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How can I tell the story of my past ten years? Let’s start with a pulse

When the source close to detector

90Sr source

A pulse appears on the 

oscilloscope

1. What does this pulse represent?

2. How can we observe it?

Particle physics

(A question for Jesus, the Buddha, or perhaps nature itself)

PMT(光电倍增管), Gas detectors

Semiconductor detectors (today’s seminar)

Low Temperature Detector



My Journey
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Research background

My journey

Defect engineering High-Speed readout Multi-Channel Readout Electronics
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Outline

1. Brief Introduction to Semiconductor Detectors

（半导体探测器简介）
 

2. TCAD Simulation for Detector Design

（TCAD仿真） 

3. Crystal Defects and Defect Engineering

（晶体缺陷与缺陷工程） 

4. Detector Readout Electronics

（探测器读出电路） 

5. Perspectives on Future Detector Technologies

（未来辐射探测技术浅谈）



Brief Introduction of Semiconductor Detectors
(Silicon as an Example)



Basic principles of silicon detector

1

1800 oC
300 oC + HCl

1.Czochralski method 

2.Float zone method

3.Epitaxial method

Pixel detector Silicon drift detector



Journey of TCAD Simulation
(Silicon and wideband-gap semiconductor)



TCAD simulation (Silicon)
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TCAD simulation
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TCAD simulation (radiation damage)
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How does the defect affect charge collection efficiency? 
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Schematic for charge collection

Defects affection:



TCAD simulation procedure (wide-bandgap semiconductor GaN)
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1. Device structure establish 2. Material parameter input

Ionization {

  

Species("pMagnesiumActiveConcentration") 

{

    Type  = Acceptor

    E_0   = 0.17

    alpha = 0.0

    g     = 4

    Xsec  = 1.0e-13

  }

  Species("nSiliconActiveConcentration") {

    Type  = Donor

    E_0   = 0.02

    alpha = 0.0

    g     = 2

    Xsec  = 1.0e-13

  }

}

3. Simulation methods:

• I-V:

• C-V:

• Pulse simulation: heavy ions, 

light injection
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TCAD simulation (essential model for simulation)
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Physics {
    DefaultParametersFromFile
    AreaFactor = 10000

    Temperature = 300

    Fermi

    EffectiveIntrinsicDensity(NoBandGapNarrowing)

    Mobility(
      DopingDependence
      HighFieldSaturation
    )

    Thermionic

    Recombination(
      SRH
      Radiative
      Auger
      Avalanche

    )

    IncompleteIonization
  }

DefaultParametersFromFile: Read all material parameters from given file

AreaFactor: Multiplies terminal current

Fermi–Dirac statistics

Computes 𝑛𝑖  using the material parameters (ignore heavy-doping bandgap 
narrowing).

𝑝 = 𝑁𝑉𝐹1/2

𝐸𝑉 − 𝐸𝐹

𝑘𝑇
, 𝑛 = 𝑁𝐶𝐹1/2

𝐸𝐹 − 𝐸𝐶

𝑘𝑇

𝑛𝑖 = 𝑁𝐶𝑁𝑉 exp −
𝐸𝑔

2𝑘𝑇

Mobility: 𝜇 𝑁 = 𝜇𝑚𝑖𝑛 +
𝜇𝑚𝑎𝑥−𝜇𝑚𝑖𝑛

1+
𝑁

𝑁𝑟𝑒𝑓

𝛼

The SRH recombaination:𝑅𝑆𝑅𝐻 =
𝑛𝑝−𝑛𝑖

2

𝜏𝑝 𝑛+𝑛1 +𝜏𝑛 𝑝+𝑝1

Radiative: 𝑅𝑟𝑎𝑑 = 𝐵 𝑛𝑝 − 𝑛𝑖
2 , important for LED or laser emission

Auger: 𝑅𝐴𝑢𝑔𝑒𝑟 = 𝐶𝑛𝑛 + 𝐶𝑝𝑝 𝑛𝑝 − 𝑛𝑖
2 , for high carrier's density case 

(forward bias)

One carrier creates more carriers: Impact ionization 𝐺𝑎𝑣𝑎 = 𝛼𝑛
𝐽𝑛

𝑞
+ 𝛼𝑝

𝐽𝑝

𝑞

Ionized dopant fraction: 𝑓 =
1

1+𝑔 exp
𝐸𝐴−𝐸𝐹

𝑘𝑇



Defects in Simulation 
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Physics (Region="Ndrift") {
  Traps(
    * Defect 1: midgap trap, mainly SRH low-bias generation
    (
      Donor Uniform fromMidBandGap
      EnergyMid    = 0
      EnergySig    = 0.01
      Conc         = @conc_mid@
      eXsection    = @eXsec_mid@
      hXsection    = @hXsec_mid@
      PooleFrenkel
    )
    * Defect 2: shallow trap, mainly PF/TAT field-assisted leakage
    (
      Donor Uniform fromMidBandGap
      EnergyMid    = @traplevel@
      EnergySig    = @DE@
      Conc         = @conc@
      eXsection    = @eXsec@
      hXsection    = @hXsec@
      TrapVolume   = 6e-4
      HuangRhys    = 10
      PhononEnergy = 0.0912
      eBarrierTunneling(
        Nonlocal="TAT_from_n"
        Nonlocal="TAT_from_p"
      )
      hBarrierTunneling(
        Nonlocal="TAT_from_p"
        Nonlocal="TAT_from_n"
      )
      PooleFrenkel
    )
  )

