
Joern Schwandt  University of Hamburg29.10.2018 | LPNHE Paris �1

Using Synopsys TCAD in high-energy 
physics experiments

Joern Schwandt

Institute for Experimental Physics 
University of Hamburg

SIMDET 2018 
29.10.-31.10.2018 



Joern Schwandt  University of Hamburg29.10.2018 | LPNHE Paris

Outline

�2

• Introduction 
• Examples of process simulation 
• Examples of device simulation 

- Optimisation of AGIPD pixel sensor for high X-ray doses 
- Simulation related to the investigation of the insulator layer 

for segmented silicon sensors 
- Development of a bulk radiation damage model 

• Summary 



Joern Schwandt  University of Hamburg29.10.2018 | LPNHE Paris

Introduction

�3

Since about 2000 Integrated Systems Engineering TCAD (acquired in 2004 by Synopsys) 
is used the sensor development in high-energy physics

First application examples are: 
• Radiation damage simulation of diodes (D. Passeri et al., 

“Comprehensive Modeling of Bulk-Damage Effects in Silicon 
Radiation Detectors”, IEEE-TNS Vol. 48,pp. 1688 (2001))  

• Process and device simulation of 3D sensors (P. Roy et al. , 
“Development of 3D detectors at the University of Glasgow”,   
1st RD50 Workshop, CERN 2-4 October 2002) 

• Charge collection simulation of MIMOSA sensor (D. Contarato, 
et al., "Monolithic Active Pixel Sensors for the TESLA Vertex 
Detector “, 3rd RD50 Workshop, CERN 3-5 November 2003)

https://rd50.web.cern.ch/rd50/1st-workshop/talks/3G-RD50-Patrick-Roy.pdf
https://rd50.web.cern.ch/rd50/3rd-workshop/talks/5-1-Devis-Contarato.pdf
https://rd50.web.cern.ch/rd50/3rd-workshop/talks/5-1-Devis-Contarato.pdf
https://rd50.web.cern.ch/rd50/3rd-workshop/talks/5-1-Devis-Contarato.pdf
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Today’s application areas and topics in HEP are: 
• Process optimisation (mainly done by producers of sensors / vendors) 
• Device characterisation of different kind of sensors and test structures e.g: 

- Pad diode, strip, planar and 3D pixel sensors  
- LGAD, CMOS, SiPM, HV-CMOS  
- Gate-controlled diodes, MOS capacitors and  MOSFET's 

• Device optimisation of sensors with respect to e.g. breakdown voltage, inter strip/
pixel capacitance, radiation hardness, charge collection etc. 

• Developing of radiation damage models for bulk and surface defects 
• Simulation of electric fields  to be used as input for other simulation tools (Allpix2 , 

PixelAV, etc)
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 Poisson:

 Electron continuity: where

where

- Works by modelling electrostatic potential (Poisson’s 
equation) and carrier continuity equations 

- Takes mesh, applies semiconductor equations + boundary 
conditions (in discrete form) and solves

Hole continuity:

- Different versions of physics models are available (mobility, impact 
ionisation, trap assisted tunnelling etc) 

- Radiation damage will change the net recombination rate  Rnet  and the 
charge density due to  ρtraps  + dopant removal

7. Optimization of the AGIPD Sensor

(a) (b)

Figure 7.3.6.: Simulated boron profile for an energy of 70 keV, dose of 5 �1015 cm�2 annealed at 1025ıC
for 4 hours. The junction depth is 2:4µm and the lateral extension is 1:95µm.

around the vertical axis at x D 0µm and can be used in the device simulation for both edges
of the implant window if one performs a mirror transformation. For implant windows which
are larger than 10:0µm the depth profile at x D 0µm is continued to fill the lacking range. As
shown in the three-dimensional view in Figure 7.3.7 the mask for the implantation of a pixel
has corners which are spherical or spherical shell like depending on the radius at the corners.
In principle a full 3D simulation of the implantation and diffusion should be performed for the
corner region. But this requires a large amount of main memory and runtime. One possibility to
use the 2D simulated profiles, and this was done in this work, is to sweep the 2D profiles along
the ring segment which defines the rounding at the corner. For large enough radii the difference
between the 3D and the 2D simulated profiles with an following sweeping should be negligible.

I I 
N =  10i4cm-3 

0.5 

'I 

I 1 1 

- Abrupt junctions 
- - - - Linearly graded junctions 

1.5 
h 

?L 

3 
0 0 

2 1  
6 
2 

0 
0 100 200 300 400 500 6 

T (K) 

I0 

Fig. 20 Normalized avalanche breakdown voltage versus lattice temperature, in silicon. The 
breakdown voltage generally increases with temperature. (After Ref. 19.) 
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Fig. 21 (a) A planar diffusion or implantation process forms a junction curvature near the 
edges of the mask with rj the radius of curvature. (b) Three-dimensional view of the junction 
curvature showing the spherical region at the corners. (c) Normalized breakdown voltage of 
cylindrical and spherical junctions as a function of the normalized radius of curvature. (After 
Ref. 18.) 
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Figure 7.3.7.: Three-dimensional view of a planar diffusion or implantation process. At the edges of the
mask the junction is cylindrical and at the corners spherical. Picture taken from[27].

