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自己紹介

研究テーマ: 検出器開発(ワイドギャップ半導体センサー、高集積回路設計、ピクセル、実装技術)
20-21 Nov. 2014, 計測システム研究会@J-PARCT. Kishishita

DEPFETフロントエンドASIC (Belle II)

TIPP 2014, 2-6 June. Amsterdam

Front-end ASIC #1: SWITCHER-B

• AMS high voltage 0.18 um CMOS 
• Designed by Uni. Heidelberg 
• Size: 3.6×1.5 mm2 

• contains additional logic for gated-mode 
operation

devices on a substrate with a resistivity of 150O cm. The
leakage currents of typically 100 pA=cm2 (at 50V) are
excellent values. Only ! 10% of the devices have leakage
currents increased by a factor of five. No significant
difference in behavior between normal and thin diodes has
been observed.

4. The Switcher3 gate/clear steering chip

In the existing test setups, the control of the gate and
clear signals is achieved with the Switcher2 steering chip.
This chip has been designed 2002 in a 0:8mm high voltage
technology in order to be able to deliver voltage steps of up
to 30V for test purposes. This chip is not suited for ILC,
however, for several reasons (geometry, power dissipation,
speed, insufficient radiation hardness). A new chip, Switch-
er3, has therefore been designed with the following main
goals:

" Geometry suited for module construction (slim and
long). Two-dimensional arrangement of bump bonding
pads, 128 channels.
" Voltage steps of up to 10V, sufficient for operation of

the latest DEPFET devices.
" Minimal dynamic power dissipation, close to zero static

power dissipation.
" Settling time of ! 20 ns for a 9V step and a load

capacitance of 20 pF.
" Radiation tolerance of at least 1Mrad.
" Flexible sequencer allowing multiple readout of regions

of interest.

" Minimum number of supply, bias and control signals to
simplify wiring on the sensor frame.

4.1. HV switch

One of the biggest challenges for this new chip was the
design of a radiation tolerant analog switch able to operate
at up to 10V. Irradiations of Switcher2 chips had shown,
that the used HV-devices with thick gate oxides severely
degrade after small (o50 krad) doses already, as expected.
Thin gate devices, on the other hand, do not withstand the
required voltage. The adopted solution is illustrated in
Fig. 4: three stacked 3.3V NMOS/PMOS devices are used
to pull the output to ground or to the positive switch
voltage, respectively (similar to a circuit in [9]). The
transistors are operated such that under no circumstances
the voltage differences at the terminals exceed the allowed
limit. Fig. 4(a) and (b) shows the required voltages for
high or low output, respectively, for an illustrating supply
voltage of 9V. The gate voltages of the middle NMOS
(PMOS) can always be held at 3V (6V), while the
other gates must be switched between 0V/3V, 6V/3V
and 6V/9V. The required level-shifting is achieved with
SRAM cells which are operated with the corresponding
supply voltages and which are flipped by capacitive
coupling of a 3V step signal onto the internal storage
node. The feedback inverters in the SRAM cells are current
limited so that flipping is simplified and capacitors of !
200 fF are sufficient. A reset/set signal in the SRAM cells
can be used to define the initial polarity. This level shifting
has no DC current consumption, as required.
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Fig. 4. Simplified schematic of the ‘high voltage’ switch. The operation points for a supply of 9V are shown for high output (a) and low output (b).
The required gate voltages are generated by AC-coupled SRAM cells.

P. Fischer et al. / Nuclear Instruments and Methods in Physics Research A 582 (2007) 843–848846

• Fast pulse to drive large line cap. (~50 pF) 
• Fast HV up to 20 V for complete clear within 

~20 ns
• stacked-transistor output stage 
• thin gate oxide transistors for rad.-hard

NIM A, v582, p843, 2007
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SwitcherB18 (Gated Mode)
Reference Manual

Document revision: 3.2
for chip version 2.0
February 17, 2014

Prof. Dr. Peter Fischer, Dr. Ivan Perić, Dr. Christian Kreidl
Lehrstuhl für Schaltungstechnik und Simulation

Universität Heidelberg

Requirements to the ASIC

TIPP 2014, 2-6 June. Amsterdam

DCD-Bv2 v2.0 2.6. PIXEL SHIFT REGISTER
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Figure 2.1: Basic circuits of the analogue channel.
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Front-end ASIC #2: DCD (Drain Current Digitizer)

• UMC 180 nm 
• Designed by Uni. Heidelberg 
• Size: 3.3×5.0 mm2 

• Noise: 40 nA 
• Irradiation up to 7 Mrad
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• Trans-impedance amplifier 
• performance adjustment with DACs 
• Each channel with two current mode cyclic ADCs 

based on current-memory cells 
• 80 ns sampling period with 8 bits resolution

• Low-noise & fast settling current receiver 
(Rs=200Ω, Cd=50 pF) 

• 10 M Sample/s 
• 256 input channels

Requirements to the ASIC

TIPP 2014, 2-6 June. Amsterdam

Front-end ASIC #3: DHP (Data Handling Processor)

• Timing generation (1.6 GHz) + clock 
distribution

Zero-suppression 
Only triggered data readout 
Raw data buffering 
Fixed pattern noise correction 
Hit finder 
Framing (AURORA) 
Serializer and Gbit link driver

• Data processing

• TSMC 65 nm CMOS 
• Designed by Uni. Bonn 
• Size of 3×4 mm2

Functions of the ASIC

マトリックスの駆動/読み出しに3種類のASICを用いる
• センサー部の厚さは75 μm, 周辺部は450 μm @MPP 
• ASICはセンサーサブストレートにバンプボンド 
• 10 Mrad (5 yr)

✓AMS HV 180 nm CMOS 
✓Univ. Heidelberg 
✓速い駆動信号を供給 (Cd~50 pF) 
✓信号クリア用高電圧信号生成 (~20 V)

SWITCHER-B

DCD-B

DHPT

✓UMC 180 nm CMOS 
✓Univ. Heidelberg 
✓Current Receiv. (TIA)+ ADC 
✓low Noise & fast settling 
   (Rs=200Ω, Cd=50 pF) 
✓10 Mサンプル/s 
✓256チャンネル

✓TSMC 65 nm CMOS 
✓Univ. Bonn 
✓SW, DCDへのクロック供給 
✓Zero-Suppression 
✓G-bitデータリンク

18

total area: 0.014 m2

Design review in Oct. 2014→final submission in 2015!

mailto:kisisita@post.kek.jp


27. Jul. 2020, KEKkisisita@post.kek.jp !3

Outline

1. なぜ半導体検出器を使うのか？ 

2. ダイオードセンサーの基本 

3. ダイオードセンサーの応用 

4. 最近の研究話題 

Advanced Electronics & Signal Processing, SS2011, H. Krüger

Detector Signal Processing

• signal chain with function blocks (generic)

sensor charge 

sensitive 

amplifier

shaping 

amplifier

A Æ D 

conversion

-2-
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1. なぜ半導体検出器を使うのか？
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素粒子実験における飛跡検出
未知の素粒子の性質を探るor発見したい!! 
既存の粒子に崩壊する飛跡から性質(エネルギー、運動量、崩壊モード)を探る

重たい粒子はすぐに崩壊するので、衝突点近傍で粒子の飛跡をトラッキングする必要がある

1000 tracks every 25 ns (1011/sec)

mailto:kisisita@post.kek.jp
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粒子飛跡検出器の歴史

UGeneva, Seminar, Apr 25, 2012 – NW, Bonn 

One slide on “the past” 

3 

wire chambers  
 
! electronic recording 
     of particle tracks 
 

  

silicon strip detectors 
 
! measurement of 
    ps – lifetimes 
    and decay vertices 

pixel detectors  
 
! 3-dim point measurement  

in high rate environments 
like LHC   
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pixel detectors  
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like LHC   

 

NA1, 1983 H1 

CDF 

CMS ATLAS 

ワイヤーチェンバー (1968)

ストリップ検出器 (1983)

ピクセル検出器 (1990)

→electronic recording of 
particle tracks

→measurement of “ps” 
lifetimes and decay vertices

→3D point measurement in high 
rate environments

Wermes

Pixel@LHC is “state-of-art”

σ=mm~100μm, 0.05 channels/cm2

σ<10μm, 100 channels/cm2

σ~10μm, 5000 channels/cm2

mailto:kisisita@post.kek.jp
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ストリップ検出器の構造

空乏層

- 半導体(Si etc.)センサーの表面電極をストリップ(帯)状に配置することによって飛跡の 
  位置を検出する 
- 電極の両面をストリップ状にすることで飛跡の2次元情報が得られる

構成要素: ストリップセンサー+専用の読み出し回路(1次元)+実装技術(ワイヤーボンディング)

mailto:kisisita@post.kek.jp
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15SSI, 07/20/2006

