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Next-generation LGADs: a measurement-simulation
synergy to quantify donor removal
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Recent advancements in Low-Gain Avalanche Diode (LGAD) architectures, including resistive
and compensated designs, highlight the need for a precise understanding of donor removal at
high donor concentrations to optimize their performance after irradiation. A method based on
the variation of sheet resistance with fluence, measured through van der Pauw test structures, has
been introduced to extract doping-removal coefficients. This approach was applied to resistive
LGAD samples to quantify donor removal in the donor-doped resistive collection layer (NPLUS).
Test structures from the RSD2 batch, manufactured by Fondazione Bruno Kessler with varying
NPLUS doses, were irradiated up to 5.0 × 1015 1 MeV neq/cm2 at the JSI TRIGA reactor, and
donor removal coefficients were experimentally determined using this method. In this contribution,
TCAD simulations are used to validate the experimental results and to confirm the reliability of
the van der Pauw-based extraction method.
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1. Introduction

Low-Gain Avalanche Diodes (LGADs) [1] achieve timing resolutions of several tens of pi-
coseconds [2] up to fluences of about 2.5 · 1015 1 MeV neq/cm2 [3], thanks to their internal signal
amplification. LGADs will therefore be used in 1.3×1.3 mm2 pixel arrays within the endcap timing
layers of ATLAS [4] and CMS [5] for the High-Luminosity LHC upgrades to mitigate the high pile-
up (∼ 200). Their limitation in radiation tolerance is due to the acceptor-removal mechanism [6],
i.e. the transformation of electrically active acceptor atoms into complex neutral defects, since
internal signal amplification is achieved by an additional acceptor-type implant near the collecting
electrode, which locally increases the electric field above the avalanche multiplication threshold.
As a result, much research has focused on characterising acceptor removal [7].

Building on the excellent LGAD timing resolution, new LGAD architectures are being de-
veloped to meet the requirements demanded by future colliders [8], such as the Future Circular
Collider (FCC). For future lepton colliders, resistive LGADs [9] are in development. They use a
resistive collecting layer that acts as a current divider, enabling signal sharing among electrodes
and reducing electrode density and power consumption. Internal signal amplification also allows
for the use of thinner substrates, which reduces the material budget. For future hadron colliders,
compensated LGADs [10] are being designed to extend radiation tolerance beyond 1017 1 MeV
neq/cm2. In these devices, the gain implant is achieved through the compensation of acceptor and
donor implants. Although both types of implants are gradually deactivated by irradiation, careful
engineering aims to keep an active gain implant at extreme fluences, similar to new devices, thus
preserving timing resolution comparable to unirradiated sensors.

In these advanced LGAD designs, donor implants play a role as significant as the acceptor
gain implant in standard LGADs. In resistive LGADs, the resistive layer is donor-type, whereas in
compensated LGADs, the gain implant is made through the compensation of acceptor and donor
implants. Therefore, it is important to study donor removal at higher initial donor concentrations
(> 1016 at/cm3) than those used in conventional n-type substrates [11]. Recently, the variation of
sheet resistance with irradiation has been studied as a figure of merit for determining both acceptor
and donor removal [12]. This method has already been applied to study donor removal in resistive
LGADs with AC-coupled electrodes (AC-LGADs) [13]. The present work aims to validate these
experimental findings by comparing them with TCAD simulations and thereby confirming the
reliability of this approach.
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2. Experimental determination of donor removal

As anticipated, donor removal in the resistive collection layer of the AC-LGAD, known as
NPLUS in the Fondazione Bruno Kessler (FBK) terminology, was investigated by analyzing changes
in sheet resistance following irradiation. Van der Pauw test structures from the RSD2 batch,
produced by FBK and featuring different NPLUS doses (0.25, 0.50, and 1.00 in FBK’s normalized
units), were irradiated with neutrons at the JSI TRIGA reactor at fluence points of 1.0, 2.0, 3.5, and
5.0 × 1015 1 MeV neq/cm2.