For good ohmic contact typically a nC-n junction on the backside of the sensor is formed.

28

TCAD (Technology Computer Aided Design): 
• Process simulation → doping profile 
• Device simulation → electrical behaviour

with

2D Boron profile

@n

@t
=

1

q
r · Jn +Rnet

<latexit sha1_base64="i/OadVxSx3H8bC6xXv49tG+TSU8="></latexit><latexit sha1_base64="i/OadVxSx3H8bC6xXv49tG+TSU8="></latexit><latexit sha1_base64="i/OadVxSx3H8bC6xXv49tG+TSU8="></latexit>

@p

@t
= �1

q
r · Jp +Rnet

<latexit sha1_base64="h/y0UjNyhtaO9K6DGOyEju8t7NQ="></latexit><latexit sha1_base64="h/y0UjNyhtaO9K6DGOyEju8t7NQ="></latexit><latexit sha1_base64="h/y0UjNyhtaO9K6DGOyEju8t7NQ="></latexit>

Jn = qnµnE+ qDnrn
<latexit sha1_base64="Gg/eZIR4pqDYVnQChggbt9WbLPU="></latexit><latexit sha1_base64="Gg/eZIR4pqDYVnQChggbt9WbLPU="></latexit><latexit sha1_base64="Gg/eZIR4pqDYVnQChggbt9WbLPU="></latexit>

Jp = qpµpE� qDnrp
<latexit sha1_base64="nrYxLUyUTbXh6pSajxMAj5iUqAw="></latexit><latexit sha1_base64="nrYxLUyUTbXh6pSajxMAj5iUqAw="></latexit><latexit sha1_base64="nrYxLUyUTbXh6pSajxMAj5iUqAw="></latexit>

• Post-processing → Electrics fields, current density, breakdown voltage etc.
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Examples of process simulation
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 Why process simulation? Doping profiles are critical for e.g. breakdown etc.
• Example: Ion implantation and drive-in for a p+-n sensor:

Doping 1012 [cm-3] (P)
Orientation <1 1 1>

Tilt angle 0°
Implant Boron

Dose 1x1015 [ions/cm2]
Energy 70 keV

7.3. Doping profile calculations

the implant.
Even if there is no possibility to compare the 2D distribution (see Figure 7.3.5(b)) with a

measurement it is assumed that the lateral distribution is calculated with sufficient accuracy
using the physics models which are included in the process simulator.
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Figure 7.3.5.: (a) Comparison of the simulated boron profile with a parameterization of the SIMS
measurement. (b): Simulated 2D boron profile.

7.3.3. Simulated profiles

For silicon sensors junction depths of the order of 1µm are common [25, 26], but to optimize
the sensor for high surface damage it is expected that a deeper junction as commonly used is
needed. Therefore additional process simulations were performed to get doping profiles with
deeper junctions by variation of the process parameter. For the energy values of 70 keV, 150 keV
and 200 keV were used, and for the implanted dose values of 1 � 1015 cm�2, 5 � 1015 cm�2,
1 � 1016 cm�2. These values are in the range of currently used high current implanter. The
implantation was again through an oxide layer of 200 nm, which should reduce channeling effect
if one wants to use a <100> crystal orientation instead of <111>. For the drive-in temperatures
of 975ıC and 1025ıC were used with a duration of 4 hours.

From the results which are summarized in the Appendix A.1 it is found, that the maximum
junction depth which can be achieved is 3µm, but only with a dose of 1 � 1016 cm�2 and an
energy of 200 keV. These parameters are relatively extreme for sensor production. Therefore
and also to reduce the parameter space in the optimization only the doping profiles with the
1:2µm junction depth, from a process with an energy of 70 keV, dose of 5 � 1015 cm�2 annealed
at 1025ıC for 4 hours, which is shown in Figure 7.3.6 and results in a junction depth of 2:4µm
with a lateral extension of 1:95µm was used.

Because of the used tilt angle of 0ı for the implantation the 2D profiles are symmetrical
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2D Boron profile after drive in

2D Boron profile after ion 
implantation

photoresist

SiO2

1D Boron profile

• Junction depth: 1.2 µm 
• Lateral extension: 1 µm

• 2D Sentaurus Process sim.  
• Simulated structure: 

- 10 µm wide , 5 µm  thick Si 
- 300 nm SiO2 
- 5 µm implant window

Simulation has to be calibrated with SIMS or other measurement on test 
structures for the same process
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Bias grid Bias dot

