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Abstract: The exceptional radiation hardness of small-pitch 3D pixel sensors has paved the way for
their deployment in the innermost layers of both ATLAS and CMS for the High-Luminosity LHC
upgrade. Developed using single-sided process, the fabrication technology of this type of sensors
is now mature enough to explore smaller feature size layouts targeting 4D tracking applications,
such as the VELO2 detector upgrade designed for LHCb. In view of these future upgrades, it is
necessary to evaluate the sensors’ hit efficiency and timing resolution at pixel-level through the help
of TCAD and Monte-Carlo simulations.

A simplified approach based on 2D TCAD simulations is first presented; the results are then
coupled with Monte-Carlo simulations to evaluate the in-pixel hit efficiency of the sensor under
various operation conditions. Simulation results show a 100% hit efficiency before irradiation even
at low reverse bias, which decreases after bulk damage. The results are in good agreement with
the efficiencies measured on 3D sensor modules for the ATLAS Inner Tracker upgrade. To better
account for the influence of different regions (e.g., the surface and the gap regions between the column
tips and the backside), more comprehensive modeling approaches are introduced. They are based
on segmenting the sensor into distinct parts to reduce the computational load of TCAD simulations.
The corresponding maps are then extended and stitched together for subsequent simulations. These
approaches have a more realistic approximation of the sensor structure and allow assessment of the
efficiency in the gap region as well as the influence of surface damage.
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1 Introduction

Different from planar sensors which house the electrodes on the surfaces of the substrate, 3D sensors
feature vertical electrodes that penetrate deep into the silicon bulk [1]. This configuration decouples the
inter-electrode distance from the wafer thickness, thereby enabling ultra-radiation-hard performance
without compromising the sensor thickness [2]. To exploit this advantage for High Energy Physics
(HEP) experiments such as the Large Hadron Collider (LHC), the R&D of 3D sensors has undergone
extensive development since their first proposal in the 1990s [3]. Among these, 3D Double-side
Double Type Column (3D-DDTC) pixel sensors fabricated by Fondazione Bruno Kessler (FBK) and
Instituto de Microelectrónica de Barcelona (IMB-CNM) represent a key benchmark through their
integration into part of the ATLAS Insertable B-Layer (IBL) [4–6]. The sensors were deployed in
the IBL during the first long shutdown in 2013 and have been operating for over a decade, with
experimental results demonstrating their exceptional radiation-hardness characteristics [7].

To boost the discovery of new physics, the LHC will undergo a systematic upgrade in the
coming years, and enter its High-Luminosity phase (HL-LHC). Compared with the current LHC, the
HL-LHC will have a significantly higher event pile-up (∼ 200 per bunch-crossing) and is expected
to reach a fluence on the order of 1 × 1016 1 MeV neq cm−2 in the innermost tracking layer [8, 9].
Encouraged by the excellent performance of 3D-DDTC sensors, small-pitch 3D pixel sensors with
different layouts have been developed to cope with the foreseen harsh radiation environment, i.e.,
25×100 μm2 and 50×50 μm2, each with one readout electrode (referred to as 25×100-1E and 50×50-
1E, respectively) [10]. Comprehensive irradiation and beam test campaigns on small-pitch 3D pixel
sensors in recent years have demonstrated that these devices can achieve the target hit efficiency
after the expected fluence [11–13], leading to the decision to equip the first layer of the ATLAS
barrel region with 25×100-1E sensors, and the endcap region with 50×50-1E sensors. Besides that,
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25×100-1E sensors will populate the first layer of the CMS barrel region, marking another important
milestone in the 3D sensor technology.

In addition to their excellent radiation hardness, 3D sensors are intrinsically fast, making
them strong candidates for 4D tracking applications that require ultra-radiation-hard performance.
Furthermore, with stepper lithography now in use [14], the technology at FBK is mature enough to
support designs optimized for timing with smaller pixel sizes and additional electrodes, as proposed
in [15]. Moreover, it has been shown that, by replacing cylindrical electrodes with trenches, 3D sensors
can reach a timing resolution of ∼10 ps after a fluence of 1 × 1017 1 MeV neq cm−2 [16, 17].

As 3D sensors show tremendous potential for future HEP applications, establishing a full-chain
simulation workflow is essential to understand both their electrical and functional characteristics.
Such a workflow is also important for interpreting experimental results and guiding optimization.
Although several works have been carried out to simulate the electrical characteristics of the sensors
and the transient behavior of critical regions within them [18, 19], studies evaluating their functional
performance at the pixel-level remain scarce. Apart from limited work on the charge collection
efficiency (CCE) and transient response [20, 21], there have been no investigations exploring pixel-level
performance of 3D sensors after irradiation. To this end, the present work focuses on simulating sensor
performance both before and after irradiation by combining TCAD and Monte-Carlo simulations.
As a case study, the simulation domain uses a 50×50-1E sensor, but the proposed approaches can
be readily extended to different sensor geometries.

