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Can a Synopsys based model be ported into Silvaco?
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Context
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ITk Layout

Marianna Testa5

up to
2·1016 1MeV n cm-2 

• Strips
• Four Barrel layers, 2 x 6 strips End-Cap disks. 

• Pixels: barrel layers (flat + inclined) and endcap novel ring structure. 
• Inner System (IS)
• Outer Barrel  (OB)
• Outer Endcap (OE)

IS designed to be replaced 
after 50% of integrated lumi

Strip Barrel
Strip Endcap

IS

OEOB

HL-LHC

Marianna Testa3

The LHC will be upgraded to the High Luminosity-LHC (HL-LHC) to produce up to 
4000 fb-1of integrated luminosity until 2040 Requirements for pixel 

detector at HL-LHC

Instantaneous conditions:  
pile-up, luminosity
• High trigger rate: 1 MHz
• High granularity: occupancy 

at 1 % 

Integrated effects
Integrated luminosity x10 
àRadiation hard technologies  
up to 2·1016 neq/cm2

LHC: Inner Detector (ID) system, TRT (gas detector) + Strips + Pixels (with 
new Insertable B-Layer) 

LHC: Inner Detector (ID) system, TRT (gas 
detector) + Strips + Pixels 

HL-LHC: New all-silicon Inner 
Tracker (ITk), Strips + Pixels 

Luminosity 
= 5-7.5 x 1034 cm2 s-1

A replacement of the current ID 
detector is by far not enough!

start ~ 2030

From 2030: Inst. luminosity 5-7x increase

Up to 10-
fold 

increase in 
fluence, 



Perugia radiation damage model
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Table 6: Details of the Perugia 2019 Surface
damage modeling scheme.

Acceptor band Donor band

Energy E𝐿 → 0.56 ↑ E𝑀 ↑ E𝐿 E𝑁 ↑ E𝑀 ↑ E𝑁 + 0.60
[eV]

Width 0.56 0.60
[eV]

D𝑂𝑀 D𝑂𝑀𝑃𝑄𝑄 (𝐿) D𝑂𝑀𝑅𝑆𝑇 (𝐿)
[eV

→1
cm

→2
]

N𝑂𝑀 N𝑂𝑀𝑃𝑄𝑄 (0) + ωN𝑂𝑀𝑃𝑄𝑄 (𝐿)N𝑂𝑀𝑅𝑆𝑇 (0) + ωN𝑂𝑀𝑅𝑆𝑇 (𝐿)
[cm

→2
]

𝑀𝑈 1.0 ↓ 10→16 1.0 ↓ 10→15
[cm

2
]

𝑀𝑉 1.0 ↓ 10→15 1.0 ↓ 10→16
[cm

2
]

Fixed oxide charge

Q𝑊𝑋 [𝑁𝑂→2
] Q𝑊𝑋 (0) + ωQ𝑊𝑋 (𝐿)

Table 7: Details of the New Univ. of Peru-
gia bulk damage modeling scheme.

Acceptor Acceptor Donor

Energy [eV] E𝐿 → 0.42 E𝐿 → 0.46 E𝐿 → 0.23
𝑃 [cm

→1
] 1.6 0.9 0.006

𝑀𝑈 [cm
2
] 1.0 ↓ 10→15 7.0 ↓ 10→14 2.3 ↓ 10→14

𝑀𝑉 [cm
2
] 1.0 ↓ 10→14 7.0 ↓ 10→13 2.3 ↓ 10→15

Overstraeten-de Man. For the acceptor defect at E𝑄 → 0.545 eV, which is located close to midgap,
the trap-assisted tunneling model from Hurkx with a tunnel mass of 0.25 m𝑅 is used. Further details
are provided in [11].

3.5 New University of Perugia model

Within a hierarchical approach, increasingly complex models have been considered, aiming at
balancing complexity and comprehensiveness [12]. An enhanced modeling scheme, yet physically
based, was eventually developed, featuring three dominant deep-level recombination centers (two
acceptors and one donor). The model was capable of reproducing all the main evidence related to
the radiation damage e!ects, namely the double-sided depletion e!ect, the depletion voltage values,
the increase of the leakage current with fluence, and the charge collection e"ciency trend with
increased fluences [13].