Aluminium

Contact via

n-implant

Full p-spray doseReduced p-spray

Cutline for process simulation

• If your simulation task allows  → neglect bias dot 
• Contact holes usually not import → Increase contact holes as much as possible 
➡Simulate a 2D cut  
➡Sweep the 2D doping profile along the periphery of the n+ implant to generate 

a 3D profile

Process simulation of sensors for HEP: 
• 1D, 2D and 3D simulation can be done with icwbev, sprocess and sde using GDS files 
• For large structure reduce as much as possible the complexity of the simulation domain 

into simpler/smaller subdomains

Example: 
• 285 µm thick n+-n pixel sensor with pixel size of 150 µm x 100 µm and 

moderated p-spray isolation + punch through
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1. Oxide growth + 
masking

2. Etching of oxide 3. P implantation 
through oxide 

4. Backside implantation + 
annealing

5. Deposit of SiN + LTO 6. Etch LTO + SiN

photoresist
SiO2

Doping density
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7. Masking 8. B implantation 9. Annealing

10. SDE command for sweep 
along wire

Doping profile

p-spray

Often the process details are not know to us 
➡ Start with analytical doping profiles based 

on best guesses
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Examples of device simulations

Optimisation of AGIPD pixel sensor for high X-ray doses
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Sensor specification

�12

 Adaptive Gain Integrating Pixel Detector a hybrid pixel detector for the European XFEL 

Critical parameters
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SiO2
Al Al

accumulation layer

junction

p+

non depleted
non depleted

depleted
depleted surface

n-bulk

non depleted
p+

depletion boundary without oxide charge
depletion boundary with oxide charge

junction

• Accumulation layers form (or increase) 
•High field regions appear reducing the breakdown voltage 
• Leakage current increases due to interface states 
•Depletion voltage and inter-pixel capacitances increase 
• Charge losses close to the Si-SiO2 interface occur (increase)

•Details depend on sensor geometry, technology and boundary conditions
•For the optimisation of the sensor:

Knowledge of the oxide-charge density and surface-current density is sufficient

•For a detailed comparison of simulations with measurements:
Oxide-charge density, interface-trap density distribution + their cross sections have to be known
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Parameters to be optimised using TCAD:

- Gap 
- Al overhang 
- Radius of implant and Al at corners

p+ p+

n+
Al

Al Al

n-Bulk

SiO2

gap

junction depth

overhang

thickness

pixel size

V

1. Geometry of pixel:

2. Geometry of guard-ring structure
- Number of rings 
- Implantation width 
- Spacing 
- Al overhangs  
- Radii

3. Process parameters:
- Junction depth 
- Oxide thickness

VIAS

Al

p+ implant

bump bond
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 Specifications to be achieved for doses between 0 and 1 GGy non-uniform:

1. Vbias (900 V) over 1.2 mm 
2. Bulk not depleted at scribe line (no leakage current from the cut edge)

Strategy  of guard-ring (GR) optimisation (2D in cartesian and cylindrical coordinates):
- 0 GR: Study breakdown behaviour of 0 GR (CCR *) only) for different oxide charges as 

function of oxide thickness and Al overhang 
- Estimate number of floating GRs for 1000 V 
- Vary spacing between rings, implant width and overhang to achieve maximum  Vbd  

    →max E-field between individual GRs the same 
- Minimise space

 Strategy of pixel optimisation (2D „strip sensor“ calculation used):
- Optimise oxide thickness,  Al overhang, gap and implantation depth with respect 

to breakdown voltage, dark current and capacitance for different Nox 
- Extrapolate dark current and capacitances to „3D numbers“ 
- Check breakdown voltage + dark current with 3D simulation (only 1/4 pixel used 

due huge number of grid points)

- Pixel: 1. Breakdown voltage ↑ (> 900V) 
2. Surface current ↓ (< 1nA/pixel) 
3. Inter-pixel capacitance ↓ (< 500 fF )

- Guardrings:

*) CCR = Current Collection Ring
 Optimisation requires detailed TCAD simulations
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7. Optimization of the AGIPD Sensor

if either of the ionization integrals In or Ip equals one. Since these breakdown criteria do not
depend on current densities, a breakdown analysis can be performed by computing only the
Poisson equation and ionization integrals under the assumption of constant quasi-Fermi levels
in the depletion region. Although this approach is often used, it is expected that due to the
considerable simplifications that are necessary to compute the integrals, the results will be
inaccurate. To avoid this it is required to calculate the I-V (current-voltage) curve of the CCR.
An example for different oxide charges is shown in Figure 7.6.5. The increase of the leakage
current with oxide charge is due to the surface current which is taken for the different oxide
charges according Table 7.4.1. For the calculation of the breakdown voltage Vbd as criterion the
quantity

K D dI

dV

V

I
(7.6.1)

[55] with Kbd D 10 was used, and its value for the different oxide charges is indicated as a
vertical line in Figure 7.6.5. The strong decrease of Vbd with increasing oxide charges is clearly
seen. The value K D 1 corresponds to an ohmic resistor, and K � 1 to avalanche breakdown.
The results obtained are slightly sensitive to the exact choice of the value for Kbd � 3 with
increasing oxide charge. For the highest oxide charge of 3 � 1012 cm�2 the relative deviation
between Vbd extracted with Kbd D 10 and Kbd D 3 is about 15 %.
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Figure 7.6.5.: I-V curve of the CCR for a junction depth of 1.2 µm, oxide thickness 300 nm, metal
overhang of 5 µm and different oxide charges. The increase of the leakage current with
oxide charge is due to the surface current. The vertical lines represents the breakdown
voltage according to equation 7.6.1 with Kbd D 10.
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Structure used for simulations:

