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The development of innovative Low-Gain Avalanche Diode architectures has required the characterisation of
dopant removal at high initial concentrations. In this contribution, dopant removal is investigated using sheet
resistance measurements on dedicated van der Pauw test structures. Donor removal coefficients are extracted
for NPLUS implants at initial concentrations exceeding 10'® ¢m™3. The acceptor removal coefficient is also
directly extracted for the PPLUS implant and validated by means of TCAD simulations, in which a SIMS-based

process simulation scaled according to the extracted coefficient reproduces the measured evolution of the sheet
resistance with irradiation. The results show that donor removal proceeds approximately a factor of 2-3 faster
than acceptor removal, also at high initial dopant concentrations.

1. Introduction

The development of innovative Low-Gain Avalanche Diode (LGAD)
architectures, such as resistive LGADs [1] and compensated LGADs [2],
has highlighted the importance of understanding and characterising
donor removal at concentrations much higher than those tradition-
ally used in n-type substrates [3], since donor implants are central
to their operation. Resistive LGADs achieve micrometre-scale posi-
tion resolution with pixel pitches of several hundred micrometres via
intrinsic signal sharing, enabled by the n-doped resistive collection
electrode. Meanwhile, in compensated LGADs, which are regarded as
promising candidates for 4D tracking at extreme fluences (> 10'7
1 MeV ngq cm~2), the gain layer is realised through a carefully engi-
neered compensation of acceptor and donor dopants.

In this framework, a new technique [4] has recently been explored
to characterise dopant removal, both acceptor and donor. This method

measures irradiation-induced changes in sheet resistance using dedi-
cated van der Pauw (vdP) test structures [5], and has already been
experimentally applied to resistive LGAD samples from the Fondazione
Bruno Kessler (FBK) RSD2 batch [6]. The donor removal coefficients
derived from these measurements have been validated through Tech-
nology Computer-Aided Design (TCAD) simulations [7], demonstrating
the effectiveness of the technique in studying dopant removal in im-
plants with a peak concentration close to the surface and of opposite
type with respect to the substrate.

This contribution presents an experimental application of the
method to extract additional donor removal coefficients from the
NPLUS implant using resistive LGAD samples from the FBK DCRSD1
batch [8], thereby extending the available data on donor removal
at high initial donor concentrations (> 10'® cm=3). In addition, the
method is applied to implants with peak concentrations near the
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surface and of the same type as the substrate. Specifically, the high-
concentration acceptor-type PPLUS implant is analysed, allowing the
comparison between donor and acceptor removal previously reported
in [4] to be revisited in a high initial doping concentration regime.
The investigation of acceptor removal at high initial concentrations
is of particular relevance for compensated LGAD architectures, where
the gain layer is realised through a finely engineered compensation
between high-dose acceptor and donor implants, making the radiation-
induced deactivation of both dopant species a critical design parameter.

2. Donor removal in high-concentration NPLUS implants

In FBK terminology, the NPLUS implant denotes the donor-doped
layer used to form the collection electrode. In resistive LGADs, this
implant is intentionally less doped than in standard LGADs in order to
provide a higher sheet resistance. In the DCRSD1 batch, the same three
relative NPLUS implantation doses employed in the RSD2 batch were
used. Since the absolute implantation doses are proprietary FBK process
information, they are reported as dimensionless dose factors normalised
to the highest dose: 0.25, 0.50, and 1.00, corresponding respectively
to one quarter, one half, and the reference dose. The DCRSD1 batch,
however, features silicon oxide trenches, which impose a reduced
thermal budget during fabrication and consequently result in a higher
donor concentration for a given relative NPLUS implantation dose with
respect to the RSD2 batch. For this reason, NPLUS vdP test structures
from the DCRSD1 batch were irradiated and electrically characterised
in order to extract donor removal coefficients corresponding to higher
initial donor concentrations than those previously obtained from RSD2
samples. Neutron irradiation was performed at the JSI TRIGA reactor
at fluences of 0.5, 1.0, and 1.5 x 10> 1 MeV n,, cm~2.