Recently, the New University of Perugia comprehensive numerical modeling scheme that
accounts for the combined e!ect of surface and bulk radiation damage on silicon detectors has been
updated. The model has been developed and it is fully implemented within the Synopsys Sentaurus
TCAD environment. At the development stage, a physics-driven approach has been pursued to
keep the number of fitting parameters as low as possible, thus devising a not overspecific modeling
scheme.

Surface damage significantly impacts the surface generation current, the breakdown voltage,
the inter-electrode isolation, and the capacitance, and may a!ect the charge collection properties
of solid-state sensors. For TCAD simulation purposes, the surface radiation damage e!ects can be
ascribed to the building up of trapped charge within the oxide (Q𝑆𝑇) and the increase in the number
of interface trap states (N𝑈𝑉 ). The Perugia 2019 Surface damage model considers two bands of
defects, one acceptor and one donor (Table 6), and their parameterization is detailed in [14, 15].
N𝑈𝑉 and N𝑆𝑇 were determined before and after X-ray irradiation with doses up to 100 Mrad (SiO2)
from test structures exploring various design options, diverse vendors, and technology alternatives.
The surface radiation damage model can be combined with the e!ect of displacement damage (bulk
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damage), accounting for silicon lattice defect generation and point and cluster defects in terms of
the increase of bulk deep-level trap states for the analysis of more complex structures [16]. The
New University of Perugia bulk model relies on three defect levels, two acceptors and one donor,
as detailed in Table 7. It has been extensively applied to the study of PiN diodes, LGAD-based
detectors (compensated LGAD, AC-RSD, and DC-RSD) [17, 18], where it has been coupled to the
acceptor removal mechanism of the gain layer and the acceptor creation of the bulk based on the
Torino parameterization [19]. The acceptor-removal mechanism in the multiplication layer follows
the analytical law for the concentration 𝐿𝐿𝑀 (𝑀) = 𝐿𝑁(0) exp →𝑂𝑃, where N𝐿𝑀 is the peak dose of
the gain-layer profile, 𝑀 is the fluence, 𝐿𝑁(0) is the initial acceptor density and 𝑁 is a constant. In
addition, the acceptor creation at the bulk level follows:

𝐿𝑁,𝑄𝑅𝑆𝑇 =

{
N𝑁,𝑄𝑅𝑆𝑇 (0) + 𝑂𝑂𝑀 0<𝑀 ↑ 3 ↓ 1015 𝑃𝑈𝑉/𝑁𝑄2

4.17↓1013 · 𝑅𝑃(𝑀) → 1.41 ↓ 1015 𝑀 > 3 ↓ 1015 𝑃𝑈𝑉/𝑁𝑄2
(1)

where 𝑂𝑂 = 0.0237 cm→1.

4. Conclusion

Various TCAD models for the description of radiation damage e!ects consider di!erent num-
bers of defects with distinct parameters. This implies that there is not a unique parameterization,
and multiple models may be e!ective.

While TCAD simulation is a robust tool for studying silicon detectors, it is crucial to compare
measurements with simulations to refine models and trap parameterization. Presently, achieving
a simulation modeling scheme capable of e!ectively describing the entire range of measurements
for radiation damage remains a challenge. There is a pressing need to develop a versatile model
applicable to various detectors and irradiation levels. This would facilitate a better understanding
of the behavior of novel detectors and support design optimization e!orts.
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simulating different technology processes (e.g. the width of the
bands does not vary), while the traps parameterization varies
congruently with the analytical laws described in the next
section (Tables 2–5). With traps parameterization we refer to
the values assumed by the acceptor/donor traps and the value of
the oxide charge densities at a specific dose. The traps
parameterization is assessed by means of irradiation and
testing campaigns on simple test structures, from which NIT

and QOX can be straightforwardly extrapolated. The strength of
this approach is that, once the parameterization in known, it is
possible to apply the modeling scheme to predict the electrical
behavior of more complex sensors, since the extent of the
damage is the same for the same technology regardless of the
device.