Sheet resistance measurements were conducted before and after irradiation at room temperature
in both Perugia and Karlsruhe to ensure reproducibility. A known current ramp was applied between
two neighboring electrodes, and the voltage drop across the other two electrodes was recorded. Sheet
resistance was calculated as the slope of the voltage-current plot multiplied by 𝜋

𝑙𝑛(2) . The current
ramp ranged from -200 𝜇A to +200 𝜇A to maintain the voltage difference between the voltmetric
electrodes within 1–100 mV. Voltage differences below this range make not negiglible parasitic
contributions from the cables, while higher values may heat the sample and affect the measured
sheet resistance. The van der Pauw test structures lack a contact on the back, so the probe station
chuck was left floating, and four needles were used: two for current application and two for voltage
measurement. Measurement results are presented in Figure 1 as sheet conductance, defined as the
inverse of sheet resistance.
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Figure 1: Markers indicate the experimental sheet conductances of the three different NPLUS implants,
distinguished by color, measured using van der Pauw test structures irradiated with neutrons at the JSI
TRIGA reactor at fluence points of 1.0, 2.0, 3.5, and 5.0 × 1015 1 MeV neq/cm2. Dashed lines represent the
exponential fits used to extract the donor removal coefficients.

Donor removal, i.e. the deactivation of electrically active donor atoms into complex neutral
defects, can be parametrised as [14]

𝑁𝐷 (𝜙) = 𝑁𝐷 (0) · 𝑒−𝑐𝐷 ·𝜙 (1)

where 𝜙 represents the irradiation fluence in 1 MeV neq/cm2, 𝑁𝐷 (𝜙) and 𝑁𝐷 (0) denote the donor
concentration after fluence 𝜙 and before irradiation, respectively, and 𝑐𝐷 is the donor removal
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coefficient. The latter has been extracted by fitting the sheet-conductance measurements to an ex-
ponential function and Figure 1 presents both the measurements and the corresponding exponential
fits. The extracted donor removal coefficients are 1.5 ± 0.2, 1.0 ± 0.2, and 0.6 ± 0.2 × 10−16 cm2

for NPLUS dose of 0.25, 0.50, and 1.00, respectively.

3. TCAD-based verification of donor removal

In this section, the experimentally extracted donor removal coefficients are validated using
Synopsys Sentaurus Technology CAD (TCAD) simulations. Therefore, process simulations cal-
ibrated using Secondary-Ion Mass Spectrometry (SIMS) were conducted for the three different
NPLUS doses (Figure 2a), and the resulting profiles were verified to reproduce the experimental
sheet resistance measurements before irradiation. Within the simulation framework, sheet resis-
tance was calculated using an analytical function implemented in TCAD. Indeed the simulation
provides access to microscopic quantities, such as electron and hole concentrations and mobilities,
enabling calculation of sheet resistance using the formula:

𝑅𝑠ℎ =
1∫ 𝑑

0 𝑞 [𝑛(𝑥)𝜇𝑛 (𝑥) + 𝑝(𝑥)𝜇𝑝 (𝑥)] 𝑑𝑥
(2)

where q is the elementary charge, n and p are the electron and hole densities, 𝜇𝑛 and 𝜇𝑝 are the
electron and hole mobilities, and d is the junction depth. This built-in function is applicable only

(a) All NPLUS not irradiated (b) NPLUS dose = 0.25 at different fluences

Figure 2: (a) Process simulations calibrated using Secondary-Ion Mass Spectrometry (SIMS) data, for the
three different NPLUS doses (0.25, 0.50, and 1.00 in FBK’s normalized units). (b) NPLUS profile variation
with irradiation for the lowest dose. The NPLUS is reduced according to equation 1, using the experimentally
extracted cD = 1.5×10−16 cm2. The substrate doping concentration increases following the acceptor creation
parameterization [7].
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when the implant under test is of opposite doping type to the substrate of the van der Pauw test
structure, as the junction depth cannot be defined otherwise. In this study, the NPLUS is a donor-
doped implant, and the substrate is acceptor-doped. When the implant and substrate share the same
doping type, a van der Pauw test structure must be reproduced in the 3D simulation environment,
and sheet resistance is extracted following the previously outlined measurement procedure. This
scenario is detailed in [12], which examines van der Pauw test structures of an acceptor implant on
an acceptor substrate. The 3D van der Pauw test structure is necessary in this context to simulate
the parasitic contribution from the substrate, as the implant and substrate are not separated by a
depletion region formed across a pn junction.