Hybrid Pixel Detectors for the LHC 

Hybrid Pixel Detector (state of the art)

• amplification by a
dedicated R/O chip

• 1-1 cell correspondence

ピクセル検出器の構造
構成要素: ピクセルセンサー + 専用の読み出し回路(2次元) + 実装技術(バンプボンディング)

Wermes

LHC-ATLAS/CMS…
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スイスジュネーブ郊外にあるCERNで稼働する世界最高エネルギーの加速器

LHC (Large Hadron Collide)

    陽子・陽子衝突実験 

• 周長27 km 

• 7 TeV=7兆電子ボルト 

　重心系のエネルギー14 TeV 

• 40 MHz衝突 

• 建設期間14年 

• 3種類の実験(ATLAS, CMS, 

ALICE)→Higg粒子の発見により
2013にノーベル賞

mailto:kisisita@post.kek.jp
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points σ (Rφ) (μm) σ (Rz) (μm)
pixel 3 12 60
SCT 4 17 580

-TRT 36 170 

Pixel Detector
(3 layers, 3 disks)

Silicon Pixel Detector     ~ 1.8 m2

Silicon Strip Detector      ~ 60 m2

Transition Radiation Tracker ~ 300 m2
eq

50x400 µm2 cells
80 x 106 pixels

Tracking Detectors: ATLAS 
粒子飛跡検出器: ATLAS

Wermesbefore IBL

mailto:kisisita@post.kek.jp
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ATLASシリコンピクセル検出器
Siセンサー

ハイブリッドプロセス

✓50 × 400 um2, 250 um thickness 
✓n+ pixel on n- material 
✓rad-hard (1015neq, 80 Mrad) 
✓p- after irrad. (can be operated 

partially depleted)

✓PbSn or In bumping (wafer scale) 
✓IC wafers thinned after bumping 

to ~180 um

Norbert Wermes, Bonn University 9IfH Desy-Zeuthen 26.03.2003

Hybrid Pixels / HEP / technical issues / hybridization

Indium Solder (PbSn)

bumping & flip chip of thinned bumped (!) chips (~ 180µ m, 8“ wafers) ➼➼➼➼

• „lift off“ + thermo compression 
• bumps „soft“ + „thin“ (~6 µ m)
- module handling more „touchy“
+ can be done „in-house“

50 µ m

50 µ m

• electroplating + reflow
• automated wafer scale process @ vendor
• bumps strong and „larger“ (~25 µ m)
• reliable if process steps well controlled

ATLAS / CMS / ALICE ATLAS / ALICE 

photo AMS, Rome photo IZM, Berlin

7!11

ピクセル検出器: ATLAS
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粒子飛跡検出器: CMS
Wermes

12SSI, 07/20/2006

Silicon Pixel Detector     ~ 1 m2

Silicon Strip Detector      ~ 200 m2

Pixel Detector
(3 layers, 2 disks)

100x150 µm2 cells
33 x 106 pixels

Tracking Detectors: CMS

mailto:kisisita@post.kek.jp
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6.3 The CMS Inner Tracker  
Example of strip module geometries!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 44!

27 mechanical different modules + 2 types of alignment modules !

ストリップ検出器: CMS

mailto:kisisita@post.kek.jp
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6.3 The CMS Inner Tracker  
Simulation from CMS: Higgs!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 56!

Simulation of a 120 GeV Higgs decaying inside the CMS Silicon tracker:!

6.3 The CMS Inner Tracker  
Possible discoveries at the LHC: Higgs!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 55!

A promising discovery channel for a light Standard Model Higgs Boson is!
ttH"jjb l%b bb:!

Final state 6 jets (4 b-jets), 1 lepton, !
1 neutrino (missing Energy):!

…a superb task for the Silicon detector…!

粒子の飛跡はどう見えるか？

mailto:kisisita@post.kek.jp
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ガンマ線天文学への応用

2Stefano Ciprini, ASDC RomeExtreme-Astrophysics / Time-Domain Astronomy in the 21st Century, Ierapetra June 2014

FermiFermi GammaGamma--ray Space Telescoperay Space Telescope

The Burst Monitor (GBM)
8 keV – 40 MeV

9.5 sr FoV

The Large Area Telescope (LAT)
20 MeV - 300 GeV

>2.5 sr FoV

Fermi (formerly GLAST): two Instruments

素粒子実験の検出器技術が宇宙ガンマ線のイメージングに活用されている Ciprini

mailto:kisisita@post.kek.jp
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医療分野への応用

3 

 
図 1 SPECTの撮像原理 

 
1.2.2. シンチカメラ 
 
シンチカメラはシンチレーションカメラの略称で，アンガーカメラ，ガンマカメ

ラとも呼ばれる．シンチカメラは，被検体にトレーサーとして投与した放射性薬剤

から放出されるγ線を体外から計測し，動態や機能などの各種診断情報を画像化す

る装置である．図 2にシンチカメラの構成を示す．以下，シンチカメラを構成する
各要素について述べる． 
 

コリメータにより，
ガンマ線の入射
方向を規定

分布

画像再構成
検出器

SPECT装置 断層画像

検出器

検出器

回転

360°or 180°
分の投影像

SPECT/PET: 放射線同位元素で標識した薬剤から放出されるγ線を検出し、薬剤の分布を 
画像化することで生体内の血流や代謝、細胞組織などの機能情報を得る
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2. ダイオードセンサーの基本
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半導体の定義
✓IV価: Si (素粒子実験、室温), Ge (原子核実験、77 Kまで冷却), ダイヤモンド(高価!) 
✓化合物(III-V): GaAs (高速、Siよりも高放射線耐性) 
✓化合物(II-VI): CdTe (高いガンマ線の光電吸収率)

結晶中を自由に移動する電子に対応

結晶格子に束縛されている外殻電子に対応

mailto:kisisita@post.kek.jp
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半導体の種類(真性半導体)

M. Krammer, Praktikum 2010/11! Silicon Detectors! 5!

2.2 Material Properties  
Bond model of semiconductors!

Example of column IV elemental semiconductor (2dim projection) :!

!  Each atom has 4 closest neighbors, the 4 electrons in the outer shell are 
shared and form covalent bonds.!

!  At low temperature all electrons are bound!
!  At higher temperature thermal vibrations break some of the bonds " free e- 

cause conductivity (electron conduction)!
!  The remaining open bonds attract other e- " The “holes” change position 

(hole conduction)!

T = 0 K! T  > 0 K!

Conduction electron!
Valence electron!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 6!

2.2 Material Properties  
Energy bands: isolator–semiconductor–metal!

In an isolated atom the electrons have only discrete energy levels. In solid state 
material the atomic levels merge to energy bands. In metals the conduction and 
the valence band overlap, whereas in isolators and semiconductors these levels 
are separated by an energy gap (band gap). In isolators this gap is large.!

熱励起と再結合の平衡状態 
伝導帯電子と価電子帯ホールの数
が等しい

価電子帯

伝導帯

伝導帯

価電子帯

ni = 1.45⇥ 1010 cm�3

(1022 原子/cm3の中で1012個に 
1個の割合でイオン化)

ni = pi

mailto:kisisita@post.kek.jp
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半導体の種類(n型/p型)

[n型]

不純物をドープすることで電気伝導度を、その物質が純粋であるときに比べて大きくしたもの

[p型]

e-

e-

h+

熱励起

熱励起

np = nipi
ni = pi = 1010 cm�3 Si@300 K

ドナー不純物からの電子がキャリア アクセプタ不純物からのホールがキャリア

! n = 1017 cm�3, p = 103 cm�3 with 2 ppm dope

mailto:kisisita@post.kek.jp
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真性半導体センサー？

キャリア電荷を減らす必要がある

検出器のサイズを厚さd=300μm、面積A=1 cm2を考える

平均イオン化エネルギー: I0=3.62 eV, 
シリコン中のエネルギー損失: dE/dx=3.87 MeV/cm, 
ni=1.45 x 1010 cm-3 @300 K

信号: 

M. Krammer, Praktikum 2010/11! Silicon Detectors! 9!

2.3 Constructing a Detector  
Estimate SNR in an intrinsic silicon detector!

Let’s make a simple calculation for silicon: ! ! ! !
!Mean ionization energy I0 = 3.62 eV, mean energy loss per flight path 
!dE/dx = 3.87 MeV/cm, intrinsic charge carrier density at T = 300 K 
!ni = 1.45 · 1010 cm-3. !

Assuming a detector with a thickness of d = 300 µm and an area of A = 1 cm2.!
" Signal of a mip in such a detector:!!

Have to remove the charge carrier! !
! !" Depletion zone in reverse biased pn junctions!

