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I. INTRODUCTION

The High Luminosity Large Hadron Collider (HL-
LHC), starting in 2029, aims for 4000 fb−1 luminosity
over 10 years. During its operations, CMS’s Minimum
Ionizing Particle Timing Detector (MTD) [1] and AT-
LAS’s High Granularity Timing Detector (HGTD) [2]
will use Low Gain Avalanche Detector (LGAD) technol-
ogy [3] for improved timing measurements and particle
detection performance.
LGADs are semiconductor detectors that use a high

electric field (> 200 kV/cm) to achieve moderate charge
multiplication. On a p-type substrate, a moderately
doped p-type layer is implanted beneath a highly doped
n-type layer. LGADs have enhanced charge collection
compared to standard PIN diodes because of the addi-
tional p-type layer (also called Gain Layer), leading to
stronger signals via impact ionization. However, they
are sensitive to radiation damage, including that from
proton irradiation [4].
Proton irradiation degrades the gain layer [5] by re-

ducing the gain layer concentration with irradiation (also
called Acceptor Removal Mechanism (ARM)), and in-
troduces trap defects in LGADs leading to reduced sig-
nal. The impact of proton irradiation on PIN diodes
can be modeled using Technology Computer Aided De-
sign (TCAD) Silvaco [6], with one such model being the
Proton Damage Model (PDM), developed by the Uni-
versity of Delhi [7] which can estimate leakage current,
full depletion voltage and charge collection efficiency.
This study extends the validation of the PDM,

previously applied to PIN diodes [7], to LGADs. Since
the gain layer gets affected by the irradiation and the
charge multiplication process of LGAD is sensitive to
the impact ionization coefficients, the present work
aims to include these two effects to the PDM. The
model of gain layer degradation is adopted from Ref.[5]
and the impact ionization coefficients are optimized
in a manner similar to the work reported in Ref.[8].
By accounting for trap defects, gain layer degradation
and an optimized impact ionization coefficients, the
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FIG. 1. Doping Profile of simulated LGAD.

charge collection predictions for irradiated LGADs are
significantly improved in modeling the proton damage
in LGAD. The experimental results of charge collection
for both irradiated and non-irradiated LGADs have
been obtained from Ref.[4].

II. NON-IRRADIATED LGAD (ϕ = 0)

The LGAD designed in Silvaco features a 2D plane-
parallel geometry with n++ / p+ / p / p++ configura-
tion. The area of the sensor simulated is 5mm × 5mm
with a strip width of 80 µm and thickness of 300 µm.
The bulk of the sensor is p-type with uniform doping of
1 × 1012 cm−3. The doping profile of LGAD structure
used in simulation is shown in Fig. 1.

A 660 nm red laser is shone from the backside (p++

end) for charge collection. The simulated charge col-
lection for a non-irradiated LGAD, using the default
Selberherr impact ionization model, closely matches the
experimental data [4], validating the doping profile and
other parameters used in this work (see Fig. 2) for the
non-irradiated LGAD.

III. SIMULATION OF PROTON IRRADIATED
LGAD (ϕ = 4.9× 1014 1 MeV neq cm−2)

For ARM, it is considered that the acceptors in gain
layer decreases exponentially with increase in proton flu-
ence and follows the single exponential distribution.
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FIG. 2. Charge Collections as a function of bias voltage
for non - irradiated LGAD. Experimental measurements are
obtained from the reference [4].

NP (ϕ) = Np(0)exp(−Cpϕ) (1)

where, NP (ϕ) is the gain layer concentration at a certain
incident 1 MeV neutron equivalent proton fluence (ϕ),
Np(0) is the initial acceptor concentration in the gain
layer and Cp is the acceptor removal constant for proton
irradiation.

The doping concentration value of the gain layer ex-
tracted from Eqn.1 is incorporated in the simulation for
fluence, ϕ = 4.9× 1014 1 MeV neq cm−2. The trap de-
fects are introduced by incorporating the two trap PDM
[7] into the modeling. The value of Cp to incorporate
ARM is 16 × 10−16 cm2 which is the same value men-
tioned for the experimental measurements [4].

The Selberherr’s impact ionization rates for electrons
and holes are modeled in Silvaco using Eqn.2 which is
based on classical Chynoweth model [9]. The impact
ionization coefficients α(n, p) are given by:

α(n, p) = A(n,p)exp[−
B(n,p)

E
] (2)

where, E is the electric field, A(n,p) and B(n,p) are the
four important model parameters for impact ionization
of electrons (n) and holes (p). The default values of the
parameters used in simulations are taken from Ref.[6].

When simulating the designed LGAD with only PDM,
the charge collection is overestimated Fig. 3 (left). In-
corporating ARM along with PDM improves the agree-
ment, however, leads to slight underestimation of the

charge collection at high voltages Fig. 3 (centre). The
parameter sensitivity of the Selberherr impact ioniza-
tion model showed that optimizing the coefficient Bp

from 2.036 × 106 V/cm to 1.30 × 106 V/cm alone im-
proves charge collection agreement with measurement
Fig. 3 (right). The charge collections obtained from
optimized parameters for irradiated LGAD is shown in
Fig. 3 (right). This results in the overall good agreement
between modeling and measurements.
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FIG. 3. Comparison between the simulated charge collection
and measured charge collection [4] for a proton irradiated
LGAD with a fluence 4.9 × 1014 1 MeV neq cm−2. Simula-
tion incorporating only PDM (left), simulation incorporating
PDM and ARM (centre) and simulation incorporating PDM,
ARM and optimized Selb. parameter (right).

SUMMARY

This work enhances the proton damage model devel-
oped for PIN diodes to the LGADs. It is observed that
by incorporating ARM and optimizing impact ioniza-
tion coefficients, a better agreement between modeling
and measurement results is obtained.
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