effects of proton irradiation on the epi-
layer itself can be isolated from any extra effects of energetic
particles on the metal-semiconductor (MS) interface and pos-
sible influence on the device characteristics caused from the
irradiation-induced void formation on the MS junction.20 The
surface compositional analysis was performed via x-ray pho-
toelectron spectroscopy (XPS), and surface morphology was
inspected using atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). The crystal quality was
examined with x-ray diffraction (XRD) analysis and
micro-Raman spectroscopy. The possible effects on defects/
traps were probed using photoluminescence (PL) spectro-
scopy and the spectroscopic photocurrent-voltage (SPIV)
techniques. The SPIV technique is one of the unique
methods of mapping the defect distribution on nitride-based
semiconductors. Additionally, the conventional transistor
current-voltage (I-V) measurements were performed on
HEMTs to relate the material’s fundamental properties to the
device performance.

II. EXPERIMENTAL

The HEMT heterostructures were grown on 6 in. Si
(111) wafers via metal-organic chemical vapor deposition
(MOCVD) by a commercial wafer vendor. An AlN nucle-
ation layer was grown on top of Si, and an AlGaN buffer
multilayer with varied aluminum (Al) concentrations
between 20% and 75% was deposited on top of the AlN
layer. An undoped GaN layer of 1 μm thickness was depos-
ited on top of the AlGaN buffer layer, followed by a 20 nm
AlGaN barrier layer. A GaN cap layer with a thickness of 2
nm was grown on top of the barrier layer.

To irradiate the HEMT epitaxial layers with a proton
beam, the 6 in. wafer was diced into 1 × 1 cm pieces, and
those pieces were further diced into four 5 × 5 mm pieces.
One of the pieces was left unirradiated (hereafter to be called
pristine), and the other three pieces were irradiated at room
temperature with 100 keV proton beams of 1 × 1010, 1 × 1012,
and 1 × 1014 protons/cm2

fluences generated from a 2MV
dual source Tandem Pelletron accelerator located at Auburn
University. The accuracy of the proton beam energy (moni-
tored by the beam current) was maintained at 99.9%. The
Stopping and Range of Ions in Matter (SRIM)21 simulator
was used to estimate the penetration depth, distribution of
protons, and the total vacancy concentration in the AlGaN/
GaN HEMTs structure. For 100 keV protons, the penetration
depth of proton beam was estimated to be 0:57 μm with a
straggle of 883 Å for the HEMTs’ structure under study.
Therefore, the maximum proton distribution was at the
undoped GaN layer where the beam was stopped. The total
number of vacancies (in cm−3) for each fluence was esti-
mated to be in the order of 1015, 1017, and 1019, respectively,
for 1 × 1010, 1 × 1012, and 1 × 1014 protons/cm2. The transis-
tor devices with varying dimensions were fabricated, and cir-
cular geometry was used to avoid the mesa isolation. Source
and drain Ohmic contacts (Ti/Al/Ni) were deposited using
direct-current (dc) magnetron sputtering, followed by rapid
thermal annealing at 850 °C for 30 s under a nitrogen atmo-
sphere. Finally, iridium (Ir) metal was sputter-deposited as a

FIG. 1. The empirical relation between the mean threshold displacement
energy (Ed) with the lattice parameter of various semiconductors. (Data were
taken from Refs. 2–4.)

215702-2 Khanal et al. J. Appl. Phys. 124, 215702 (2018)
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The measured value of the reverse current depends
exponentially on the operating temperature in a
straight forward way and a-values are therefore
always normalized to 20!C: Details for this
normalization and the temperature dependent
beneficial annealing, depicted in Fig. 7, can be
found in Refs. [10,24]. At any given temperature
and annealing time the damage rate a; if tempera-
ture normalized, is a universal constant, not
depending on the material type (n- or p-type,
FZ, epi or Cz silicon, resistivity), or irradiating
particles (neutrons, protons, pions). Therefore a is
often used to reliably monitor the accumulated
particle fluence. A recommendation for this task
is its measurement after an annealing of 80 min
at 60!C: In this situation a is independent of

the detailed history of the actual irradiation.
The ROSE-adapted value is a80=60 ¼ 4:0 #
10$ 17 A=cm: For an annealing temperature of
80!C the same value would be reached after an
annealing time of B10 min [10,25].