! 

dE dx " d
I0

=
3.87 "106 eV cm " 0.03cm

3.62eV
# 3.2 "104 e$h+$pairs

" !Intrinsic charge carrier in the same volume (T = 300 K):!

! 

ni d A =1.45 "1010 cm-3 " 0.03cm "1cm2 # 4.35 "108 e$h+$pairs
" !Number of thermal created e–h+-pairs are four orders of magnitude larger 

than signal!!!!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 9!
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Let’s make a simple calculation for silicon: ! ! ! !
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than signal!!!!

真性半導体中のキャリア電荷: 
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pn接合
n型とp型が良い熱力学的接触をしている場合、電荷キャリアは接合部を横切って移動できる

p型結晶の表面をn型不純物蒸気にさらした場合 
表面近傍は、ドナー濃度NDになる

n型から伝導電子が拡散すると、後には電離した
ドナー不純物からの動けない正の電荷が残される

n側には正、p側には負の空間電荷が形成される 
蓄積空間電荷による電界によって拡散が抑制される 
この電荷不均衡領域を空乏層と呼ぶ 
(free of charge carriers) d2'

dx2
= �⇢(x)

✏

E(x) = �d'

dx
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空乏化
放射線が通過して空乏層内に作られた電子・ホール対は電界により空乏層の外に掃引され、 
この電子・ホール対の運動が基本的な電気信号を作る。
（空乏層内の熱励起によるキャリアの生成密度よりは大きい）

でもこのままではセンサーとしては使えない

1. 接触電位は1 V程度→高速にキャリアを掃引できない、再結合による不完全な電荷収集 
2. 接触空乏層厚が薄いため静電容量が大きい→読み出し回路と接合した場合に雑音特性が悪い

29SSI, 07/20/2006

three physical noise sources:

number fluctuations of quanta Æ 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta Æ 3. thermal noise

where do they appear in a typical pixel detector readout chain ?

pixel sensor

out
in

preamp

thermal transistor channel noise

transistor 1/f noise

Noise in a pixel detector

ドリフトによる電荷収集(高速<10 ns)
pn接合に逆バイアスを印加して空乏層を広げて使用する
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pn接合の電流・電圧特性

M. Krammer, Praktikum 2010/11! Silicon Detectors! 18!

2.5 The p-n Junction 
Current-voltage characteristics!

Typical current-voltage of a p-n junction (diode): exponential current increase 
in forward bias, small saturation in reverse bias.!
!
Ideal diode equation:!

S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985!

! 

I = I 0 " exp
eV
kT
# 

$ 
% 

& 

' 
( ) 1

* 

+ , 
- 

. / 
I0 … reverse saturation current!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 15!

2.5 The p-n Junction 
Operation with forward bias!

Applying an external voltage V with the anode 
to p and the cathode to n e- and holes are 
refilled to the depletion zone. The depletion 
zone becomes narrower.!

!

!

The potential barrier becomes smaller by eV 
and diffusion across the junction becomes 
easier. The current across the junction 
increases significantly.!

p-n junction with forward bias!順方向にバイアスした場合は、空乏層中の蓄積電荷が満たされるため、電流がたくさん流れる

逆バイアスの大きさ 
• Si: 10-80 V 
• CdTe: ~500 V 
• ダイヤモンド: 20 V 
• SiC: 1 kV

mailto:kisisita@post.kek.jp


27. Jul. 2020, KEKkisisita@post.kek.jp !26

逆バイアス印加時の空乏層厚
低いドーパント濃度であるp型ウェハー中に高濃度のn型を接合し、逆バイアスVを印加する 
電荷は接合の両側で一様であると仮定する

b

E(x)(= �d'

dx
)

x�a

x

⇢(x)

�a

eND

�eNA

b

NDa = NAb

8
<

:

� eND
✏ (�a < x  0)

+ eNA
✏ (0 < x  b)

d2'

dx2
=

8
<

:

� eND
✏ (x+ a)2 + V (�a < x  0)

+ eNA
✏ (x� b)2 (0 < x  b)

'(x) =

を解いて

x=0で電位が一致するという条件から

NAb
2 +NDa2 =

2✏V

e
を得る

を得る

の条件と空乏層厚d=a+b~bから

d ⇠

2✏V

eNA

�1/2
(= [2✏V µ⇢d]

1/2)

比抵抗ρdはドーピング前の半導体物質の純度で決まる 
できるだけ高い比抵抗を持つ最高純度のSiを用いる
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pn接合の静電容量
電子回路雑音が主要であるような条件で良いエネルギー分解能を得るためには、検出器
静電容量を小さくすることが重要

C =
✏

d
⇠


✏

2V µ⇢d

�1/2単位面積当たりの静電容量 
(センサー容量)

M. Krammer, Praktikum 2010/11! Silicon Detectors! 21!

" !… !specific resistivity of the bulk!
µ !… !mobility of majority charge carrier!
V !… !bias voltage !!
A !… !detector surface!
!
!

2.6 Detector Characteristics  
Capacitance of a detector!

For a typical Si p-n junction (Na >> Nd >> ni) the detector capacitance is given 
as:!

! 

C =
"0"r
2µ# V

$ A

Measured detector capacitance as a 
function of the bias voltage, CMS strip 
detector:!

Krammer

[ストリップセンサーのCV測定例]

✏ :

⇢d :

µ :

V :

誘電率 
比抵抗 
キャリアの移動度 
バイアス電圧
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ドーピング濃度の求め方
C =

✏

d
⇠


✏

2V µ⇢d

�1/2

⇢d =
1

eNAµ

単位面積当たりの静電容量

比抵抗

d(1/C2)

dV
= � 2

e✏NA

1/C2

V

Slope∝1/N
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放射線/荷電粒子からの信号

18SSI, 07/20/2006

The Signal and the Noise in pixel detectors 

created charge carriers (e/h)
move in depletion region
by

drift

and

diffusion

typically 8-10 µm in 300 µm Si

in Si bulk fully depleted
• wi = 3.61 eV for 1 e/h
• a high energy particle 
Æ ~ 80 e/h per µm

• all charge collected
• ~ 20 000 e/h per 250 µm
= 3 fC

• radiation
e.g. 10 keV X-ray: 3000 e/h
≈ 0.5 fC

Wermes

空乏層中で電子・ホール対を生成するのに 
必要なエネルギー: wi=3.61 eV (Si) 
→10 keV X-ray: 3000 e/h (0.5 fC) 

高エネルギー粒子: 80 e/h per μm (空乏層の厚み) 
→250 μmのセンサーだと20 000 e/h (3 fC)

Property Diamond 4H SiC Si CdTe

Eg [eV] 5.5 3.26 1.12 1.44
Ebreakdown[V
/cm] 107 2.2x106 3x105 TBD

μe [cm2/
Vs] 1800 800 1450 1090*[1]

μh [cm2/
Vs] 1200 115 450 110

vsat [cm/s] 2.2x107 2x107 0.8x107 107

Z 6 14/6 14 48/52

εr 5.7 9.7 11.7 TBD
e-h 
energy 13 7.6-8.4 3.6 4.5

Density 3.515 3.22 2.33 5.9
Displacem. 
[eV] 43 25 13-20 5.3-6.2*[4]

光電効果: ~Z4-5
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δ-エレクトロン

20SSI, 07/20/2006

Delta electrons

δ

kinematics: 1-1 relation between emission angle
and kin. energy

slow ones emitted
at right angles
Æ in 1/β2 part of BBF
Æ highly ionizing 

for experimentalists

δ- electrons are “always”
emitted at 900 and highly
ionizing

lead
air

21SSI, 07/20/2006

Delta electrons

single hit cluster
δ-electron with perpendicular emission

effect of δ -electrons

100 keV δ-electron occurs in 
300 µm Si with 6% probability
and has “range” of 60 µm  

DEPFET pixels (25 µm x 25 µm)

20000 e

250 µm

δ electron

1500 e

typ. 60 µm
4500 e

21SSI, 07/20/2006

Delta electrons

single hit cluster
δ-electron with perpendicular emission

effect of δ -electrons

100 keV δ-electron occurs in 
300 µm Si with 6% probability
and has “range” of 60 µm  

DEPFET pixels (25 µm x 25 µm)

20000 e

250 µm

δ electron

1500 e

typ. 60 µm
4500 e

21SSI, 07/20/2006

Delta electrons

single hit cluster
δ-electron with perpendicular emission

effect of δ -electrons

100 keV δ-electron occurs in 
300 µm Si with 6% probability
and has “range” of 60 µm  

DEPFET pixels (25 µm x 25 µm)