The paper is organized as follows: section 2 focuses on the device under study and simulation
platforms; section 3 introduces the simplified approach to evaluate the hit efficiency of 50×50-1E on
pixel-level, results are compared with measurements; different methods are presented in section 4 to
enable a more precise modeling of the structure; followed by conclusions in section 5.

2 Simulation platforms

2.1 Device description

Compared to 3D-DDTC, small-pitch 3D pixel sensors use much thinner active layers (∼150 μm),
which allows a significant reduction in the electrode size and pixel dimensions that would otherwise
be limited by the aspect ratio. Compared to their predecessor installed in the IBL of ATLAS, the
diameter of the electrodes is reduced from 12 μm to 5 μm, and the overall pixel size is 5 times smaller.
To achieve this scaling without worrying about wafer bowing, the high-resistivity sensor wafer is
bonded to a highly p-doped support wafer, as shown in figure 1 (left).

The fabrication is based on single-sided technology; all the electrodes are etched from the front
side of the wafer using Deep Reactive Ion Etching (DRIE) technology. The ohmic electrodes are
made passing through the bulk into the support wafer for direct reverse bias from the back, whereas
a gap between the junction electrodes and the backside is present to avoid early breakdown. As
indicated in the figure, this configuration divides the sensor into two different regions: the core
region and the gap region.

Other features such as different passivation layers, poly-Si caps on both types of electrodes, and
the contact opening are visible in the plot as well. FBK continued the tradition of using uniform
p-spray to isolate the n+ readout electrodes, as this does not require additional masks. Figure 1 (right)
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Figure 1. Schematic of small-pitch 3D pixel sensors (left) and layout of 50×50-1E geometry (right).

shows the layout of 50×50-1E with two adjacent pixel cells, where the positioning of different elements
(e.g., the electrodes, the contact metal, etc) is apparent.

2.2 TCAD simulations

3D TCAD simulations incorporating parameters that reflect the fabrication process, such as the doping
profile of the electrodes, isolation layer, and geometries of different regions in the sensor, can predict
the electrical properties of the device with high accuracy. However, this come with the price of
time budget, and a trade-off between the mesh size and simulation time often has to be made. The
Monte-Carlo simulation platform Allpix2, on the other hand, relies on uniform mesh to accelerate
the simulation [22, 23]. Therefore, it is necessary to have mesh sizes suitable for a smooth transition
from adaptive meshing adopted by TCAD to uniform meshing in Allpix2.

However, 3D TCAD simulation with a small enough global mesh size that covers the entire sensor
thickness is infeasible. Since charges generated in the core region are dominated by lateral drift, the
TCAD simulation can be simplified into a 2D problem by using a small section of the core region, as
shown in figure 2. This simplified approach makes it possible to evaluate different conditions (e.g.,
reverse bias and fluence) with a fine mesh over the entire sensor, as will be discussed in detail in section 3.

TCAD simulations are performed using Synopsys Sentaurus [24]; typical models, such as doping
dependent Shockley-Read-Hall generation/recombination and mobility, high field saturation, are
included. To take into consideration of bulk damage effects, the LHCb model is adopted with the
highest fluence evaluated being 1.8 × 1016 1 MeV neq cm−2 [25]. The temperature is set to -31◦C,
a value within the validation range of the model.

2.3 Monte-Carlo simulation

AllPix2 is a powerful simulation framework able to simulate charge transportation in the sensor and
the digitization process in the front-end electronics. It uses Geant4 for the estimation of energy
deposition in the active volume [26]. Electric field and weighting potential maps calculated from TCAD
simulations are imported for the calculation of charge propagation and induced signal, respectively [27].

– 3 –
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Figure 2. Simulation domain of 50×50-1E in TCAD with adaptive mesh (left) and uniform mesh in Allpix2

(right) (the gridded areas represent the regions for transient simulations in Allpix2).

Dedicated front-end electronics can be emulated and used for signal digitization by providing associated
parameters such as the feedback capacitance and rise time constant.

Thanks to the symmetric layout, simulating a quarter of the pixel is sufficient to get a full picture
of the device’s performance (see also figure 2). Hence, all the simulations are performed by scanning
minimal ionizing particles (MIP) over the top-right section of the sensor to save time. The MIPs are
made perpendicular to the sensor with a scanning step size of 0.25 μm, corresponding to 10,000 events
in total. The Jacoboni-Canali model is used for the propagation of the charges [28]; charge trapping
after bulk damage is modeled by the effective trapping time described in [29]. The DefaultDigitizer
is used for digitizing the signal, with the threshold set to 1000 e−.