Carrier’s lifetime is affected by deep defect:

𝜏𝑛 =
1

𝜎𝑛𝑣𝑡ℎ𝑁𝑡

𝜏𝑝 =
1

𝜎𝑝𝑣𝑡ℎ𝑁𝑡

𝐸𝑡

𝜎𝑛
𝜎𝑝

Leakage current: 

𝐼𝑙𝑒𝑎𝑘 ∝
1

𝜏
∝ 𝜎𝑁𝑡

TAT is a tunneling model, main describe the high field effect (close to 
breakdown field)

Barrier lowering: Δ𝐸𝑃𝐹 =
𝑞3𝐸

𝜋𝜀

Increases emission rate: 𝑒 𝐹 = 𝑒 0 exp
Δ𝐸𝑃𝐹

𝑘𝑇

Poole Frenkel effect (lower the barrier of conduction/valence band):

𝑁𝑡



Journey of Defects
(Surface)
(Bulk)



Surface damage
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Surface damage

9

My journey

Surface state measurements setupIV, CV, TSC



Bulk Defects
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Macroscopic behaviour: 

⚫ Increase of leakage current (dark current)

⚫ Change of effective space charge density

⚫ Decrease of charge collection efficiency

⚫ Decrease of gain value in LGADs



Defect properties identification (different particles)
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Particle irradiation 60Co gamma-ray



Defects engineering

12

Measurements：

TSC TS-Cap By studying the defects formed by different elements, 

the detector fabrication process can be improved.

Et, Nt, e,h

Variation in doping elements, radiation type, and dose



Defect properties identification (Space charge density or effective doping)
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Neff extracted from C-V:

𝑁𝑒𝑓𝑓 =
2

𝜀0𝜀𝑟𝐴2𝑞0
𝑑 Τ1 𝐶2

𝑑𝑉
𝑊 𝑉 =

𝜀0𝜀𝑟𝐴

𝐶 𝑉

Depleted depth W(V):

C-V. Measurement parameter: T=20 oC, Freq = 10 kHz Neff profile extracted from the figure shown on the left



Defect properties identification (Defect information extraction)
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N
t
 is defect concentration;  is heating rate; 

n
 is capture cross 

section; E
a
 is activation energy; A is diodes area; d depleted 

thickness; [1, 2]

Example of calculated BiOi peak

[1] C. T. Sah et al., Solid State Electron, vol. 13, no. 6, pp. 759-788, 1970. 

[2] M. G. Buehler, vol. 15, no. 1, pp. 69–79, 1972.


n
 = 1.05 × 10-15 cm2

Ea = 0.25 eV

Nt = 3.5 × 1013 cm-3

N
t
 ≈



Defect property identification (identifying point defect – Poole Frenkel effect)
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⚫ Shift of peak maximum with V
bias 

→ Poole Frenkel effect [1]

⚫ Peak amplitude increases with bias voltage due to increase of 

depleted volume [2]

⚫ The extracted zero field Ea → Ea,0 ≈ 0.27-0.275 eV [2]

TSC spectra with forward bias filling (10 V) and T
fill

 = 10 K

different V
bias

[1] J. L. Hartke, J. Appl. Phys. 39, 4871 (1968).

[2] C. Liao et al., IEEE Trans. Nucl. Sci, vol. 69, no. 3, pp. 576–586, 2022.



Defect properties identification (defects analysis)
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Neff is given by average value of Neff profile in the bulk

Isothermal Annealing (different time) Isochronal Annealing (different temperature)

⚫ Neff stable

Neff and BiOi concentration vs. Tann measured on 50 cm diodes

⚫ If T
ann

 > 150 oC, BiOi concentration decrease

⚫ N
eff

 ≈ 2 × N
t
 (B

i
O

i
) as expected from B

s
(-) → B

i
O

i
 (+)



Journey of Detector Readout



Fast readout for 3D silicon detector
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3D detector(depends on the design)：

• Tiny current：0.1-1 A
• Fast ramp up：200-400 ps

3D detector IR laser test results

0.5 ns



BJT based Transimpedance amplifier
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I_in

+VCC

V_out

R2

L1
R1

C1

C2

bipolar junction transistor

(BJT)

n+(collector)p(base)

n(emitter)

Positive Vcc on p-base(~0.7 V):

p(base) n+(collector)
reversed

p(base) n(emitter)
forward

p(base) n+(collector)

n(emitter)

If "p" is thin 
enough, it 
will short

If:

Cpn+ is 0

Rpn >> R1
V_out ≈ R1*I_in

LTspice simulation of the default NPN transistor (For 
details, please refer to the backup)

I1 V



Darlington chip
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......