20000 e

250 µm

δ electron

1500 e

typ. 60 µm
4500 e

盲点: 高速荷電粒子からの信号は飛跡に沿ってのみ生じるわけではない

DEPFET pixels (25 μm x 25μm)
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誘導電荷による信号形成
盲点: 検出器の信号はキャリア電荷が電極に達した時点で生じるわけではない

Siの飽和速度: 107 cm/s (電子)、105-6 cm/s (ホール) 
→センサーの厚みが0.1 cm以下だと10 ns程度で電子からの信号が収集される(高速応答)

⌫e = µeE = µe
V

d

ドリフト速度
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拡散による電荷の広がり
キャリア電荷はバイアス電圧によってドリフト(掃引される)だけでなく、熱拡散するため 
電極に達するまでにある程度広がる

� =
p
2Dt

D = µ
kT

e

tはキャリア電荷が移動した時間と
して広がり:

19SSI, 07/20/2006

The Signal and the Noise in pixel detectors 

• pixel pattern
• typical cells: 100 x 150 µm2

50 x 400 µm2

• charge diffusion σ ~ 8-10 µm
•Æ charge spread over 2-4 pixels

note: photo effect ~Z4-5

Si Æ CdTe, CZT, HgI2,  

in Si bulk fully depleted
• wi = 3.61 eV for 1 e/h
• a high energy particle 
Æ ~ 80 e/h per µm

• all charge collected
• ~ 20 000 e/h per 250 µm
= 3 fC

• radiation
e.g. 10 keV X-ray: 3000 e/h
≈ 0.5 fC

4.2 Position Resolution 
Diffusion – 2!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 36!

!  h+ created close to the anode (i.e. the n+ backplane) and e- created 
close to he cathode (i.e. the p+ strips or pixels) have the longest drift 
path. As a consequence the diffusion acts much longer on them 
compared to e- h+ with short track paths. !

"  The signal measured comes from many overlapping Gaussian 
distributions. !

Drift and diffusion acts on charge carriers:!

Charge density distribution for 5 
equidistant time intervalls: !
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位置検出能力(分解能)
-バイナリ(ヒットがあったかなかったかを0/1に変換)読み出し方法

-2ストリップ(x1,x2)に渡って信号が広がっており、かつ信号量(波高情報h1,h2)が利用できる
場合

飛跡の位置         ストリップ(ピクセル)の場所
0  1  0

位置分解能 �x ⇠ pp
12

飛跡の位置

位置分解能

p: ストリップ(ピクセル)ピッチ
p

x = x1 +
h2
1

h1 + h2
(x2 � x1) =

h1x1 + h2x2

h1 + h2

x =

�x / p

SNR

4.2 Position Resolution 
Example – influence of readout pitch and SNR!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 38!

Example of a detector with strip pith of 25 µm and analogue readout.!
The position resolution is plotted as a function of the SNR.!
     Bottom curve: every strip is connected to the readout electronics!
     Top curve: every 2nd strip is connected, one intermediate strip!
!

To benefit from intermediate strips 
large SNR is required!!

A. Peisert, Silicon Microstrip Detectors, !
DELPHI 92-143 MVX 2, CERN, 1992!

SNR: 信号対雑音比
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センサーの設計基準
• 粒子の種類(ガンマ線のエネルギー) 
• 空乏層厚(検出器効率) 
• セグメントサイズ(位置分解能) 
• バイアス電圧(実験環境, ドーピング濃度) 
• 放射線環境(中性子)
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3. ダイオードセンサーの応用
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Schottkyダイオード
金属と半導体を接合させることで 
pn接合と同様の電場構造を作ることができる

化合物半導体は通常ドープしない(CdTe) etc.

金属-半導体接続によっては、 
自由に電荷が流せるオーミック接触も形成可能 
(センサーの電極として使用される)
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MOSダイオード
MOS構造(金属-SiO2-Si): CMOSプロセス

金属と半導体間で電流は流れないが、金属側に電圧を印加することで 
ポテンシャルの井戸を自由に変えることができる

センサーだけでなく回路設計で使用される(詳細は明日以降の講義で)

パンチスルー効果
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p-i-nフォトダイオード
pn接合やSchottkey接合は光センサーとしても用いることができるが、現在ではp-i-n型が主流

高速動作のためには走行時間を短くするために空乏層厚は薄い方が良い⇄量子効率を高めるに
は、空乏層で光が十分吸収されるよう、ある程度厚くなければならない

真性半導体領域 
(元々電荷キャリアが 
少ないため空乏層と 
同じ働きをする)

i層のみだと電極付近に電界が
生じるため、障壁があっても 
電極からキャリアが注入され
やすくなるためpとnでサンド
イッチ構造にする 

• 厚さの制御が容易 
• バイアス電圧を下げられる

放射線カウンタ効果
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アバランシェフォトダイオード

接合面での高電界によって雪崩増幅が生じる

✓時間分解能:1~3 ns 
✓利得係数は温度と印加電圧に敏感 
✓表面のコーティング・不感層を薄くして青色光感度を改善 
✓カロリーメータ etc.

シンチレータ
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CCD (Charge-Coupled Device)

Serial output register

MOS構造を用いてポテンシャルの井戸を形成し、電荷を転送

可視光CCD

制御線の電
圧の位相を
用いて電荷
のバケツリ
レーをする
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CCD (Charge-Coupled Device)
✓pixel size: ~25 um角 
✓熱励起された電子が雑音源となるため、-50~-100度まで冷却して使用する 
✓低ノイズ(Cdet=0.2 pF), ほぼ理論限界のエネルギー分解能:~120 eV@5.9 keV 
✓長めの整形時間→読み出し速度に限界(105pix/s) 
✓完全空乏層型p-n CCD (                                            )→X線天文学d ⇠ 300 µm, ⇢d ⇠ 10 k⌦ · cm

放射線耐性
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CMOSイメージセンサー
センサーとエレクトロニクスを単一のシリコンに含めたモノリシックアクティブピクセル
検出器(MAPS)

✓可視光(400-700nm)は厚さ0.5-7um Siで吸収 
✓pixel size: 10-20 um 
✓信号量が小さい 
✓拡散による電荷収集→放射線に弱い 
✓

フィルファクター

レンズ

⇢d ⇠ 1� 10 ⌦ · cm
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ドリフト検出器(原理)

Lutz, Gatti

ポテンシャルの谷を形成することでCCDの電荷輸送ステップを無くした構造 
(電荷を長距離に渡って転送するが、本質的にはCCDよりも早い読み出しが可能)

0 V -V

ハイブリッド構造
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ドリフト検出器(電極構造)

✓ドリフト時間から位置を分別できる(数mmのドリフト距離に対し空間分解能4um) 
✓収集電極のサイズを小さくできる→Cdet=10~100 fF (優れたエネルギー分解能
140 eV@200K) 
✓小さいCdetのため短い整形時間で良いためある程度高レートでも使用可能

センサーを考える上で電極構造は重要な要素である
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DEPFET (Depleted FET)

20-21 Nov. 2014, 計測システム研究会@J-PARCT. Kishishita

DEPFETピクセル検出器

-
-

source

drain

external 
gate

internal 
gate

clear gate

clear

Collaboration: Aachen, Bonn, Heidelberg, MPI Munich, Karlsruhe, Plaque, Valencia

✓初段FETにPMOS (完全空乏化したバルク上に配置)

✓Internal gate (IG): n-implant, potential min. for e-

✓IGに蓄積された電荷に応じてドレイン電流が変化

✓蓄積電荷をパンチスルー効果によって除去

✓FETは電荷収集時はOFF

✓電流信号をフロントエンドASICで処理
• マトリックス駆動用ASIC+信号処理ASIC (CDS)
が必須

• 低消費電力

• ピクセルサイズ：小 
• driftによる電荷収集(fast collection, large signal)

• 余分なresetが必要(non-commercial process)

• low Cdet + amp.→低雑音

16
>10 yrs R&D

✓各ピクセルにp-ch FETが含まれる(完全空
乏化)→高速・大信号 
✓ディープnインプラントがゲート直下に　
ポテンシャルミニマムな領域を形成 
✓インターナルゲートに信号が蓄積され電
流の変化として検出(gq~400 pA/e-) 
✓パンチスルー効果によって蓄積電荷を除
去 
✓ローリングシャッター読み出し方式なの
で低消費電力 

せっかくなのでドイツにいた時の研究テーマについて少し紹介します
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20-21 Nov. 2014, 計測システム研究会@J-PARC

電圧読み出し vs. 電流読み出し

T. Kishishita

電圧読み出し(ソース) 電流読み出し(ドレイン)

