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AssTtrACT. The macroscopic electrical response of small-pitch50 x 50 um? 3D pixel sensors was
investigated by comparing experimental measurements with TCAD simulations. Selected trap
parameters (introduction rates and capture cross sections) of the CERN (Folkestad) model, originally
developed for fluences up to 8 x 1013 Neq/ cm?, were varied to study their impact on the simulated
characteristics and to assess the sensitivity in reproducing the measured behaviour. The analysis focuses
on the I-V, C-V, and charge collection efficiency (CCE) characteristics at fluences of 1 x 10'6 Neq/ cm?
and 2.5 X 1016neq Jem?. This work highlights how variations in trap parameters influence the
performance of irradiated 3D sensors and supports the extension of the CERN model for 3D detectors
operating at high fluence.
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1 Introduction

The continuous increase in luminosity foreseen at future colliders, such as the High-Luminosity Large
Hadron Collider (HL-LHC), will expose tracking detectors to fluences exceeding those reached so
far, approaching 2 x 10'6 Neq/ cm?. At such irradiation levels, conventional silicon technologies suffer
from significant degradation of key performance characteristics [1], making radiation tolerance one
of the central challenges in detector design. Among the proposed radiation-hard devices, 3D silicon
pixel detectors [2, 3] use vertical electrodes to shorten the carrier drift path. This approach reduces
charge trapping and preserves signal collection efficiency even after high levels of irradiation. This
intrinsic advantage has already led to the successful integration of 3D sensors in collider experiments
and motivates their use in the innermost layers of upgraded trackers [4, 5].

Within this framework, Technology Computer-Aided Design (TCAD) suite of software [6, 7]
provides a powerful tool to investigate detector behavior. Radiation damage models can be included
into device simulations to accurately account for their effects. Numerical simulations, therefore,
provide a reliable way to predict how device performance will evolve with irradiation. However, most
existing numerical models [8—13] have been calibrated only up to fluences about 1O]6neq /em?, so
their predictive accuracy at higher fluences remains limited.

For 3D detectors, the CERN three-level bulk model (valid from —38.1°C to —31.1°C, and for
fluences up to 8 x 10 Neq/ cm?) [10], an extension of the EVL [8, 14] scheme with an additional defect
level to improve charge collection efficiency (CCE), has been successfully applied to 50 x 50 um?
3D diodes. It reproduces I-V and CCE trends well, though it tends to overestimate the breakdown
voltage [15, 16]. Its application on C-V characteristics has not been systematically investigated, apart
from a previous study by Moscatelli et al. [17].

Building on this background, the present work adopts the CERN bulk model [10] as a reference
framework (table 1) and critically evaluates it as a function of the fluence. The effect of trap capture
cross sections and introduction rates of bulk traps has been investigated through TCAD simulations on
small-pitch 3D pixel detectors, and the resulting electrical characteristics are benchmarked against
experimental measurements performed at fluences up to 2.5 x 10! Neq/ cm?. This comparison aims
to assess and enhance the model’s ability to reproduce key macroscopic behaviors (I-V, C-V, and
CCE) in irradiated 3D sensors.



Table 1. Trap parameters of the CERN bulk damage model. Energy levels are given relative to the conduction-
(E.) and valence-band (E, ) edges.

Type Energy level o, [em™2] o [em™2] n [em™!]

Donor E,+048 2x107"% 1x1071 4
Acceptor E.—0.525 5x1075  1x1074 0.75
Acceptor  E,+090 1x107'6 1x1071® 36

2 Devices under test and measurement setup

2.1 Device description

The device under study is a 50 X 50 um? small-pitch 3D pixel detector, fabricated by Fondazione
Bruno Kessler (FBK) on p-type silicon. Columnar electrodes are etched perpendicularly into the
substrate from the front side by Deep Reactive Ion Etching (DRIE). The sensor has an active thickness
of about 150 um, optimized in terms of signal amplitude and sensor capacitance [18]. Each pixel
contains one n* readout electrode surrounded by p* bias electrodes. The n* electrodes stop at a safety
distance ~ 30 wum (gap) from the handle wafer to prevent early breakdown, while the p* electrodes
penetrate into the handle wafer to allow biasing from the back side. This geometry provides a short
inter-electrode distance ~ 35 um, ensuring excellent radiation hardness [16, 18]. A schematic cross
section and a layout of the device are shown in figure 1.
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Figure 1. Device under study: left, schematic cross section; right, top-view layout of a 50 x 100 um? region
corresponding to two adjacent 50 x 50 um? unit cells. Reproduced from [18]. CC BY 4.0.

2.2 Measurements

Neutron irradiation was performed at the TRIGA Mark II reactor at the Jozef Stefan Institute
(Ljubljana, Slovenia) with the fluences of 1 x 10! Neq/ cm? and 2.5 x 106 Neq/ cm?. The uncertainty
in the neutron fluences is within 10%. The sensors were cooled down to —25°C, and all the diodes
were measured under the same conditions on a semiautomatic probe station with a Keithley 707A
switching matrix [19], Keithley SMU 236 and 237 for I-V measurements [20], and Agilent 4284 A [21]
for high-frequency C-V measurements.



Since the ultimate purpose of this work is the analysis of the leakage current, the breakdown voltage,
the depletion voltage, and the CCE, we mainly focused on the I-V characteristics and C-V measurements.
The depletion voltage was determined by fitting the linear region of the (1/C?) dependence as a
function of the applied reverse bias and the region where the capacitance becomes constant at high
reverse bias. The intersection point between these two fits was taken as the depletion voltage. For the
CCE, experimental measurements reported in ref. [22] were used to compare to simulation.