-V
_b

ia
s

Isolation Capacitor
(Cutoff DC)

Grounded

+VCC 
(power on the NPN diodes)

3-D detector
Inductor

(block AC)

Output

beta (e-)

~1 ns
t (s)

C
u

rr
en

t 
(A

)

A ~ nA

~1 ns
t (s)

V
o

lt
ag

e 
(V

)

V ~ mV
3-D detector

Isolation Capacitor
(Cutoff DC)

Darlington chip

p+ n+



Detector Readout design
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Radiation test

Oscilloscope
MSO8064/600Mhz

Power supply

Ltspice simulation

PCB assembly and test

Second stage amplifier

Pre-amplifier

Adjust and feedback

AC signal test

A
d

ju
st

 a
n

d
 f

ee
d

b
ac

k
Pulse generator

90Sr source
(perpendicular to the detector)

Adjust and feedback

2 stage amplifier



MIP test with readout
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3D sensors from CNM

Front-end readout system

3D sensors on PCB

The expected value is around 17000 electrons from Bethe.

𝑄 =
𝑀𝑃𝑉

13 ∙ 𝑅2 ∙ 1.6 × 10−19Collected charge:

𝑄 ≈ 18000 𝑒For all sensors:

90Sr results
Vbias=-50V

• Noise : ~4 mV
• Bandwidth: > 4 GHz
• Voltage gain: 200 times larger



Laser setup
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NTK photonics，
Katana LP
 (picosecond 
laser ，1064 nm)

Optical microscope

Infrared fiber (connecting the picosecond laser) Visible laser (indicates 
the position of the 
infrared laser)

Focusing optical path tube 
(spot size down to 2 microns)

1064 nm IR laser system：



Results for position depends timing resolution

23

1064 nm IR laser results：

Marked 
position

Vbias = -50V

t at a certain threshold, 
for example 30%

Timing resolution 

Position Scan:



Results for the uniformity
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Multi-channel readout
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Te
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IX
-A

SIC

ADC output

FPGA digital analysis



Multi-channel readout

26

Bistream file for run FPGA

All the code used can be found in 
the project manager

Time Constraints, Logic Generation….

Pin arrangements

Code text

Code modules 

DAQ Frame: Select data, calculate data, transfer data, store data

Connect and control FPGA



Multi-channel readout

To solve the "insufficient memory" issue shown in Vivado, add an 
SD card to communicate with the FPGA board

FPGA memory matrix

BRAMFIFODDR

Test pulse

QPIX-ASIC

Install Linux OS onto an SD card for Zynq–FPGA communication

27



Multi-channel readout

SD Linux (Tera Term)

Ultra USB controls the SD card under Linux

Ethernet cable for communication with the FPGA

28



Multi-channel readout

100 Hz pulse signal input, readout 
results from 64 channels

29



Perspectives on Future Detector Technologies



Low temperature detector (“quantum sensors”, I don’t like this name!)

30



谢谢！欢迎提问

廖川 | KEK / QUP
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  i = Q ∙    E w → ∙  v →


  Q =  Q 0 ∙ exp ⁡ (   − t / 𝜏 )


   n i


  p =  N V  F  1 / 2    (    E V −  E F  k T ) ,   n =  N C  F  1 / 2    (    E F −  E C  k T )


   n i =   N C  N V  exp ⁡   ( −    E g  2 k T )


  𝜇  ( N ) =  𝜇  m i n +    𝜇  m a x −  𝜇  m i n  1 +    (  N   N  r e f ) 𝛼


   R  S R H =   n p −  n i 2   𝜏 p  ( n +  n 1 ) +  𝜏 n  ( p +  p 1 )


   R  r a d = B  ( n p −  n i 2 )


   R  A u g e r =  (  C n n +  C p p )  ( n p −  n i 2 )


   G  a v a =  𝛼 n    J n q +  𝛼 p    J p q


  f =  1  1 + g  exp ⁡   (    E A −  E F  k T )


  ⁣


   𝜏 n =  1   𝜎 n  v  t h  N t


   𝜏 p =  1     𝜎 p v  t h  N t


   E t


   𝜎 n


   𝜎 p


   I  l e a k ∝  1 𝜏 ∝ 𝜎  N t


  Δ  E  P F =     q 3 E  𝜋 𝜀


  e  ( F ) = e  ( 0 )  exp ⁡   (   Δ  E  P F  k T )


   N t


   N  e f f =  2   𝜀 0  𝜀 r  A 2  q 0   d  (  1 /   C 2 )  d V


  W  ( V ) =    𝜀 0  𝜀 r A  C  ( V )


  Q =   M P V    13 ∙ R 2 ∙ 1 . 6 ×  10  − 19


  Q ≈ 18000   e


    𝜵 𝝈 /   𝝈 - , ∇ 𝜎 =   ∑  i = 0 N       ( 𝜎 i −  𝜎 -  ) 2 N