ΔU

ΔI
Cgd

Cgs

CL

Qin on 
internal gate

電圧は一定

CL

Cgd

Cgs

TIA

Rf

�U ⇠ Qin

Cg

⌧ = 2.2⇥ CL · (1 + Cgs/Cgd)

gm
⇠ µs

�I ⇠ Qin

Cgd + Cgs
⇥ gm ⌧ = very small

✓Cgs, Cgdはゲインとスピードのトレードオフ 

✓CLが立ち上がり時間に影響

✓ドレイン電圧が一定なので高速　
読み出しが可能 

(virtual ground, Rdrainとgate settling time

でリミット)

Belle II用Depfetは電流読み出しを採用
1720-21 Nov. 2014, 計測システム研究会@J-PARC

電圧読み出し vs. 電流読み出し

T. Kishishita

電圧読み出し(ソース) 電流読み出し(ドレイン)

ΔU

ΔI
Cgd

Cgs

CL

Qin on 
internal gate

電圧は一定

CL

Cgd

Cgs

TIA

Rf

�U ⇠ Qin

Cg

⌧ = 2.2⇥ CL · (1 + Cgs/Cgd)

gm
⇠ µs

�I ⇠ Qin

Cgd + Cgs
⇥ gm ⌧ = very small

✓Cgs, Cgdはゲインとスピードのトレードオフ 

✓CLが立ち上がり時間に影響

✓ドレイン電圧が一定なので高速　
読み出しが可能 

(virtual ground, Rdrainとgate settling time

でリミット)

Belle II用Depfetは電流読み出しを採用
17

const. voltage

Belle II DEPFET検出器は電流読み出し方式を採用

電圧読み出し 電流読み出し

✓ドレイン側の電圧は仮想接地によって一定
→高速な読み出しが可能✓ゲインと速度がCgs, Cgd  に依存 

✓立ち上がり時間がCL に依存

(same in MAPS 3T)

読み出し方式
ここまでのセンサーは全て電荷信号を電圧に変換するような読み出し方式を採用している
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The DEPFET pixel 

Paola Avella, MPI for Physics - HLL Development of High-Resolution Pixel Detectors and their Use in Science and Society 10 

• 25 photolithographic masks and 9 

implantations  

 

• Extremely complex technology 

involving wafer bonding, double poly 

silicon, triple metal layer, backside 

thinning and double sided wafer 

processing 

 

• Source contact common to 2 pixels 

• Clear shared by 4 pixels 

      Æ very compact design 

Belle II用DEPFETセンサー

✓ 25枚フォトリソマスク + 9回のインプラ 

✓非常に複雑な半導体プロセス@MPI-HLL, 

Münich(ウェハーボンディング、ダブルポリ

シリコン、3層メタル、バックサイドシニン

グ、両面ウェハープロセス) 

✓ 2ピクセル共通のソース 

✓ 4ピクセル共通のクリアゲート
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Belle II DEPFETの読み出しThe DEPFET matrix and the rolling shutter mode readout 

Paola Avella, MPI for Physics - HLL Development of High-Resolution Pixel Detectors and their Use in Science and Society 11 

• High readout speed required to keep the 

number of hit pixels low at each readout 

frame Æ 20 Ps Æ 100 ns/electrical row 

 

• The 4-fold readout is used, for which: 

• 4 rows are connected in parallel to 

gate and clear 

• The number of drain lines increases of 

the same factor 

 

• Three different ASICs to readout the matrix 

(made in radiation hard technology): 

• SWITCHER 

• DCD 

• DHP 

✓1列ごとに信号処理→高速 20 μs/frame 
(100 ns/row) 

✓ 4行を一度に読むことでさらに読み出し速度
を上げている

✓3種類のエレクトロニクスを使用する

ASICはセンサーサブストレートにバンプされている

センサー厚: 75 μm, 周辺: 450 μm

エレキの設計は大変
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DEPFETフロントエンドASIC

20-21 Nov. 2014, 計測システム研究会@J-PARCT. Kishishita

DEPFETフロントエンドASIC (Belle II)

TIPP 2014, 2-6 June. Amsterdam

Front-end ASIC #1: SWITCHER-B

• AMS high voltage 0.18 um CMOS 
• Designed by Uni. Heidelberg 
• Size: 3.6×1.5 mm2 

• contains additional logic for gated-mode 
operation

devices on a substrate with a resistivity of 150O cm. The
leakage currents of typically 100 pA=cm2 (at 50V) are
excellent values. Only ! 10% of the devices have leakage
currents increased by a factor of five. No significant
difference in behavior between normal and thin diodes has
been observed.

4. The Switcher3 gate/clear steering chip

In the existing test setups, the control of the gate and
clear signals is achieved with the Switcher2 steering chip.
This chip has been designed 2002 in a 0:8mm high voltage
technology in order to be able to deliver voltage steps of up
to 30V for test purposes. This chip is not suited for ILC,
however, for several reasons (geometry, power dissipation,
speed, insufficient radiation hardness). A new chip, Switch-
er3, has therefore been designed with the following main
goals:

" Geometry suited for module construction (slim and
long). Two-dimensional arrangement of bump bonding
pads, 128 channels.
" Voltage steps of up to 10V, sufficient for operation of

the latest DEPFET devices.
" Minimal dynamic power dissipation, close to zero static

power dissipation.
" Settling time of ! 20 ns for a 9V step and a load

capacitance of 20 pF.
" Radiation tolerance of at least 1Mrad.
" Flexible sequencer allowing multiple readout of regions

of interest.

" Minimum number of supply, bias and control signals to
simplify wiring on the sensor frame.

4.1. HV switch

One of the biggest challenges for this new chip was the
design of a radiation tolerant analog switch able to operate
at up to 10V. Irradiations of Switcher2 chips had shown,
that the used HV-devices with thick gate oxides severely
degrade after small (o50 krad) doses already, as expected.
Thin gate devices, on the other hand, do not withstand the
required voltage. The adopted solution is illustrated in
Fig. 4: three stacked 3.3V NMOS/PMOS devices are used
to pull the output to ground or to the positive switch
voltage, respectively (similar to a circuit in [9]). The
transistors are operated such that under no circumstances
the voltage differences at the terminals exceed the allowed
limit. Fig. 4(a) and (b) shows the required voltages for
high or low output, respectively, for an illustrating supply
voltage of 9V. The gate voltages of the middle NMOS
(PMOS) can always be held at 3V (6V), while the
other gates must be switched between 0V/3V, 6V/3V
and 6V/9V. The required level-shifting is achieved with
SRAM cells which are operated with the corresponding
supply voltages and which are flipped by capacitive
coupling of a 3V step signal onto the internal storage
node. The feedback inverters in the SRAM cells are current
limited so that flipping is simplified and capacitors of !
200 fF are sufficient. A reset/set signal in the SRAM cells
can be used to define the initial polarity. This level shifting
has no DC current consumption, as required.

ARTICLE IN PRESS
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Fig. 4. Simplified schematic of the ‘high voltage’ switch. The operation points for a supply of 9V are shown for high output (a) and low output (b).
The required gate voltages are generated by AC-coupled SRAM cells.

P. Fischer et al. / Nuclear Instruments and Methods in Physics Research A 582 (2007) 843–848846

• Fast pulse to drive large line cap. (~50 pF) 
• Fast HV up to 20 V for complete clear within 

~20 ns
• stacked-transistor output stage 
• thin gate oxide transistors for rad.-hard

NIM A, v582, p843, 2007

!"#$%&'()*&+"#(,-
!,.'%$&,/('(0

SwitcherB18 (Gated Mode)
Reference Manual

Document revision: 3.2
for chip version 2.0
February 17, 2014

Prof. Dr. Peter Fischer, Dr. Ivan Perić, Dr. Christian Kreidl
Lehrstuhl für Schaltungstechnik und Simulation

Universität Heidelberg

Requirements to the ASIC

TIPP 2014, 2-6 June. Amsterdam

DCD-Bv2 v2.0 2.6. PIXEL SHIFT REGISTER

16

CMC CMCCMP CMP

CMC CMCCMP CMP

L

CMC CMCCMP CMP

CMC CMCCMP CMP

L

FF

EnInjLoc

EnDC

EnCMC
InjectLoc

EnInjLoc EnDC

AmpOrADC(Global)

VDCM
o
n
it
o
r

SerIn, Ck, ShEn

SerOut

Ld1

Ld2

Ld3

VNSubIn VNSubOut

SmpL

SmpR

EnDKS

WrSignal

DAC0DAC1

Rd01, Wr(0:3), Rd23(L:R)

Sync(0:1), SmpEn(L:R) Rd01 = Sync0

Rd23(L:R) = Sync0B & SmpEn(L:R)B

Smp(L:R) = Sync0B & SmpEn(L:R)