Breakdown criterium: �I

�V
/
I

V
= 10

1. Gap between pixel and CCR: 20 µm 
2. CCR implant width: 30 µm 
3. n-bulk: doping: 5.1 kOhm⋅cm ( P ) 
4. Right Al overhang CCR: 0 - 20 µm 
5. Oxide thickness: 180 - 1000 nm

Nox = 1x1011cm-2

O Gy

Nox = 1x1012cm-2

10kGy

Nox = 2x1012cm-2

1 MGy

Nox  used in TCAD simulations:
1x1011 cm-2  ← 0 Gy
1x1012 cm-2  ←10 kGy
2x1012 cm-2  ← 1 MGy
3x1012 cm-2  ←10 MGy

Surface-recombination velocity s0:
8 cm/s        ← 10 nA/cm2   ← 0 Gy 
3580 cm/s   ←2 µA/cm2     ←10 kGy 
7500 cm/s   ←5 µA/cm2     ← 1 MGy 
12040 cm/s ←8 µA/cm2     ←10 MGy

Nox is assumed to be uniformly 
distributed at the Si-SiO2 interface!

7.6. Guard ring optimization

oxide thickness and the junction depth, the following simulations have been performed.
The zero guard-ring structure which was used in the simulations is shown in Figure 7.6.4. On

the pixel side it consists of half a pixel and the CCR. At the opposite side their is an nC-implant
(channel stopper) near the scribe line. The gap between pixel and CCR was 20 µm. A metal
overhang of 5 µm was used for the pixel and the pixel side of the CCR. Because both pixel
and CCR were grounded the breakdown always happens on the scribe-line side of the CCR.
The implant window width of the CCR was 20 µm and that of the nC-implant 10 µm. For the
bulk resistivity 5 k˝�cm was used. The backside consists out of an Al layer and the nC-implant
for which the doping profile from Figure 7.3.8 was used. The overall structure has a width of
600 µm and thickness of 500 µm. The simulation have been performed in 2D with symmetric
boundary conditions at the pixel edge. This corresponds to a strip with the width of a pixel
surrounded by the CCR and scribe lines on both sides. The parameter which were varied were
the junction depth dj , oxide thickness tox and the length of the right metal overhang lmo of
the CCR. In principle a simpler structure would be sufficient for this study but the simulated
structure is easier to extent to a full guard-ring structure.

n bulk

Al

n+p+

SiO2
Pixel CCR

Scribe line

n+ implant

n+

p+ tox

lmo

dj

Figure 7.6.4.: The zero guard-ring structure for the breakdown analysis of the CCR as function of
junction depth dj , oxide thickness tox and the length of the right metal overhang lmo of
the CCR.

As discussed in Section 2.2.4 breakdown of a junction due to avalanche generation happens

37
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0 Guard ring
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 2D simulations in cartesian coordinates (for 0 guard rings - 0 GR)

 Strong dose dependence: 
( Vbd > 400 V for Nox ≤ 1011 
cm-2)

Al overhang = 5μm

junction depth:
dashed = 2.4μm
solid = 1.2μm

7.6. Guard ring optimization

The plot 7.6.11(b) shows the breakdown voltage minus the flatband voltage shift

�Vf b D
qNoxtox

✏0✏SiO2

(7.6.3)

due to the oxide-charge density. A negative value for the breakdown voltage minus the flatband
voltage shift indicates that at breakdown part of the silicon surface under the metal is in
accumulation and the maximal field where the breakdown occurs is located at the junction. For
a positive value the silicon surface under the metal is in depletion. In this case field maxima
occur at the junction and at the edge of the metal overhang. At both locations the breakdown can
occur and in the optimal case the breakdown occur at both locations simultaneously. This means
that the breakdown conditions, which are different for the junction and the edge of the metal
overhang, are reached simultaneously.
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Figure 7.6.11.: (a) Breakdown voltage for 0 GR (CCR only) as function of the oxide thickness for
different values ofNox , an Al overhang of 5 µm, and junction depths dj of 1.2 µm (solid)
and 2.4 µm (dashed). (b) Breakdown voltage minus flatband voltage shift.

The breakdown voltage as function of oxide thickness can be now understood by taking for
example the case of Nox D 2 � 1012 cm�2 with dj D 1:2µm. For an oxide thickness of 200 nm
the breakdown voltage is 65 V and if the flatband voltage shift is subtracted 50 V. The potential at
60 V is shown in Figure 7.6.12(a) and the electric field at the surface in Figure 7.6.13. As can be
seen at this voltage the surface under the metal is depleted and the breakdown occurs at the edge
of the metal overhang where the critical field is reached earlier than at the junction. Increasing
the oxide thickness reduces the field crowding at the edge of the overhang and increases the field
at the junction resulting in a higher breakdown voltage. At 400 nm the maximum breakdown
voltage of 100 V is reached. From the potential shown Figure 7.6.12(b) and the electric field in
Figure 7.6.13 it is difficult to judge whether the breakdown occurs simultaneously at the junction
and the edge of the metal overhang because the critical fields are different at these locations.