At each radiation dose, both the oxide charge density and
interface trap state density are modeled as the sum of the value
before irradiation (NIT (0) and QOX (0)) and the radiation
induced increase (ΔNIT(Φ) and ΔQOX(Φ)). This approach
enables a more realistic assessment of the surface damage
extent by considering a small amount of fixed oxide charge
and interface trap states even in non-irradiated devices, as a
result of the fabrication processes. From measurements, the
experimentally assessed values for QOX, NITacc and NITdon

have been then used as input parameters for the traps
parameterization which describes their trends as a function of
the X-ray dose. This enables the suitability of performing
predictive analyses at different doses from the investigated ones.

The new interface modeling scheme has been implemented
within the TCAD environment (Supplementary Appendix A)

TABLE 1 | Details of the “Perugia 2019 Surface” damage modeling scheme.

Acceptor-like Donor-like

Energy (eV) EC − 0.56≤ET ≤EC EV ≤ET ≤EV + 0.60
Width (eV) 0.56 0.60
DIT (eV−1cm−2) DITacc(ϕ) DITdon(ϕ)
NIT (ϕ) (cm−2) NITacc(0) + ΔNITacc(ϕ) NITdon(0) + ΔNITdon(ϕ)
σelectrons (cm2) 1.00 × 10−16 1.00 × 10−15

σholes (cm2) 1.00 × 10−15 1.00 × 10−16

Fixed oxide charge

QOX (ϕ) (cm−2) QOX(0) + ΔQOX(ϕ)

TABLE 2 | Fitting equations and pre-irradiation values for “Perugia 2019 Surface” modeling HPK silicon devices: oxide charge QOX (cm
−2), acceptor interface trap states

NITacc (cm
−2), donor interface trap states NITdon (cm−2).

Fitting equations Pre-irradiation values

QOX(ϕ) # QOX(0) + ΔQOX(ϕ) ΔQOX # 3.74 × 10+11 + 6.20 × 10+10 · ln(Φ) QOX(0) # 6.5 × 10+10

NITacc # NITacc(0) + ΔNITacc(ϕ) ΔNITacc # 6.35 × 10+11 + 1.50 × 10+11 · ln(Φ) NITacc(0) # 2.0 × 10+09

NITdon # NITdon(0) + ΔNITdon(ϕ) ΔNITdon # 1.07 × 10+12 + 2.90 × 10+11 · ln(Φ) NITdon(0) # 2.0 × 10+09

TABLE 3 | Fitting equations and pre-irradiation values for “Perugia 2019 Surface” modeling IFX eight″ silicon devices: oxide charge QOX (cm−2), acceptor interface trap
states NITacc (cm−2), donor interface trap states NITdon (cm−2).

Fitting equations Pre-irradiation values

QOX(ϕ) # QOX(0) + ΔQOX(ϕ) QOX(Φ) # 4.04 × 10+11 + 3.03 × 10+11 · ln(Φ),ϕ>0.5Mrad QOX(0) # 1.0 × 10+10

NITacc(ϕ) # NITacc(0) + ΔNITacc(ϕ) ΔNITacc(Φ) # {1.10 × 10+11 + 1.77 × 10+10 · ln(Φ), ϕ< 1Mrad,
1.01 × 10+12 + 1.63 × 10+11 · ln(Φ),ϕ≥1Mrad

NITacc(0) # 1.0 × 10+09

NITdon(ϕ) # NITdon(0) + ΔNITdon(ϕ) ΔNITdon(Φ) # 8.51 × 10+11 + 1.85 × 10+11 · ln(Φ) NITdon(0) # 1.0 × 10+09

TABLE 4 | Fitting equations and pre-irradiation values for “Perugia 2019 Surface” modeling IFX 6″ silicon devices: oxide charge QOX (cm
−2), acceptor interface trap states

NITacc (cm
−2), donor interface trap states NITdon (cm−2).

Fitting equations Pre-irradiation values

QOX(ϕ) # QOX(0) + ΔQOX(ϕ) ΔQOX(Φ) # { −8.02 × 10+07 + 1.10 × 10+10 · ϕ, ϕ≤ 1Mrad
3.57 × 10+11 + 1.98 × 10+11 · ln(Φ), ϕ>1Mrad

QOX(0) # 1.0 × 10+09

NITacc(ϕ) # NITacc(0) + ΔNITacc(ϕ) ΔNITacc(Φ) # 1.20 × 10+12 + 1.50 × 10+11 · ln(Φ) NITacc(0) # 1.0 × 10+09

NITdon(ϕ) # NITdon(0) + ΔNITdon(ϕ) ΔNITdon(Φ) # 1.08 × 10+12 + 2.45 × 10+11 · ln(Φ) NITdon(0) # 1.0 × 10+09

TABLE 5 | Fitting equations and pre-irradiation values for the “Perugia 2019 Surface”modeling FBK silicon devices: oxide charge QOX (cm−2), acceptor interface trap states
NITacc (cm−2), donor interface trap states NITdon (cm−2).