Fig. 1 shows the measured sheet conductance, defined as the in-
verse of the sheet resistance, as a function of fluence for the different
NPLUS implantation doses, indicated by markers of different colours.
All measurements were performed at room temperature in the INFN
Perugia cleanroom, both before and after irradiation. Following the
procedure described in Appendix A of [4], a known current ramp was
applied between two adjacent electrodes of a four-terminal vdP test
structure, while the voltage drop across the remaining two electrodes
was recorded. The sheet resistance was obtained from the slope of the
voltage—current characteristic, multiplied by the factor =/ In(2), and the
corresponding sheet conductance was calculated as its inverse. The cur-
rent ramp was set to +1 mA in order to keep the measured voltage drop
within the 1-100 mV range. The probe-station chuck was left floating,
since back-side biasing is not envisaged in vdP measurements. Each
marker represents the average of at least five measurements performed
on vdP test structures from W3, W14, and W15 for the relative NPLUS
doses of 0.25, 0.50, and 1.00, respectively. The corresponding DCRSD1
batch split table is reported in [8].

The donor removal coefficient, cp, which quantifies the deactivation
rate of electrically active donor atoms into complex neutral defects
induced by irradiation, can be extracted from the sheet conductance
measurements by means of an exponential fit, as shown in Fig. 1.

The fluence dependence of the electrically active donor concentra-
tion can be parameterised through an exponential removal law [9],

Np() = Np(0)e™?, (€8]

where ¢ denotes the irradiation fluence expressed in 1 MeV n.q cm™2,
and Np(¢) and Np(0) are the active donor concentrations after irradi-
ation at fluence ¢ and before irradiation, respectively.

Given that the sheet conductance is directly proportional to the con-
centration of electrically active donors—corresponding to the majority
carriers in the case of the NPLUS implant—the same exponential depen-
dence is expected for the measured sheet conductance as a function of
fluence. Consequently, the donor removal coefficient ¢, can be directly
extracted by performing an exponential fit to the experimental sheet
conductance data.
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Fig. 1. Experimental sheet conductance measured on vdP test structures
for three relative NPLUS implantation doses (colour-coded markers) before
irradiation and after neutron irradiation at the JSI TRIGA reactor at fluences
of 0.5, 1.0, and 1.5x 10'5 1 MeV n,, cm™2. Error bars represent the standard
error of the mean and are generally smaller than the marker size. Dashed lines
indicate exponential fits used to determine the donor removal coefficients.

By applying this procedure to the measurements, the extracted
donor removal coefficients are (1.4 + 0.3) x 107'¢ e¢m?, (0.8 + 0.1) x
10716 em?, and (0.4 +0.2) x 10716 cm? for relative NPLUS implantation-
dose factors of 0.25, 0.50, and 1.00, respectively. These values are
reported in Fig. 5 as blue square markers and show good agreement
with the donor removal coefficients previously extracted from RSD2
samples (magenta square markers), despite the different fabrication
thermal budgets and resulting initial donor concentrations.

3. Acceptor removal in high-concentration PPLUS implant

The donor removal coefficients extracted for the NPLUS implant
extend the experimental knowledge of donor removal into a high
initial doping concentration regime (> 10'® ¢cm~3), made accessible by
the van der Pauw (vdP) method. In this concentration range, while
donor removal can now be directly determined from experimental data,
the corresponding acceptor removal behaviour is still only described
through extrapolations based on capacitance-voltage measurements
performed at lower initial concentrations, of the order of 10'¢ ¢cm™3,
relevant for LGAD gain-layer implants.

In order to enable a meaningful comparison between donor and
acceptor removal at high dopant concentrations, and to assess the
predictive power of such extrapolations, the vdP method is here applied
to the PPLUS implant. The PPLUS implant is characterised by a very
high initial acceptor concentration and is employed to allow sensor
biasing from the top side rather than through the substrate.