Once the process simulations were confirmed to reproduce the sheet resistances of the three
NPLUS implants before irradiation, the next step was to see if the experimental variations in sheet
resistance after irradiation could be reproduced in simulation using the extracted donor removal
coefficients. The Perugia radiation damage model [15], implemented in the TCAD framework,
accounted for radiation damage effects via effective traps in the substrate and at the silicon-silicon
oxide interface, as well as through analytical parameterizations that describe doping variation
with irradiation. Figure 2b shows the simulated change in doping profile after irradiation for
samples with the lowest NPLUS dose. Substrate doping concentration increased based on acceptor-
creation parameterization [7], while NPLUS doping was reduced accordingly to equation 1 using
experimentally extracted donor-removal coefficients. For example, a cD value of 1.5 ·10−16 cm2 was
used to reduce the NPLUS in Figure 2b. Post-irradiation sheet resistance was again calculated with
the TCAD built-in function. Figure 3 compares simulation results (empty circles) and experimental
measurements (filled markers of various shapes).
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NPLUS dose = 0.25 — Exp data
NPLUS dose = 0.25 — TCAD cD = 1.5"1016 cm2

NPLUS dose = 0.50 — Exp data
NPLUS dose = 0.50 — TCAD cD = 1.0"1016 cm2

NPLUS dose = 1.00 — Exp data
NPLUS dose = 1.00 — TCAD cD = 0.6"1016 cm2

Figure 3: Comparison of sheet resistance measurements and simulations across varying fluences for three
NPLUS doses: 0.25 (red), 0.50 (green), and 1.00 (blue). Measurements are shown as distinct filled markers,
while simulations use open circle markers.
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4. Conclusion

Emerging LGAD architectures, such as resistive LGADs and compensated LGADs, are being
developed to meet the requirements of future colliders. In these devices, donor-type implants are
as critical as the acceptor gain implant in standard LGADs. In resistive LGADs, the donor-doped
resistive collection layer enables high spatial resolution (a few micrometres) even with large pixel
sizes, thereby reducing channel density and power consumption. In compensated LGADs, potential
frontrunners for 4D tracking (i.e., space plus time) at fluences exceeding 1017 1 MeV neq/cm2, the
gain implant is achieved through precisely balanced compensation of acceptor and donor doping.

Characterising donor removal at higher initial donor concentrations than those used in con-
ventional n-type substrates is essential for optimising these new LGAD architectures. A novel
investigation technique has been introduced. It examines the variation in sheet resistance, measured
using van der Pauw test structures, under irradiation to extract the doping-removal coefficient. This
methodology has been applied to study donor removal in the resistive collection layer (NPLUS)
of resistive LGADs. Samples from the RSD2 batch, featuring three different NPLUS doses, were
used. In this contribution, the experimentally extracted donor removal coefficients were validated
through comparison with TCAD simulations. Process simulations calibrated on SIMS data for the
three NPLUS doses were produced and scaled with irradiation using the experimentally determined
donor removal coefficients. Additionally, the Perugia radiation damage model was implemented in
TCAD to account for radiation damage effects. A built-in analytical function was used to extract
the simulated sheet resistance.

The observed agreement between measurements and simulations across varying fluence values
validates the doping removal extraction method using van der Pauw test structures. Therefore, for
doping profiles with maximum concentration near the silicon-silicon oxide interface, and where the
substrate of the van der Pauw test structure is of the opposite doping type, as in the examined NPLUS
case, fitting the variation of sheet conductance with irradiation using an exponential function enables
the extraction of the doping removal coefficient for the implant, whether acceptor or donor type.
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