Fitting equations Pre-irradiation values

QOX(ϕ) # QOX(0) + ΔQOX(ϕ) ΔQOX # 5.86 × 10+11 + 1.24 × 10+11 · ln(Φ) QOX(0) # 8.0 × 10+10

NITacc(ϕ) # NITacc(0) + ΔNITacc(ϕ) ΔNITacc # 1.58 × 10+12 + 3.76 × 10+11 · ln(Φ) NITacc(0) # 7.0 × 10+09

NITdon(ϕ) # NITdon(0) + ΔNITdon(ϕ) ΔNITdon # 6.28 × 10+11 + 1.98 × 10+11 · ln(Φ) NITdon(0) # 9.0 × 10+09
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Physics models
• Fermi-Dirac statistics
• Scharfetter - Shockley Read Hall recombination
• Schenk band-to-band tunnelling
• Slotboom bandgap narrowing
• Van Overstraeten impact ionization model

– Massey model not available in Silvaco
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Simulated structure
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Bulk dop. conc. 
~ 5x1012 cm-3



Scenarios & observable
Simulated scenarios
• Radiation damage models: bulk only & bulk + interface
• Fluences: 1.5x1015 & 1.0x1016 neq/cm2

• Temperatures: 248 & 300 K

Observables
• IV & CV curves
• Electric field profiles
• Traps ionization profiles
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RESULTS
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First, results for unirradiated device

T= 300 K, 𝜐 = 1kHz
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T= 300 K

Models: just oxide charge at the interface, no traps

Slight difference in breakdown voltage, potentially mesh related



Irradiated device: IV curves
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T= 248 K T= 300 K

Models: full model (oxide, bulk and interface traps)
T=248 K:  overall great agreement! Slight difference in breakdown voltage, potentially mesh 
related
T = 300 K: worse agreement but conditions are less relevant for real applications



Irradiated device: CV curves
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Irradiated device: CV curves
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𝚽 = 1.5x1015 neq/cm2, T = 248 K, bulk only
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𝚽 = 1.5x1015 neq/cm2, T = 248 K, bulk only
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𝚽 = 1.5x1015 neq/cm2, T = 248 K, bulk & surf
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𝚽 = 1.5x1015 neq/cm2, T = 248 K, bulk & surf
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𝚽 = 1.5x1015 neq/cm2, T = 300 K, bulk only
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𝚽 = 1.5x1015 neq/cm2, T = 300 K, bulk only
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𝚽 = 1.5x1015 neq/cm2, T = 300 K, bulk & surf
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𝚽 = 1.5x1015 neq/cm2, T = 300 K, bulk & surf
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𝚽 = 1.0x1016 neq/cm2, T = 248 K, bulk only
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𝚽 = 1.0x1016 neq/cm2, T = 248 K, bulk only
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𝚽 = 1.0x1016 neq/cm2, T = 248 K, bulk & surf
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𝚽 = 1.0x1016 neq/cm2, T = 248 K, bulk & surf
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𝚽 = 1.0x1016 neq/cm2, T = 300 K, bulk only
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𝚽 = 1.0x1016 neq/cm2, T = 300 K, bulk only
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𝚽 = 1.0x1016 neq/cm2, T = 300 K, bulk & surf
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𝚽 = 1.0x1016 neq/cm2, T = 300 K, bulk & surf
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Conclusions & Outlook
! Excellent agreement (down to 2%!) between TCAD tools when 

comparing electric field projection along the bulk at T = 248 K
! Good agreement in IV and CV curves, need to work on breakdown 

voltage – and implement Massey model into Silvaco
" Traps ionization probabilities within the same order of magnitude.

" Need to implement Massey impact ionization model in Silvaco
" Need to test electric field maps in Allpix2
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