PPLUS vdP test structures from the 30 pm-thick EXFLU1 wafers
were neutron irradiated at the JSI TRIGA reactor at fluences of 0.4,
0.8, 1.2, 1.5, 2.5, and 3.5 x 10'5 1 MeV n,, cm~2, and subsequently
electrically characterised at room temperature. Reliable pre-irradiation
sheet-resistance measurements could not be obtained for these struc-
tures; therefore, no point at zero fluence is reported in Fig. 2. Fig. 2
reports the measured sheet conductance as a function of fluence. Each
marker represents the average over multiple test structures irradiated
at the same fluence and originating from different wafers, since no
dedicated process split was implemented for the PPLUS implant. The
measurement procedure is identical to that described for the NPLUS
samples.

The irradiation-induced deactivation of electrically active
acceptors—corresponding to the majority carriers in the case of the
PPLUS implant—can be parameterised using the same exponential
removal law introduced for donors in Eq. (1). Under the assumption
that the sheet conductance is directly proportional to the concentration
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Fig. 2. Experimental sheet conductance measured on van der Pauw test
structures of the PPLUS implant as a function of neutron irradiation fluence.
The samples were irradiated at the JSI TRIGA reactor at fluences of 0.4, 0.8,
1.2, 1.5, 2.5, and 3.5x 105 1 MeV N cm~2. Error bars represent the standard
error of the mean and, where not visible, are smaller than the marker size.
A dashed line indicates the exponential fit used to determine the acceptor
removal coefficient.

of electrically active acceptors, the acceptor removal coefficient ¢, can
therefore be extracted by performing an exponential fit to the measured
sheet conductance as a function of fluence.

The extracted acceptor removal coefficient is ¢, = (0.8 + 0.2) x
1071¢ ecm?. As previously done for the donor removal coefficients, a
TCAD-based validation is required in order to confirm the capability of
the vdP method to correctly extract dopant removal coefficients also in
the case of implants having the same conductivity type as the substrate.

For this purpose, a Secondary Ion Mass Spectrometry (SIMS)-based
process simulation of the PPLUS implant was implemented and scaled
according to the extracted acceptor removal coefficient following the
exponential law

Np(gh) = Np(0) e™A%, )

where ¢ denotes the irradiation fluence expressed in 1 MeV n, cm™2,
and N,(¢) and N,(0) are the active acceptor concentrations after
irradiation at fluence ¢ and before irradiation, respectively. The pre-
irradiation process simulation was calibrated using measurements from
45 pm-thick EXFLU1 wafers, for which reliable unirradiated data were
available.

Fig. 3 shows the evolution with irradiation of the PPLUS doping
profile used in the TCAD simulations. In addition to the reduction of the
PPLUS implant, acceptor creation in the substrate [10] was included.
Radiation damage in both the bulk and at the surface was modelled
using the New University of Perugia defect model [11].

In contrast to the TCAD validation performed for the NPLUS RSD2
samples, where an analytical approach was used to compute the sheet
resistance, the case of the PPLUS implant requires a different strategy.
The sheet resistance can be expressed analytically as

1
I [nGOm, () + peop, ()] dx

where ¢ is the elementary charge, n and p are the electron and hole
concentrations, 4, and u, are the corresponding mobilities, and d is the
junction depth. While carrier concentrations and mobilities are directly
accessible in the TCAD environment, the definition of the junction
depth becomes ambiguous for a p-type implant realised on a p-type
substrate.

For this reason, a full three-dimensional vdP test structure was
explicitly reproduced in the TCAD simulation domain, and the experi-
mental measurement procedure was replicated in simulation in order to
extract the sheet resistance. This approach also allows the parasitic con-
tribution of the substrate to be naturally taken into account, since the
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Fig. 3. TCAD-simulated evolution of the doping profile with irradiation. The
PPLUS acceptor concentration is reduced according to Eq. (2), using the
experimentally extracted acceptor removal coefficient ¢, = 0.8x107!® cm?. The
increase of the substrate acceptor concentration due to irradiation is modelled
following the acceptor creation parametrisation reported in [10].
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Fig. 4. Comparison between measured and TCAD-simulated sheet resistance
as a function of neutron fluence for the EXFLU1 PPLUS implant. Experimental
data are shown as filled markers, while TCAD simulation results are repre-
sented by open markers. Error bars on the experimental data represent the
standard error of the mean.

implant under test is no longer electrically isolated from the substrate
by a space-charge region.