It should be emphasized that the bulk current
increase and its annealing function follow strictly
the NIEL scaling. This and the observation, that
the large current values cannot be explained by
any known discrete point defects led to the
assumption of a cluster-related effect. The correla-
tion with the enhanced density of double vacancies
in clusters as observed in Ref. [25] and a possible
interstate charge transfer mechanism, as proposed
in Ref. [26], are likely explanations.

4.3. Effective doping and depletion voltage

The depletion voltage Vdep; necessary to fully
extend the electric field throughout the depth d of
the detector (asymmetric junction) is related with
the effective doping concentration Neff of the
silicon bulk by

Vdep ¼ ðq0=2ee0ÞjNeff jd2: ð2Þ

This equation holds not only for the original n-
type silicon (donor doped) but also after severe
irradiation when the effective doping concentra-
tion changes its sign by increased generation of
‘‘acceptor-like’’ defects. In any case, one can
describe the change of the depletion voltage by
the related change in jNeff j ¼ jNd $ Naj with Nd

and Na as the positively charged donor and
negatively charged acceptor concentration.

The result of a first systematic study of the
extremely large change of jNeff j as measured
immediately after irradiation of standard silicon
detectors is depicted in Fig. 8 [8]. The not tolerable
increase of the needed depletion voltage after
‘‘type inversion’’ had then been the major impact
for radiation hardening.

4.3.1. CERN-scenario measurements
In real applicational scenarios damage-induced

‘‘immediate’’ changes of Neff as displayed in Fig. 8
will always be connected with subsequent ‘‘anneal-
ing’’ effects. It was, therefore, found useful to
devise an almost online possibility for rapidly

ARTICLE IN PRESS

Fig. 6. Damage-induced bulk current as function of particle
fluence for different detector types.

Fig. 7. Annealing function of current-related damage para-
meter a for standard (solid line) and DOFZ (dots) silicon
detectors.

G. Lindstr .om / Nuclear Instruments and Methods in Physics Research A 512 (2003) 30–4334
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Vertical-type SBD

結晶成長(MPCVD)&デバイス試作

Schottky:WC (1 mmΦ)

Ohmic:Ti/WC

p+-Diamond (B)

Microwave	Generator	2.45	GHz

H2+CH4	

900	-	1000	oC

Plasma

Substrate diamond	

i-Diamond 

マイクロ波プラズマ気相成長法	
NIMSオリジナル	

2.5	mm

0.5	mm
1.6	μm



8

10-12
 

10-10
 

10-8
 

10-6
 

10-4
 

10-2
 

100
 

102

C
ur

re
nt

 d
en

si
ty

 (A
/c

m
-2

)

86420-2-4
Voltage (V)

εr=~5.7 
d=~1.6 µm

IV＆CV特性

10-11

10-10

10-9

10-8

10-7

C p
 (F

/c
m

-2
)

86420
Voltage (V)

設計通りのダイオード特性 設計通り構造

f= 10 kHz



9

Wave	number

En
er
gy

C.B.

V.B.

Eg:5.5eV
6.9eV

10-1

100

101

102

103

Se
ns
iti
vit
y 
(m
A/
W
)

220210200190180170160150
Wavelength (nm)

 224
 225
 226

120

100

80

60

40

20

0

Ou
tp
ut
 c
ur
re
nt
 (%
)

200150100500
Time (h)

Excimer lamp
70 mW/cm2

 224
 225
 226

紫外線応答特性

動作電圧	0V

エキシマランプ	70	mW/cm2

検出効率の低下は	

見られない

安定動作



CYRIC

• Up to 100 MeV 
•

 16

T. Wakui et al.222

Japan (Shibahara 2011).  Detailed information on the earth-
quake, tsunami, and recovery can be found at the websites 
(JST, MFAJ, PMJHC).  The city of Sendai, in which the 
CYRIC is located, was the nearest major city to the epicen-
ter of the earthquake.  Although the CYRIC was not 
affected by the tsunami, it experienced strong shaking with 
an intensity of 6-lower to 6-upper on the Japanese seven-
stage seismic scale during the earthquake (JMA).  There 
were, fortunately, no human casualties, but the cyclotrons, 
beam transport lines, power supplies, and shield doors were 
damaged.  This paper reports our emergency response activ-
ity in the wake of the earthquake, the damage to the accel-
erator facilities, and the repair work.