45

Nox = 1•1012cm-2 (10kGy)

Nox = 2•1012cm-2 (1MGy)

Nox = 3•1012cm-2 (10 MGy)

p+

n+
Al

Al

n-Bulk

SiO2
junction depth

overhang

oxide thickness Breakdown voltage vs. oxide thickness

Optimum thickness: breakdown at edge of implant and edge of metal simultaneously

70 V

280 nm
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Oxide thickness 
dependence of  Vbd 
at high oxide-charge 
densities: 

- Thin oxide: 
breakdown at edge 
of metal overhang 
- Thick oxide: 
breakdown at edge 
of implant 
- Optimum 
thickness: 
breakdown at edge 
of implant and 
edge of metal 
simultaneously
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Optimised design for 250 nm oxide thickness and 2.4 µm junction depth

- Breakdown voltage for 0 GR with Nox = 3x1012 cm-2 ≘ 10 May :  ≅ 70 V 
- Ideally 16 rings (1 CCR + floating 15 GRs) needed for > 1000 V (16 × 70 V = 1120 V)

Geometry of guard ring structure:
-Gap pixel to CCR: 20 μm
-Width implantation window CCR: 90 μm
-Al overhang CCR: 5 μm
-Gap CCR to 1st guard ring (GR): 12 μm
-Width of implantation window GR 25 μm
-Al overhang left (towards pixel) of GR 1, 2, … 15: 2, 3, … 16 μm  
-Al overhang right (away from pixel) of GR 1 – 15: 5 μm
-Gap between GR 1-2, 2-3, … 14-15: 12, 13.5, … 33 μm

Bulk resistivity:
- 5.1 kΩ·cm (3 and 8 kΩ·cm to check depletion towards cut edge)

PixelCCRGR1GR15

scribe line implant 
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GR optimisation results
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7. Optimization of the AGIPD Sensor
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Figure 7.6.16.: CCR current of the guard ring structure for different oxide-charge densities and a resistiv-
ity of 5 k��cm. (a) CCR current for the straight section of the guard ring from the (x,y)
simulation scaled to the full AGIPD sensor. (b) CCR current of the corners from the (r,z)
simulation.

in Figure 7.6.18 where the potential at 0.01 nm below the interface vs. position at a reverse
voltage of 880 V is displayed. The contributions of the individual guard rings to the overall
voltage drop are similar, and a high breakdown voltage with values above 1100 V is achieved.
In Figure 7.6.18 it can also be seen that in cylindrical coordinates the voltage drop between the
inner guard rings is higher than between the outer ones which results in a reduced breakdown
voltage of 910 V.

In the optimized guard-ring structure the gap between CCR and GR1 is 12 µm and the spacing
between the rings is increased by 1.5 µm per ring. Reducing the gap between CCR and GR1 is
not possible without violating the design rules if one wants to maintain the metal overhang of
5 µm for the CCR. Using an increase for the spacing of 1.0 µm per ring results in an increase of
the breakdown voltage at the corners to 1044 V for Nox D 3 � 1012 cm�2, but on the same time
a decease at the straight section to 748 V.

The implant width of the guard rings in the optimized design is 25 µm. Trying to reduce this
width to save space results in a decrease of the breakdown voltage at the corner as well at the
straight sections if the other parameter are kept the same. The simulation results in Table 7.6.4
indicate that a reduction of the implant width, e. g. to 10 µm, deceases the breakdown voltage
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would be required, which makes up most of the saved space.

The design concept of the guard-ring structure is that for the highest oxide-charge density
the voltage drop of the individual rings is similar at breakdown. This requires a narrow spacing
between the rings. The consequence for low oxide charges, as also shown in Figure 7.6.18 for
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7. Optimization of the AGIPD Sensor
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Figure 7.6.16.: CCR current of the guard ring structure for different oxide-charge densities and a resistiv-
ity of 5 k��cm. (a) CCR current for the straight section of the guard ring from the (x,y)
simulation scaled to the full AGIPD sensor. (b) CCR current of the corners from the (r,z)
simulation.
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voltage of 880 V is displayed. The contributions of the individual guard rings to the overall
voltage drop are similar, and a high breakdown voltage with values above 1100 V is achieved.
In Figure 7.6.18 it can also be seen that in cylindrical coordinates the voltage drop between the
inner guard rings is higher than between the outer ones which results in a reduced breakdown
voltage of 910 V.