Fig. 4 compares the simulated and measured PPLUS sheet resistance
as a function of fluence. The good agreement between simulation and
measurements validates the vdP method for extracting dopant removal
coefficients also in the case of high-concentration implants with peak
doping close to the surface and of the same conductivity type as the
substrate.

The experimentally extracted and TCAD-validated acceptor removal
coefficient ¢, can now be directly compared with the donor removal
coefficients ¢, obtained from the NPLUS samples. This comparison is
shown in Fig. 5, where the extracted c, is represented by an open blue
diamond marker. The figure also reports the comparison previously
obtained at lower initial doping concentrations, showing that donor
removal is consistently a factor of 2-3 faster than acceptor removal.

This result confirms the correlation between dopant removal coef-
ficients extracted from sheet resistance measurements at high doping
concentrations and those obtained from capacitance measurements
at lower concentrations. Such correlation was already demonstrated
in [4], where a SIMS-based process simulation of the PGAIN im-
plant, scaled according to the acceptor removal parametrisation derived
from capacitance measurements, successfully reproduced the measured
evolution of the sheet resistance with irradiation.
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Fig. 5. Acceptor and donor removal coefficients as a function of the initial
doping concentration. Filled diamond markers represent acceptor removal
coefficients extracted from capacitance measurements on LGADs with different
gain implants. Dashed lines represent the corresponding parametrisations
reported in [10]; each line refers to the group of filled diamond markers of
the same colour. The open blue diamond marker corresponds to the acceptor
removal coefficient extracted from sheet resistance measurements of the PPLUS
implant. Square markers indicate donor removal coefficients: the yellow square
is obtained from the comparison between capacitance measurements and
simulations of compensated LGADs, while magenta and blue squares are
extracted from sheet resistance measurements of NPLUS implants. Error bars
represent the 95% confidence intervals of the removal coefficients extracted
from the fits.

4. Conclusion

In this contribution, dopant removal at high initial concentrations
relevant for innovative LGAD architectures has been investigated us-
ing sheet resistance measurements on dedicated van der Pauw test
structures. The method has been applied to both donor- and acceptor-
type implants with peak concentrations close to the surface, enabling
the experimental study of dopant removal in regimes not accessible
through standard capacitance-based techniques.

Donor removal coefficients have been experimentally extracted for
DCRSD1 NPLUS implants at initial concentrations exceeding 10'8 cm=3
by applying the van der Pauw method. The validity of this approach for
donor-type surface implants on p-type substrates had been previously
demonstrated through TCAD simulations on RSD2 NPLUS van der Pauw
test structures. In contrast, for the PPLUS implant the acceptor removal
coefficient has been directly extracted from sheet resistance measure-
ments and subsequently validated in this contribution by means of
TCAD simulations. In this case, a SIMS-based process simulation of
the PPLUS implant, scaled according to the experimentally extracted
acceptor removal coefficient, was shown to accurately reproduce the
measured evolution of the sheet resistance with irradiation. The com-
parison between donor and acceptor removal confirms that donor
deactivation proceeds approximately a factor of 2-3 faster than accep-
tor deactivation, consistently with trends previously inferred at lower
doping concentrations.

Further extensions of this study will be enabled by the new NL-
GAD batch, manufactured by FBK, which will allow additional donor

Nuclear Inst. and Methods in Physics Research, A 1092 (2026) 171860

removal coefficients to be extracted at initial concentrations around
106 ¢cm~3. In this case, the applicability of the van der Pauw method
will be investigated for implants characterised by a doping peak located
deeper in the bulk rather than at the Si-SiO, interface, and by a reduced
ratio between the peak concentration and the substrate doping.
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