Emergency Response Activities
Situation on the day of the disaster

On the day of the earthquake, joint use of the HM12 
cyclotron was not in process because the operation schedule 
for fiscal year 2010 had ended.  Regarding the 930 cyclo-
tron, the joint use experiment finished in the morning as 

scheduled.  A stability test of the main coil in the 930 cyclo-
tron and test operation of an electron cyclotron resonance 
ion source were under way when the earthquake occurred.  
All the test operators (cyclotron operators and students) 
were in the cyclotron control room.  Two people worked in 
the radiation controlled area of the cyclotron building.

As we started to feel slight shaking at 14:46, the 
Earthquake Early Warning sounded.  The shaking grew 
stronger, and all the members in the control room went 
under the desks for protection.  The electricity in the facility 
went out during the prolonged shaking.  Two people who 
happened to be near the doorway of the radiation controlled 
area voluntarily evacuated themselves rather early while the 
earthquake grew stronger.

After the shaking ceased, people gathered, calling to 
each other, in the designated evacuation area in accordance 
with the emergency response manual.  There were no great 
damage to the cyclotron building, which were renovated in 
2009 mainly to provide seismic strengthening.  The evacua-
tion was smooth thanks to the thorough anti-earthquake 

Fig. 1.  Cyclotron facilities at CYRIC.
 The 930 cyclotron is located at the cyclotron room, whereas the HM12 cyclotron is situated at the target room 1.  Accel-

erated ions from the 930 cyclotron are transported to any one of nine beam lines in five target rooms.  The numbers in a 
circle are a reference number for each shielding door.

TIA-EXA confidential
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陽子線照射
 930 AVF cyclotron 

E:	70	MeV,	T:	-15	oC,	I:	500	nA	
Beam	size	1σ:	~3	mm	
TID(Si	150	μm):	10	MGy		
NIEL:	1.4x1016	MeV	neq/cm2

Proton	beam	
70	MeV

2.5	mm

Diamond-SBD

Proton	beam

Sample	scan
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陽子線応答特性

圧力容器内約1年分	(TID)の放射線量+NIELにて安定応答動作を確認	

信頼性の高い放射線検知器として有望

動作電圧	0V

サンプルスキャンのため離散的応答
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放射線損傷回復に優れた半導体材料の探索
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CIGS太陽電池の放射線耐性
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CIGSの撮像素子応用
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CIGS結晶成長

Molecular Beam Deposition

Pyrometer

Stoichiometric point

1st stage: In, Ga, Se 
2nd stage: Cu, Se 
3rd stage: In, Ga, Se

1st stage: (In,Ga)2Se3 
2nd stage: Cu(In,Ga)Se2 + Cu2Se 
3rd stage: Cu(In,Ga)Se2 + Cu(In,Ga)3Se5
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CIGS太陽電池

ÉÉÉÉÉÉÉÉÉ Research Center for 
Photovoltaics

öüäðk¹

2

ÅcéĆðÈ1.1 mm

Al-doped ZnO 
350 nm

Mo (Sputter) 0.8 µm

CIGS (MBD) 2 µm

CdS 30 nm

Al Grid §�tÙÖCIGS=áJ¢ 
ZnO�=È/ AlëćôøÄj 
ñĈÆ� 0.52 cm2

CIGS solar cells

MgF2     110 nm

i-ZnO 60 nm

3 cm

3 cm

ĐÄj

 22 太陽光アニーリング照射後試験@富士

22.1% 
(10mm x 5mm)CIGS

CdS/ZnO

Mo

熱アニール用ペルチェステージ

光照射	

KEK富士実験棟

 930 AVF cyclotron 

70	MeV
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陽子線照射前後のI-V特性
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熱光処理(1 Sun, 95℃)による回復

短絡電流が短時間で保存率0.8まで回復	

(短絡電流はイメージセンサーにとって重要)
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今後

光検出（カメラ） 単荷電粒子検出重粒子検出

原子炉内カメラ 重イオンビーム実験 衝突型加速器実験

TID 2-7 MGy 1 MGy (->10, 100 MGy) 10 MGy (->100 MGy)
原子炉
宇宙環境

重粒子線実験 素粒子実験
放射線医療

放射光