In the optimized guard-ring structure the gap between CCR and GR1 is 12 µm and the spacing
between the rings is increased by 1.5 µm per ring. Reducing the gap between CCR and GR1 is
not possible without violating the design rules if one wants to maintain the metal overhang of
5 µm for the CCR. Using an increase for the spacing of 1.0 µm per ring results in an increase of
the breakdown voltage at the corners to 1044 V for Nox D 3 � 1012 cm�2, but on the same time
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would be required, which makes up most of the saved space.
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CCR current for optimised design (5.1 kΩ⋅cm)

 Breakdown voltage at corners 
∼ 900 V  for Nox = 3x1012 cm-2

Breakdown voltage as function of resistivity
3 kΩ⋅cm 5.1 kΩ⋅cm 8 kΩ⋅cm

Nox [cm-2] 2D (x,y) 2D (r,z) 2D (x,y) 2D (r,z) 2D (x,y) 2D (r,z)
1x1012 >1100  V 1060 V >1100 V >1100 V >1100 V >1100 V
2x1012 1000 V 830 V 1080 V 910 V 950 V 950 V
3x1012 1010 V 840 V >1100 V 910V 1000 V 960 V

• CCR current ∼ 3 µA  at 900 
V  and Nox = 3x1012 cm-2

2D Cartesian 2D cylindrical



Joern Schwandt  University of Hamburg29.10.2018 | LPNHE Paris

Resistivity range

�21

 Effects of resistivity on shape of depleted region close to the cut edge: 
• High resistivity → risk of depletion region touching the edge at low oxide charge         
→ increased leakage current due to defects at the cut edge          

Potential distribution at 880 V for 8 kΩ⋅cm

Nox = 5⋅1010 cm-2

depletion 
boundary

CCRPixel

cut 
edge

50 µm should be safe → resistivity ≤ 8.0 kΩ⋅cm

for Nox = 5⋅1010 cm-2

Minimal distance form cut edge 
at 880 V and 8.0 kΩ⋅cm: 
- Nox = 5⋅1010 cm-2 : 50 µm 
- Nox = 1⋅1010 cm-2 : 25 µm

550 V

660 V

770 V

880 V

990V
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           Comparison sim. to measurements
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Optimised sensor fabricated by SINTEF       
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Simulation

0 Gy
10 kGy
1 MGy
10 MGy

CCR current: 
•Specifications: 

     Vbd > 900 V 
     I(500V) < 20 µA 

•Measured: 
     Vbd > 900 V 
     I(500V) < 2 µA

Pixel current Pixel currentPixel current: 
•Specifications: 

     Vbd > 900 V 
    Imean (500V) < 1 nA 
    Imax (500V) < 50 nA 

•Measured: 
     Vbd > 900 V 
     I(500V) < 0.2 nA

Optimisation successful:  simulations ≈ measurement results
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Examples of device simulations

Simulation related to the investigation of the 
insulator layer for segmented silicon sensors
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Motivation

�24

Instabilities of segmented silicon sensors have been observed which can be depend on 
environment and time e.g: 

• Dependence of the breakdown voltage on humidity and ramping speed  
• Dependence of leakage current on humidity 
• Dependence of charge sharing and charge loss on humidity

Instabilities caused by changes of the potential distribution on the sensor surface 
and of the charge distribution at the Si-SiO2 interface

surface potentialpassivation  

p-bulk

Si-SiO2n+ Al

SiO2  

Air

voltages. The number of generated eh-pairs was approximately
30 000. The number of collected electrons and holes is deter-
mined from the fit of the model described in Section 2.4 to
the data.

The results are shown in Fig. 11. The number of holes collected
shows a small increase between 50 and 150 V, and then remains
constant. Up to 150 V practically no electrons are collected at the
center between the strips. Above this voltage the fraction of
electrons collected increases approximately linearly with voltage,
reaching ! 25% at 500 V. The fraction of electrons collected close
to the edge of the readout strips, increases from ! 5% to ! 40%.
We note that for all voltages significant electron losses are
observed and, that the width of the accumulation layer, dacc (not
shown), is between 34 and 36 mm. Thus the accumulation layer
covers most of the 39 mm wide gap between the pþ -implants. We
also observe (not shown) that the diffusion term is below 3 mm, the
width of the light spot.

4. Discussion of the results

In this Chapter an attempt is made to qualitatively interpret
the results and discuss their relevance for the operation of pþn
sensors. We first discuss the cause of the charge losses and their
dependence on time and humidity. Our explanations are

supported by detailed two-dimensional simulations of the sensor
assuming different boundary conditions on the surface of the
passivation and different values of q0 # N

eff
int ¼ q0 # ðNoxþNdon

it & Nacc
it Þ,

the effective charge density at or close to the Si–SiO2 interface. q0

is the elementary charge, Nox the density of positive oxide
charges, and Nit

don and Nit
acc the density of filled donor and acceptor

states at the interface, integrated over the silicon band gap.

4.1. Charge losses and their time dependence

For the non-irradiated strip sensor the most relevant results,
which were presented in Chapter 3, are:

( Electron losses when ramping up the voltage in a dry atmo-
sphere (‘‘dried at 0 V—0 Gy’’),
( hole losses when ramping down the voltage in a dry atmo-

sphere (‘‘dried at 500 V—0 Gy’’),
( no or little charge losses in a humid atmosphere (‘‘humid—

0 Gy’’), and
( the time to reach the steady state after a voltage change is

about an hour in a humid and ! 100 h in a dry atmosphere.