3 A simplified approach

3.1 Field maps

N+ readout columns penetrate deep inside the bulk as P+ ohmic columns do, so charges generated
along most part of the MIP’s track are dominated by lateral drift. The simplified approach fully
exploits this advantage, and uses 2D TCAD simulations to acquire the necessary maps for Allpix2.
Figure 3 shows the weighting potential of the central pixel (the region in the red square) in a 3×3
array. As can be seen, the profile of the weighting potential extends into adjacent pixels only, and
the array is large enough to account for all the charge sharing in neighboring pixels.

Two different fluences are used in the simulation, i.e., 1.6 × 1016 1 MeV neq cm−2 and 1.8 ×
1016 1 MeV neq cm−2 to match the irradiation conditions of real devices. Figure 4 shows the respective
electric field distribution of the sensor at 100 V before irradiation (top left), after a fluence of
1.6 × 1016 1 MeV neq cm−2 (top right) and 1.8 × 1016 1 MeV neq cm−2 (bottom left), respectively; all
the electric field profiles along diagonal cuts are shown on the bottom right. It is apparent that low
electric field regions exist in the center of all edges and propagate toward the pixel center. Before
irradiation, most of the region in the sensor has significant electric field, leading to efficient charge
collection. However, the total area that has low electric field increases after bulk damage, despite that
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Figure 3. Weighting potential calculated from 50×50-1E with a 3×3 pixel array.

Figure 4. Electric field of 50×50-1E at V𝑏 = 100 V before irradiation (top left), after a fluence of 1.6 ×
1016 1 MeV neq cm−2 (top right), 1.8 × 1016 1 MeV neq cm−2 (bottom left), and the corresponding profile along
the diagonal cut (bottom right).

higher peak electric field can be observed near the readout column. It can be seen that the low field
areas grow as the fluence increases, subjecting the sensor to severe charge trapping.

3.2 Hit efficiency

In order for the simplified approach to work, we updated part of the Allpix2 code so as to directly
generate 3D maps with any given thickness from 2D TCAD simulation results, i.e., the doping profile,
electric field, and weighting potential. To well represent the real sensor, all the conversion are done
by setting the thickness to 150 μm. Figure 5 shows the in-pixel hit efficiency map with a fluence
of 1.6 × 1016 1 MeV neq cm−2 and 1.8 × 1016 1 MeV neq cm−2 under different reverse biases. All the
yellow regions correspond to hits recorded, whereas the dark blue regions didn’t register any hits.
It is worth mentioning that before irradiation all the MIPs can be recorded even with bias voltage
as low as 10 V, except for the columns (i.e., electrodes).

– 5 –
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Figure 5. Hit efficiency map after a fluence of 1.6 × 1016 1 MeV neq cm−2 (top) and 1.8 × 1016 1 MeV neq cm−2

(bottom). From left to right, the reverse biases applied are 60 V, 100 V, and 140 V, respectively.

Even though the simulations considered only the top-right quarter, the entire hit map is recon-
structed by mirroring. It can be seen from the plots that non-responsive regions exist in the sensor after
a fluence of 1.6 × 1016 1 MeV neq cm−2. The electric field in these regions is low with a bias smaller
than ∼100 V, charges generated are prone to charge trapping effect which compromises the CCE. On
the bright side, the regions shrink as the reverse bias increases, until full efficiency at relatively high
voltages. The size of the region grows as the fluence increases, as a consequence, higher voltages
are needed to achieve the same performance. Nonetheless, the shape of the simulated hit maps well
represents what have been measured on real modules in beam tests.

Figure 6. In-pixel hit efficiency under different reverse biases. Measurement data fitted from [30].

Figure 6 reports the simulated hit efficiency in comparison with beam test results. The solid curves
show the hit efficiencies from Monte-Carlo simulations, defined as the ratio between the hits recorded
in the central pixel of the 3×3 pixel array and the total number of MIPs that do not cross the electrodes,

– 6 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
C
1
2
0
1
7

for different bias voltages; the dashed curves represent test-beam results from FBK sensors [30]. Both
simulations and measurements show that the hit efficiency increases rapidly at low bias voltages, after
which it saturates. Although the hit efficiency is higher at a fluence of 1.6 × 1016 1 MeV neq cm−2,
sensors irradiated to 1.8 × 1016 1 MeV neq cm−2 can still surpass the 97% hit efficiency requirement
set for inclined tracks. Most importantly, despite the fact that the simplified approach does not fully
describe the sensor structure and that the LHCb model has not been validated at such high fluences,
the simulated hit efficiencies are in good agreement with the experimental results.