WrSignal = Strobe & not sample

Strobe

WrSignal

VPInjSig

VPDAC

V(P:N)Del

Decoder
ADCR

ADCL

Presamp. CMC

Receiver
DAC

Cal
Config

EnDKSB

SmpLB

SmpRB

RefIn

Figure 2.1: Basic circuits of the analogue channel.
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Front-end ASIC #2: DCD (Drain Current Digitizer)

• UMC 180 nm 
• Designed by Uni. Heidelberg 
• Size: 3.3×5.0 mm2 

• Noise: 40 nA 
• Irradiation up to 7 Mrad

IW
LC

2010
19
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• Trans-impedance amplifier 
• performance adjustment with DACs 
• Each channel with two current mode cyclic ADCs 

based on current-memory cells 
• 80 ns sampling period with 8 bits resolution

• Low-noise & fast settling current receiver 
(Rs=200Ω, Cd=50 pF) 

• 10 M Sample/s 
• 256 input channels

Requirements to the ASIC

TIPP 2014, 2-6 June. Amsterdam

Front-end ASIC #3: DHP (Data Handling Processor)

• Timing generation (1.6 GHz) + clock 
distribution

Zero-suppression 
Only triggered data readout 
Raw data buffering 
Fixed pattern noise correction 
Hit finder 
Framing (AURORA) 
Serializer and Gbit link driver

• Data processing

• TSMC 65 nm CMOS 
• Designed by Uni. Bonn 
• Size of 3×4 mm2

Functions of the ASIC

マトリックスの駆動/読み出しに3種類のASICを用いる
• センサー部の厚さは75 μm, 周辺部は450 μm @MPP 
• ASICはセンサーサブストレートにバンプボンド 
• 10 Mrad (5 yr)

✓AMS HV 180 nm CMOS 
✓Univ. Heidelberg 
✓速い駆動信号を供給 (Cd~50 pF) 
✓信号クリア用高電圧信号生成 (~20 V)

SWITCHER-B

DCD-B

DHPT

✓UMC 180 nm CMOS 
✓Univ. Heidelberg 
✓Current Receiv. (TIA)+ ADC 
✓low Noise & fast settling 
   (Rs=200Ω, Cd=50 pF) 
✓10 Mサンプル/s 
✓256チャンネル

✓TSMC 65 nm CMOS 
✓Univ. Bonn 
✓SW, DCDへのクロック供給 
✓Zero-Suppression 
✓G-bitデータリンク

18

total area: 0.014 m2

Design review in Oct. 2014→final submission in 2015!

sampling with 10 MS/s
256 channels

fast stering signals
high voltage pulse for pixel clear (~20 V) clock supply to SW, DCD

zero-suppl., G-bit link 
(~15 m to backend elec.)

✓放射線に耐性のあるエレクトロニクスが要求(5年の運用で10 Mrad) 
✓7年以上にわたるR&D
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The BELLE II PXD layout 

Paola Avella, MPI for Physics - HLL Development of High-Resolution Pixel Detectors and their Use in Science and Society 7 

Inner layer 
(L1) 

Outer layer 
(L2) 

# modules 8 12 

Distance from IP (cm) 1.4 2.2 

Thickness (Pm) 75 75 

# pixels 768 x 250 768 x 250 

Total # pixels 3.072 M 4.608 M 

Pixel size (Pm2) 55 x 50 
60 x 50 

70 x 50 
85 x 50 

Sensitive area (mm2) 44.8 x 12.5 61.44 x 12.5 

total 0.2% X0 

P. Avella

Belle IIピクセル検出器

very low mass design

粒子飛跡検出器として散乱物質を減らす必要がある
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センサーを薄くする技術

49

シリコンは薄いと,,,割れます
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4. 最近の研究話題から
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g-2/EDM実験用ストリップ検出器試験モジュール１
• 検出器としての性能を評価するため、実機センサーと実機仕様読み出し回
路SliT128Aを用いた試験モジュールを製作。

• ワイヤーボンディング技術の蓄積
• ピッチアダプタのライン/スペースの最適化
• これまでに計4 回, J-PARC のパルスミューオンビーム
を用いて試験・物理データの取得(2017年2 月+ 6 月, 2018年3 月+ 6 月)。

12

実機センサー

Artix7
XC7A200T

(Xilinx)

SliT128A

ピッチアダプタ
by 株式会社フジクラ

(min L/S=20/22.5)

読み出し基板

陽電子飛跡検出器
• シリコンストリップ検出器(ベーン) を放射状に配置して, ミューオン崩壊か
ら生じる陽電子の崩壊時刻, 運動量,放出角度を正確に測定。

• J-PARC の大強度パルスビームに対応。
– Granularity(細分割性) の高さ・高速応答

• 5 ns の間に最大30 個のミューオンが崩壊
• 最大ヒットレート : 1.4 MHz/strip

– ヒットレート変化に対する高い安定性
• 150 倍のヒットレート変化@寿命5 周期分

6

𝒆+

• ベーン数 : 40
• センサー枚数 : 640 枚
• 総ストリップ数 : 655,360
• センサー総面積 : 6.24 m2

(有感領域 : 6.06 m2)

66 cm

3T

𝝁+

¼ ベーン

4 sensor

32 ASIC

218 mm

98
1 

m
m

10 cm

µ+ ! e+⌫e⌫̄µ

ミューオンの磁気双極子と電気双極子を精密測定

mailto:kisisita@post.kek.jp


27. Jul. 2020, KEKkisisita@post.kek.jp !54

https://www2.kek.jp/ipns/ja/post/2020/03/20200309/

“日本初！エレクトロニクスシステムグループとミューオンg-2/EDM
実験グループが純国産シリコンストリップ検出器用集積回路の開発
に成功”

素核研ニュース

ストリップ読み出しチップ

Advanced Electronics & Signal Processing, SS2011, H. Krüger

Detector Signal Processing

• signal chain with function blocks (generic)

sensor charge 

sensitive 

amplifier

shaping 

amplifier

A Æ D 

conversion

-2-

エレクトロニクスシステムグループは実験グループと一緒に自分たちの手で検出器開発を
進めています

現在Belle II実験用のストリップ検出器読み出しチップを開発中
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SiCピクセル検出器
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ĿĶPcģă 
 SiC

SiC (4mm x 4 mm)

1374 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 58, NO. 3, JUNE 2011

Fig. 8. Linearity curves of a typical channel in the high and low gain modes.
The lower plots indicate the residuals between the data points and linear func-
tions.

Fig. 9. Baseline distributions before and after adjustment by two sets of 4-bit
current DACs. They are adjusted within mV except for 8 flyers.

TABLE I
SUMMARY OF THE CHIP PROPERTIES

technology developed by JAXA and Mitsubishi Heavy Indus-
tries (MHI) in Japan [22]. Subsequently, the CdTe-ASIC hybrid
was mounted in a QFP ceramic package as shown in Fig. 10.

The CdTe-ASIC hybrid was tested in the same fixture used
in the previous section. We first found that the digital to analog

Fig. 10. A photograph of the 144-channel CdTe pixel hybrid. The CdTe sensor
has dimensions of 4 4 mm and a thickness of 0.5 mm.

Fig. 11. An Am spectrum obtained with the CdTe hybrid pixel detector op-
erated at C. The bias voltage of V was applied to the common elec-
trode. We utilized single-hit events from all the 144 pixels.

interference was reduced to mV thanks to the newly fabri-
cated electro-magnetic shield. This corresponds to about 2 keV
in CdTe, which is low enough to activate the self-trigger func-
tion. We reduced the shaper reference current to 25 A for
better noise performance while all the circuits were fully op-
erational including the buffer circuit mentioned in the previous
section. We also set at a slightly higher value of V so
that the DC-feedback FET could pass the detector leakage cur-
rent properly. The power consumption was 195 W per pixel in
this configuration. While the ENC was e with a chip
only, the ENC in this configuration was measured as e . If
we apply the same noise slope of 25 e /pF as obtained with the
previous chip [16], the added detector capacitance is calculated
as 0.4 pF per pixel. Since the capacitance between the cathode
and anode electrodes is expected as 0.02 pF per pixel, the ma-
jority is considered attributable to the inter pixel capacitance.

An Am radioactive source (1.1 MBq) was placed 5 cm
above the detector. A high bias voltage of V was applied
to the common cathode electrode at a temperature of C.
All the pixels were read out for each trigger, and the data were
processed off-line with setting the software threshold at 4–8
keV, according to each pixel noise level, for determination of
hit multiplicity. We constructed a spectrum of single hit events

KEKではSi以外にワイドギャップ半導体センサーを色々な研究機関と共同で開発しています
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Property Diamond GaN 4H-SiC Si Ge CdTe CdZnTe

Eg [eV] 5.5 3.39 3.26 1.12 0.67 1.44 1.60
Ebreakdown[V
/cm]

107 4x106 2.2x106 3x105 105 TBD TBD
μe [cm2/
Vs]

1800 100 800 1450 <3900*[2] 1090*[1] 906*[3]

μh [cm2/
Vs]

1200 30 115 450 <1900 110 -

vsat [cm/s] 2.2x107 - 2x107 0.8x107 0.74x107*[5] 107 107

Z 6 31/7 14/6 14 32 48/52 48/52/30
εr (dielectric 
const.)