We explain these observations in the following way: We assume
that the sensor is in steady-state conditions at 0 V with zero charge
density on its surface. When the sensor is biased, parts of the pþ

implants will be depleted, resulting in negative charges at the pþn
junctions of the strips. These negative charges are balanced by the
positive charges of the depleted n bulk and of the nþ implant of the
rear contact, if the sensor is biased above depletion. These charges
produce an electric field at the Si–SiO2 interface and at the sensor
surface. If surface charges on top of the passivation do not move, the
electric field at the surface will have a longitudinal component
which points to the pþ implants and a transverse component at the
Si–SiO2 interface which points into the sensor.2 This is seen in the
top left plot of Fig. 12, which shows for a sensor biased to 200 V a
TCAD simulation of the longitudinal surface field for a density
Neff

int ¼ 1011 cm& 2 and zero surface-charge density. This longitudinal

Fig. 10. Number of holes lost for light pulses generating ! 100 000 eh-pairs as a
function of the time after the voltage applied to the non-irradiated sensor has
been reduced from 500 V in steady-state conditions, to 200 V. The upper scale
of the horizontal axis (in minutes) refers to the situation ‘‘humid’’, the lower one
(in hours) to ‘‘dry’’.

Table 4
For the sensor irradiated to 1 MGy, biased at 200 V under three different
measurement conditions: Idark

meas, the dark current for a single strip, dacc
fit , the width

of the accumulation layer determined from the fit, and the width of the
accumulation layer, dacc

calc, obtained from the measured dark current, the surface
generation current from the test structures (Table 2), and the geometrical
parameters of the sensor (Table 1). The current values refer to a temperature of
22.9 1C.

Dried at 0 V—1 MGy Humid—1 MGy Dried at 500 V—1 MGy

Idark
meas 1.2 nA 1.8 nA 3.3 nA

dfit
acc

36 mm 34 mm –

dcalc
acc

32 mm 29 mm 21 mm

Fig. 11. Irradiated sensor operated in a dry atmosphere for voltages between 50
and 500 V: Number of electrons collected for light injected in the middle between
and close to the readout strip, and number of holes collected. The number of
eh-pairs generated by the light is approximately 30 000.

2 In the simulation this is realised by defining a boundary at y¼ & 100 mm
where Neumann boundary conditions are applied. On the surface of the passiva-
tion layer, fixed charges, in this case zero, are put. For the simulation ‘‘dried at
500 V’’ the surface-charge distribution obtained for the steady-state conditions at
500 V is used.

T. Poehlsen et al. / Nuclear Instruments and Methods in Physics Research A 700 (2013) 22–39 33

~ 80 h

~ 40 min

(Phd-Thesis T. Pöhlsen)

Hole losses vs. time after changing bias 
voltage from 500 V to 200 V:  0 Gy, 
600nm laser, 100k e-h paris injected 
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Effects of surface potential
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- pitch 80 μm
- width 18 μm 
- thickness 200 μm
- NA = 3.4•1012 cm-3

Potential at t = 10 min

- AC coupled n+-p sensor with p-spray (Np-spray = 5•1011 cm-2), Nox = 1•1010 cm-2 
- Conductive layer of 10 nm on top of passivation with R□ ≈ 7•1014 Ω 
- Voltage ramp: -10 V/s up to -600 V and than constant -600 V

 Simulation example of time dependent surface potential

Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer 
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Effects of surface potential
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Potential at t = 20 minPotential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer
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Effects of surface potential
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Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer

Potential at t = 30 min
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Effects of surface potential
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Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer

Potential at t = 40 min
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Effects of surface potential
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Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer

Potential at t = 50 min
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Effects of surface potential

�30

Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer

Potential at t = 60 min
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Effects of surface potential
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Potential at t = 60 sec 

streamlines

air 

n+ implant

Al

conductive 
layer

Potential at t = 120 min

• Most streamlines end at implant
• Many streamlines ending at interface  
➡ charge sharing, charge losses

E-field in the silicon sensitive to surface conditions
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Effects of Nox
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- pitch 80 μm
- width 18 μm, 
- thickness 200 μm
- NA = 3.4•1012 cm-3

- AC coupled n+-p sensor with p-spray (Np-spray = 5•1011 cm-2) 
- Neumann boundary conditions (En = 0)

 Simulation example oxide charge dependence

Potential at -600,  Nox = 1•1010 cm-2 Potential at -600,  Nox = 5•1011 cm-2

E-field in the silicon sensitive oxide charges
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Examples of device simulations

Development of a bulk radiation damage model
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Diode measurements
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Large and small diodes available from the CMS HPK campaign: 