4 A more comprehensive approach

4.1 Influence of the gap region

The junction electrodes that are kept at a safe distance from the backside inevitably lead to distorted
electric field in the gap region. To account for this effect in the Monte-Carlo simulations, the gap
region must be reconstructed in the TCAD simulation. Instead of simulating the full sensor thickness,
a compromise can be made by including a section of the core region together with the entire gap
region, as shown in figure 7 (left). In this way, it becomes possible to balance the mesh density
between critical regions, such as the tip of the junction electrode and the bulk, without overloading
the TCAD simulation. A set of Python-based scripts has been developed to extend the converted
TCAD simulation results to the full sensor thickness, with the extension starting from the interface
of the core region. For example, figure 7 (right) shows the resulting electric field after extension,
where the distinct profiles in the gap and core regions are preserved.

Figure 7. TCAD simulation domain of the gap region (left) and the final electric field profile after conversion
(right).

Figure 8 shows the hit maps after irradiation to fluences of 1.6 × 1016 1 MeV neq cm−2 (top) and
1.8 × 1016 1 MeV neq cm−2 (right) at different reverse biases. Similarly, regions with no recorded
MIP hits originate at the centers of the sensor edges and extend toward the ohmic electrodes and
the pixel center. Moreover, the total area of these no-hit regions is larger than that observed with
the simplified approach. This can be attributed to several factors. First, the simplified method
represents a best-case scenario with a uniform charge collection pattern along the bulk depth, which
tends to overestimate the hit efficiency, as the gap region with lower charge collection efficiency
is neglected. Second, the back diffusion of dopants from the support wafer extends into the bulk,
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making it more difficult to fully deplete this part of the sensor. However, with this more sophisticated
approach, it is possible to evaluate the hit efficiency in the region between the backside and the n+

readout column tips. As shown in the plots, most of this region already registers hits at 60 V and
becomes fully efficient at higher bias voltages.

Figure 8. Hit map after a fluence of 1.6 × 1016 1 MeV neq cm−2 (top) and 1.8 × 1016 1 MeV neq cm−2 (bottom).
From left to right, the reverse biases applied are 60 V, 100 V, and 140 V, respectively.

4.2 Influence of the surface region

Apart from the gap region, the p-spray isolation and radiation induced surface damage also affect the
electric field distribution near the surface. To account for these effects, the TCAD simulation can be
performed by dividing the sensor into two regions: the surface region, shown in figure 9 (left), and the
gap region described in the previous subsection. Specifically, the surface region includes the p-spray
isolation, the passivation layer (not shown) for evaluating the total ionizing dose (TID) effect using
the Perugia surface damage model [31], and part of the core region. Afterwards, the maps from the
gap region are first extended and then stitched to the maps from the surface region. Figure 9 (right)
illustrates the resulting electric field distribution obtained using this methodology. A high electric
field can be observed at both the surface junction and the tip of the readout electrode.

Simulations using this comprehensive approach have been performed to acquire the hit map,
with results showing slightly higher hit efficiency. The reason can be attributed to the fact that the
poly caps on top the electrodes that act as field plates and TID effect helps in depleting the surface
area and they collectively have a positive effect on charge collection process near it. Above all, this
method allows a full evaluation of the sensor’s performance, and can be extended to other structures
which the surface plays a more important role.
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Figure 9. TCAD simulation domain of the surface region (left) and the final electric field profile after conversion
(right).

5 Conclusion

Thanks to their outstanding radiation hardness, 3D sensors have gained increasing attention in the
HEP community. Decades of R&D has led to remarkable achievements, such as 3D-DDTC installed
in the ATLAS IBL and small-pitch 3D pixel sensors to be deployed in the innermost tracking layers
of ATLAS and CMS for the High Luminosity LHC upgrade. Beyond these milestones, there are
extensive ongoing efforts aiming to further push their limits toward 4D tracking under even higher
fluences. Despite these exciting developments, there is still a lack of a full-chain simulation workflow
capable of evaluating the in-pixel performance of different 3D sensors, which would be valuable
for future upgrade designs. To this end, the present work introduces different methodologies that
enable the evaluation of sensor performance at pixel-level.

A simplified approach has been proposed that uses 2D TCAD simulations to get the necessary
results. The corresponding maps are extended before being loaded into Allpix2. Simulation results
show that the hit map has the same pattern with what have been reconstructed from test beam on
real modules, and the in-pixel hit efficiencies are in good agreement with test beam measurements
for devices irradiated up to 1.8 × 1016 1 MeV neq cm−2.

More comprehensive methods have also been explored to study the influence of the surface, includ-
ing the isolation layer and TID effect, as well as the gap region. These methods are based on dividing the
sensor into different parts to enable a fine global mesh while reducing the computational load of TCAD
simulations. The resulting maps from the different parts are then extended and stitched together for sub-
sequent Monte-Carlo simulations. Results show that the more comprehensive approaches lead to slightly
lower hit efficiencies due to the fact that it is harder to full deplete the gap region especially after bulk
damage. However, these approaches makes it possible to consider combined radiation damage effects
and evaluate the efficiency of the gap region, and they can be extended to other 3D-structured sensors.
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