5.7 9.6 9.7 11.7 TBD TBD TBD
e-h energy 
[eV]

13 8.9 7.6-8.4 3.6 2.9 4.5 5.0

Density 3.515 6.15 3.22 2.33 5.3 5.9 5.8
Displacem. 
[eV]

43 20 25 13-20 15-18 5.3-6.2*[4] -
Signal:  Diamond 36 e-/um 
SiC 51 e-/um  →2.5ke- for 50 um-epi 
Si 89e-/um

Wide bandgap→lower leakage current than Si

Higher displacement threshold than Si

他の半導体センサーとの比較

[1] G. Arino-Estrada et al., JINST C12032, 2014. 
[2] http://www.ioffe.ru/SVA/NSM/Semicond/Ge/electric.html 
[3] H.Y.Cho et al., JINST, C01025, 2011. 
[4] Matsuura et al., J. Phys. Soc. Japan, 22 (1967) 1118. 
[5] A. Palmieri et al., DOI:10.1049/cp.2017.0190
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エレクトロニクス
明日以降の計測回路技術の導入として

4

1 pixelのレイアウト

270 um

Pad開口部50 um
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アナログ信号処理回路

1372 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 58, NO. 3, JUNE 2011

Fig. 2. Signal processing chain for each pixel cell. The capacitor values are pF, pF, pF, pF. The nominal
values of resistors and are 6 and 1.5 M , respectively. is in the range of several G adjusted by the gate voltage . is 1/60 of .

Fig. 3. Timing chart of the readout sequence.

charges of and fC. The test board provides reference
current, , for transistors used in the low-pass filter. The shaper
was designed for a constant peaking time of 5 s irrespective
of the amount of input charges and assuming a nominal current
of 100 A for . We define this operation mode as the normal
mode. Although it was not intended to operate the circuit with
different values when designing the chip, we operated it
with reduced anticipating a smaller bandwidth, and thus
improving the noise performance. Due to the limited power
in the resistance circuits, the slew-rate, i.e., maximum rate of
change in the shaper output signal, gradually decreased and
reached to mV/ s at A. This is the so-called
slew-rate limited mode, where the output signals rise at the
same velocity for a wide range of the input signals, and hence
the peaking times are proportional to the amount of input
signals. The noise level of all 144 channels was investigated
with varying and . We obtained the mean equivalent
noise charge (ENC) of 144 channels for each combination of

parameters and summarized them in Fig. 6. It emerged that the
transfer gate-type FET turns on around V, and
works properly in a wide range. The mean ENC is almost
flat and increases at high , which is considered attributable
to an increase of the shot noise. As for the shaper reference
current, lower noise levels were achieved with smaller . The
ENC approaches 50 e with A, where the shapers
were working in the slew-rate limited mode. In Fig. 7, we
compare the noise distribution between the normal mode and
the slew-rate limited mode at V. The obtained
ENC values are and e for and
10 A, respectively. See corresponding waveforms at fC
inputs in Fig. 5. Due to the optimization of the FET parameters
in the CSA, the noise level improved by 10–20 e compared to
the previous chip. Note that we did not turn on the self-trigger
function but utilized a trigger signal from the test pulse gen-
erator in this measurement for the following reason. There is
a buffer circuit between the shaper and the comparator. The

1 pixelの回路構成

　回路は電荷有感型増幅器、CR-RC波形整形回路、コンパレータとピークホールド回路(PH)で構成
されており、両極性の入力電荷に対応できるように設計されています。回路は±1.65, AGNDで動作
させます。

信号処理回路
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最近のピクセル開発の動向

20-21 Nov. 2014, 計測システム研究会@J-PARC

 (セミ) モノリシックピクセル検出器

T. Kishishita 14

+ no bump bonding 
+ very thin (50-75 μm)→~0.2% x/X0 
+ small pixel size (20-50 μm)→~1μm resolution 
+ low power→less cooling 
- radiation hardness 
- R/O speed

20-21 Nov. 2014, 計測システム研究会@J-PARC

ハイブリッドピクセル検出器

T. Kishishita 3

+ good S/N←fully depleted 
+ fast R/O→~ns time stamp 
- radiation length→ 3.5% x/X0 
- spatial resolution→~10 μm 
- bump bonding

ハイブリッドピクセル検出器

モノリシックピクセル検出器

センサー・エレクトロニクス一体型のモノリシックの研究が盛んになっている
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MAPS-epiプロセス

20-21 Nov. 2014, 計測システム研究会@J-PARCT. Kishishita

MAPS-epi テクノロジー

PSD8 Glasgow, 9/5/2008 – N. Wermes, Bonn

MAPS-epi

30

MAPS vs Hybrid Pix MAPS 
Hybrid 
Pixel 

Sensors

Granularity + -

Material budget + -

Readout speed +- ++

Radiation tolerance +- ++

Meynants, Diericks, Scheffer, SPIE 3410:68-76 (1998)
R. Turchetta, NIM-A 458:677-689 (2001)

many activities: France, UK, US, Italy
(MAPS,  CAPS,  FAPS  …..)

SF

simplest (typical) case

• readout successive frames and subtract (CDS)
• eliminate: base levels, 1/f noise, fixed pattern noise

do this either offline Æ slow 
or on-chip Æ current R&D
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✓センサーと読み出しを同じSiウェハーに形成
• commercial CMOSプロセス(安価)

✓low-dopedエピタキシャル層で電荷生成 
　(10-15 um, e.g., AMS 0.35 μm)

• MIP signal < 1000 e-→低雑音読み出しが課題

✓小ピクセルサイズ (20-30umピッチ)

✓NMOSのみをエレキに使用 
      (n-well/epiがcollection node)

✓拡散による電荷収集(~100 ns) 
   (p-well, sub.による散乱、n-well/epiで収集) 
　　→信号が複数ピクセルに分布

“スタンダード3T”

19

→spatial resolution < 2 um

✓Large detector→19.4x17.4 mm2 (1 Mpix)

✓ eliminate: base levels, 1/f noise, fixed patter noise 
✓ do this either offline-> slow or on-chip R&D

スタンダード3トランジスター読み出しを素粒子実験に応用

✓センサー・エレキ一体型(低コスト) 
✓エピ層での電荷生成 (10-15 μm厚, AMS 
0.35 μm)

MIP信号< 1000 e-→S/Nの問題

✓小ピクセル (20-30 μmピッチ)

拡散による電荷収集→マルチピクセル

位置分解能 < 2 μm
✓大面積 →19.4×17.4 mm2                     
(1 メガピクセル)
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完全空乏層型MAPS(DMPAS)

TCAD%simula,ons:"resisYvity"–"voltage"–"fill"factor""

N."Wermes,""Elba_2015" 8"
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拡散による電荷収集はLHC実験には不向き
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→完全空乏化させたい

TCAD%simula,ons:"resisYvity"–"voltage"–"fill"factor""

N."Wermes,""Elba_2015" 8"

10%Ohm%cm%=%no%radia,on%

0V%(PW)%
1V%–%20V%%(NW)% Substrate:%10%Ωcm%–%2kΩ%cm%

Nwell:%1V%–%20%V%
Pwell:%0V%

10%Ωcm%
NW:%1V%
PW:%0V%

from"Tomasz"Hemperek"

low%resis,vity%

2%kΩ%cm%
NW:%1V%
PW:%0V%

high%resis,vity%

(40 MHz BX or 25 ns R/O)速度、放射線耐性…

高抵抗のサブストレートあるいは高電圧を利用できないか
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DMAPS (HV-CMOS)Current"approaches"(a"classificaYon)"

N."Wermes,""Elba_2015"
15"
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HV%=%CMOS%

#  AMS"350"nm"and"180"nm"HV"process"(pMbulk)"..."60M100"V"

#  deep"nMwell"to"put"nMOS"(in"extra"pMwell)"and"pMOS"

(limitaYon)"

#  ~10"M"15"µm"depleYon"depth"!"1M2"ke"signal"

#  various"pixel"sizes"(~20"x"20"to"50"x"125"µm2)"

#  can"also"replace"„sensor“"(amplified"signal)"in"a"„hybrid"

pixel“""bonding"(bump,%glue,"other...)"to"FEMchip"=>"CCPD%

I."Peric"et"al."