1. Material 
• p-type (p-stop, p-spray) 

- Thinned float zone FTH200 (200 µm thick) 
- + MCz, Epi, deep diffused FZ 

2. Irradiations 
• Protons 24 GeV/c  

- Fluences: 0.3, 1, 1.5 , 2.4, 3 , 6, 7.75, 13•1015 neq/cm2  

3. Measurements after 80min@60°C annealing (irrad. 2015) at 
T= -20°C and -30°C with reverse and forward bias applied 
• I-V up to 1000 V (reverse) and up to current limit of 0.5 mA 

(forward) 
• C/G-V with 100 Hz - 2 MHz 
• TCT with 670 nm (red) and 1063 (IR) nm laser

Diode 5mm x 5mm
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Radiation damage modelling
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Radiation damage modelling:  
• Usually effective trap levels modelling 

the measured identified point and 
cluster defects 

• It is assumed that the traps obey SRH 
statistics (still valid at high fluences?)

ca
pt

ur
e 

cn

cp

en

ep

Ec

Et

Ev

Eg/2

em
ission

Ec

Eg/2

Ev

Ec

Eg/2

Ev

EA

ED

Example: 2 trap model → 6 parameter 
1.  Energy levels: EA , ED fixed 
2. Concentrations : NA , ND 

3. Cross sections  : σAe , σAh , σDe , σDh 

⇢trap = q[NDfD �NAfA]
<latexit sha1_base64="AOjphAkVywjhj/LbK0UP6f1p/38="></latexit><latexit sha1_base64="AOjphAkVywjhj/LbK0UP6f1p/38="></latexit><latexit sha1_base64="AOjphAkVywjhj/LbK0UP6f1p/38="></latexit>
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Parameter Tuning
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Attempts for the determination of new damage parameters: 
• Simulate I-V, C-V and CCE with infrared for diodes for the fluences 3 , 6, 13•1015 neq/cm2 

and using the optimiser of  TCAD for the determination of the free parameters i.e. 
minimise simultaneously for every fluence

with  Isim simulated current,  Imes measured current 
        Csim simulated capacitance, Cmes measured capacitance 
        CCEirsim simulated CCE,  CCEirmes measured simulated

F =

Z �900V

�5V
(1� Isim

Imes

)2 dV +

Z �600V

�5V
(1� C455Hz

sim

C455Hz
mes

)2 dV +

Z �600V

�5V
(1� C1kHz

sim

C1kHz
mes

)2 dV

+

Z �1000V

�200V
(1� CCEirsim

CEEirmes

)2 dV
<latexit sha1_base64="qby2E9JwJkZNf4R6GKaDzK5aQOo="></latexit><latexit sha1_base64="qby2E9JwJkZNf4R6GKaDzK5aQOo="></latexit><latexit sha1_base64="qby2E9JwJkZNf4R6GKaDzK5aQOo="></latexit><latexit sha1_base64="qby2E9JwJkZNf4R6GKaDzK5aQOo="></latexit>

• I-V and C-V are simulated in 1D (CPU time: ≈3 min) 
• CCE is simulated in 2D cylindrical coordinates at 5 voltages (CPU time: ≈50 min)
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HPTM
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Result of tuning: Hamburg Penta Trap Model (HPTM)

• Trap concentration of defects: N = gint · Φneq 
• Simulations for the optimisation have been performed at T= -20 °C with: 

1. Slotboom band gap narrowing 
2.Impact ionisation (van Overstaeten-de Man) 
3.TAT Hurkx with tunnel mass = 0.25 me (default value: 0.5 me) in case of the Ip  
4.Relative permittivity of silicon = 11.9 (default value : 11.7) 

• Both cross section for the E30K and the electron cross section for the CiOi were fixed 
➔ 12 free parameter 

• Optimizsation done with the nonlinear simplex method
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         Comparison sim. to measurements
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I-V 1/C2-V
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HPTM 3 · 1014 cm�2

HPTM 1 · 1015 cm�2

HPTM 3 · 1015 cm�2

HPTM 6 · 1015 cm�2

HPTM 8 · 1015 cm�2

HPTM 13 · 1015 cm�2

Data 3 · 1014 cm�2

Data 1 · 1015 cm�2

Data 3 · 1015 cm�2

Data 6 · 1015 cm�2

Data 8 · 1015 cm�2

Data 13 · 1015 cm�2

CCE-V

3• 1015cm-2

3• 1014cm-2

13• 1015cm-2

I-V, C-V and CCE-V for fluences from 0.3 - 13•1015 neq/cm2   and T = -20 °C 

• The simulation for 0.3 and 1•1015 neq/cm2 are 
extrapolations and the 7.75•1015 neq/cm2 is an 
interpolation 

• The I-V, C-V simulations agrees with the 
measurements within 20% for all fluences  

• CCE-V simulations  for high voltages agrees 
with the measurements within 20% for all 
fluences 
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Summary
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• For ≈ 20 years, Synopsys Sentaurus TCAD has been a valuable tool for the HEP 
community in the sensor development  

• It allows detailed process and device simulation in 1D, 2D and 3D  
• TCAD simulations are important and helpful in  
- The design and optimisation of sensors 
- Understand and interpretation of measurements 
- Development of radiation damage models 

Thank you for your attention!!!