Nucl.Instrum.Meth."A582"(2007)"876M885"

Nucl.Instrum.Meth."A765"(2014)"172M176"

e.g."AMS"technology"

Kolanoski,"Wermes"2015"

(see"also"Posters"by"Ivan"Peric"and"by"Heinz"Pernegger)%
"

Current"approaches"(a"classificaYon)"

N."Wermes,""Elba_2015"
15"
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HV%=%CMOS%

#  AMS"350"nm"and"180"nm"HV"process"(pMbulk)"..."60M100"V"

#  deep"nMwell"to"put"nMOS"(in"extra"pMwell)"and"pMOS"

(limitaYon)"

#  ~10"M"15"µm"depleYon"depth"!"1M2"ke"signal"

#  various"pixel"sizes"(~20"x"20"to"50"x"125"µm2)"

#  can"also"replace"„sensor“"(amplified"signal)"in"a"„hybrid"

pixel“""bonding"(bump,%glue,"other...)"to"FEMchip"=>"CCPD%

I."Peric"et"al."

Nucl.Instrum.Meth."A582"(2007)"876M885"

Nucl.Instrum.Meth."A765"(2014)"172M176"

e.g."AMS"technology"

Kolanoski,"Wermes"2015"

(see"also"Posters"by"Ivan"Peric"and"by"Heinz"Pernegger)%
"

✓ AMS 0.35 μm and 180 nm HV process (p-
bulk)→60-100 V 

✓ ~10-15 μm depletion→1-2 ke- signal for MIPs 

✓ PMOS is coupled with collection electrode 

✓ deep n-well to put NMOS 

✓ various pix size (20×20 μm2 to 50×125 μm2)
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DMAPS (HR-CMOS)
Current"approaches"(a"classificaYon)"

N."Wermes,""Elba_2015" 16"
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⇢ · VHR%=%CMOS%

•  deep"n"and"deep"p"wells"
•  large"collecYon"node""
•  short"drir"path"
"
=>""larger%C,%less%trapping%

•  (D)MAPS"like"configuraYon"
but"w/"depleted"bulk"

•  small"collecYon"node""
•  long"drir"path"
"
=>""smaller%C,%more%trapping%

Havranek,"Hemperek,"Krüger"et"al.""
JINST"10"(2015)"02,"P02013"
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✓ depleted bulk 
✓ small collection node 
✓ long drift path

Current"approaches"(a"classificaYon)"

N."Wermes,""Elba_2015" 16"
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⇢ · VHR%=%CMOS%
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•  short"drir"path"
"
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•  (D)MAPS"like"configuraYon"
but"w/"depleted"bulk"

•  small"collecYon"node""
•  long"drir"path"
"
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✓ deep n-well and deep p-well 
✓ large collection node 
✓ short drift path

eg, ESPROS

eg, LFoundry

→smaller Cdet, more trapping

→larger Cdet, less trapping
measurements on-going

@Bonn 
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15. May 2015

 / ndf 2χ    970 / 333
Constant  19.2±  2993 
MPV       0.23± 72.53 
Sigma     0.12± 20.47 
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 / ndf 2χ    970 / 333
Constant  19.2±  2993 
MPV       0.23± 72.53 
Sigma     0.12± 20.47 

Sensor-A, 90Sr spectrum

40 um pixel, HV=-30 V (from outside ring), VRST=1 V, 20℃

MPV: 4165 e-

3x3 cluster sumPixel image

If psub is 2 kΩ•cm with 30 V bias (from backside), the depletion is 80 μm.

MPV in 50 μm Si is 3.86 ke- (from Theresa’s slide).

[ADU]

※Sr-90 is not collimated.

28.52 ADU for 55Fe peak (1640 e-)

HR-CMOSプロトタイプ

Layout of “TSB01”
sensorA_pads_ring

sensorB_pads_ring
sensorC_pads_ring

sensorD_pads

10 mm

2.5 mm

Cross-section of the process

HV Pwell 
(HWP)

HV Pwell 
(HWP)

Psub

Deep Nwell

HV 
Nwell

HV 
NwellLV Nwell LV Pwell

Toshiba CMOS3E11V process, 1.5 V core, 5 metals,  min. gate length of 110 nm

DMAPS: “TSB01”

TSB01 (3T R/O) 

Toshiba 130 nm process
Kishishita et al., NIM A.
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DMAPS (HV-FDSOI)
Current"approaches"(a"classificaYon)"

17"

d ⇠
p

⇢ · VCMOS%on%SOI%
•  FD=SOI%
•  OKI/LAPIS/KEK"

Y."Arai"et"al."(talk"by"T."Miyoshi)"

•  issues"
-  back"gate"effect"
-  radiaYon"issues"due"to"BOX"

•  cures"invented"in"recent"years"
•  but"not"suited"for"LHC"M"pp"Kolanoski,"Wermes"2015"

N."Wermes,""Elba_2015"

eg, OKI/LAPIS/KEK

✓ radiation issues due to BOX 

✓ cures invented in recent years 
(double SOI process) 

✓ not suited for LHC pp

Process 
(Lapis 
Semiconductor 
Co. Ltd.) 

0.2Pm Low-Leakage Fully-Depleted (FD) SOI CMOS 
1 Poly, 5 Metal layers (MIM Capacitor and DMOS option)
Core (I/O) voltage : 1.8 (3.3) V

SOI wafer
(200 mm I
=8 inch)

Top Si : Cz, ~18 :-cm, p-type, ~40 nm thick 
Buried Oxide: 200 nm thick
Handle wafer thickness: 725 Pm Æ thinned up to 300 Pm (Lapis)
or ~50 Pm (commercial process)

Handle wafer type: NCZ, NFZ, PCZ, PFZ, double SOI 

Backside 
process (2011~)

Mechanical Grind ÆChemical Etching ÆBack side Implant           
ÆLaser Annealing ÆAl plating

4

Process Summary
• KEK organizes MPW runs once/twice a year
• Mask is shared to reduce cost of a design
• Including pixel detector chip and SOI-CMOS circuit chip  

25mm x 30mm

Miyoshi

Current issues

8

SiO2

Si

1. Additional pixel process

2. Improved SOI wafer

Solutions

Charge 
Collection

Depends on layout 
and circuit

Affecting electric field

Total Ionization 
Dose (TID) effect

Matsumura, Hideaki, et al. 
"Improving Charge-
Collection Efficiency of SOI 
Pixel Sensors for X-ray 
Astronomy." NIM A (2015).
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DMAPS (HV-PDSOI)

CPIX14, 15-17 Sep. 2014, Bonn

Technological overview

Thickness: 
gate oxide: 4.1 nm 
BOX: 1 um 
Chip: 300 um 
Distance from Gate to BOX: 3 um

XFAB 180 nm HV SOI CMOS process

(BOX)

HVPW HVNW

✓ BOX isolates electronics part from the sensor part 
✓ full depletion possible→ fast & high signals 
✓ full CMOS electronics (CSA, shaper etc. if needed) 
✓ theoretically rad-hard (no SEU) + separated with HV-layers

Feature size: 180 nm 
Supply rail: 1.8 V 
p-type bulk, 4 metal layers 
Resistivity: ~100 Ω cm 
High voltage: ~several 100 V

→also less coupled with sensor

d ⇠
p

⇢ · V

3/20T. Kishishita

@Bonn 
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ムーアの法則と今後

今後もCMOS技術の発展が半導体検出器開発のカギ

着任後の抱負

12
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!technology driven progress" 

+Brilliance of synchrotron sources, # channels in trackers# 

Borrowed from J. Schmitz TIPP 2014

大学
Sensor

Physics- 

applications

KEK測定器開発室
ASICデザイン

企業
Industrial-

applications

New technology

コラボレーション

-基盤となるアナログIP・環境の整備 (ex. MEDIPIX@CERN)

-先端技術を用いたチップ・センサー開発→CMOS pixel

(複数プロセスex. DEPFET←MAPS)

-積極的なコラボレーション(ASICの応用範囲を広げる)

-  

IC technology choice

2nd year seminarLuca Pacher 

   a commercial 65nm CMOS has been chosen by the HEP pixel community
     as the present favored fabrication technology for the Phase2 generation of pixel     
      ASICs 
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HEP

industry

-  present LHC experiments based on a commercial CMOS 250nm  

-  Phase1 LHC experiment upgrades will also exploit CMOS 130nm                          
   (e.g.  FE-I4 chip for the ATLAS IBL, GBT project)

17 / 38 

トランジスタ密度 CMOSプロセスの変遷

✓小プロセス→高密度集積回路→小ピクセル・多チャンネルなハイブリッドピクセル 
✓新しいプロセス→完全空乏層型モノリシックピクセル 
✓シリコン以外の新しいセンサー材料 SiC, ダイヤモンド etc.
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