At fluence 1 x 10'° Neq/ cm?, the I-V measurements show a breakdown voltage in the range of 300
320V, with a noticeable increase in leakage current after depletion, which happens near 170 V. The
depletion voltages extracted are in the range of 85-90 V for 500 Hz frequency and 70-85V for 1 kHz.

At the higher fluence 2.5 x 106 Neq/ cm?, all the diodes have a similar breakdown voltage around
300V, but with a larger leakage current, consistent with radiation-induced damage. The depletion
voltages increase with the irradiation, reaching values above 120 V for the diodes measured, with a
noticeable dependence on the frequency. The experimental results are shown in figure 2.
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Figure 2. Left: measured I-V characteristics of different 3D diodes irradiated at two fluences, 1 x 10'6 Teq/ cm?

(red) and 2.5 x 10'© Neq/ cm? (blue) Right: corresponding depletion voltage extracted from C-V measurements
at 500 Hz and 1 kHz for the same fluences.

3 TCAD simulations framework

To explore how trap parameters affect the macroscopic behavior of the 3D diodes, TCAD simulations
were performed using Synopsys Sentaurus ® on three-dimensional domains (figure 3). It is possible to
take advantage of the cell symmetry to reduce the number of grid points and the overall simulation
time via the following configurations:

e One quarter of the pixel shown in figure 3(a): the red region on the front side represents the n*
readout electrode, while the p* bias electrode is located in the opposite corner and in the bottom
p** handle wafer, with an active thickness of 150 um and electrodes nominal radius of ~ 3 pum.

e For the CCE studies, a transversal slice of 1 wm thick taken at half the device depth was simulated
(figure 3(b)), following the same approach as in [15], considering a hit from a Minimum Ionizing
Particle (MIP) at different points within the active area.



Simulations included standard physical models such as doping-dependent Shockley-Read-Hall
generation/recombination and mobility, high-field saturation, and Van Overstraeten-De Man for
ionization impact. Radiation damage was modeled using the CERN three-level bulk damage model at
—38°C, the temperature at which the model was validated. The leakage current was scaled to —25°C
using the Chilingarov formula [23] for comparison with the measured results.

Starting from reference values reported in table 1, trap introduction rates (17) and capture cross sections
(o) were systematically varied to evaluate their influence on the simulated macroscopic behavior
of the 3D devices. The results are discussed in section 4.

-

(a)O (b)

Figure 3. (a) Geometry used for -V and C-V TCAD simulation; (b) Slice used for CCE simulations with MIP
hit points.

4 Results and discussion

The TCAD simulation results of varying parameters of the deep acceptor level (E. — 0.525) and
donor level (E,, + 0.48) on the macroscopic behavior (leakage current, breakdown voltage, depletion
voltage, and CCE) are shown in figures 4-7.

As illustrated in figure 4, increasing the acceptor introduction rate 7, slightly reduces the leakage
current below ~50V, followed by a clear rise at higher bias for both fluences. The breakdown voltage
shifts to lower values for 1x 10! Neq/ cm? and to higher ones at 2.5x 10'6 Neq/ cm?, while the depletion
voltage increases in both cases. The CCE decreases up to around ~120 V and then increases at higher
bias, with a more pronounced effect at the lower fluence. Conversely, increasing the donor introduction
rate 14on (figure 5) leads to a moderate rise in the leakage current for 1 x 10'6 Neq/ cm?, while at the
higher fluence the variation shows multiple regimes across bias. The breakdown voltage decreases
for the lower fluence and increases for the higher one, while the depletion voltage falls in both. The
CCE remains roughly constant up to ~75V before decreasing.
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Figure 4. Effect of the acceptor introduction rate on simulated I-V curves (top left), extracted depletion
voltage from simulated C-V (top right), and simulated CCE vs. bias (bottom) at 1 x 10'6 Neq /em? (red) and
2.5 x 1016 neq/cm? (blue).
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The results in figures 67 show that varying the capture cross sections of the acceptor and
donor traps (0,ec and ogon) produces distinct, fluence-dependent responses. Increasing o, affects
the leakage current only above ~50V, producing a pronounced rise at 1 x 10'¢ Neq /cm?, while at
2.5 x 10'° Neq /em? the current above ~250V is invariant of o the breakdown voltage remains
almost constant and the depletion voltage shows only a slight reduction with increasing o,c.. For
charge collection, a larger o, mildly reduces CCE at low bias with a small recovery above
~100V for the lower fluence. By contrast, increasing ogon yields a more complex behavior: at
1 x 10'6 Neq/ cm? the leakage current generally rises with ooy, Whereas at 2.5 X 106 Neq/ cm? it
first increases then decreases across the bias sweep, producing multiple regimes; the breakdown
voltage falls at the lower fluence but increases for the higher one (with an early breakdown near
~230V for 0gon = 5% 1071 and 1 x 10~ #cm™2), the depletion voltage responds oppositely for
the two fluences, and CCE degrades with larger 040y, although this appears at lower bias for the
higher fluence.

Overall, the results show that varying the trap introduction rates and capture cross sections
significantly affects the simulated leakage current, breakdown voltage, depletion voltage, and CCE,
and the trends observed are not identical for the two investigated fluences, indicating that the sensor
response changes with irradiation level.

230
2204
2104

VA 2001
BD 190

Measurements
- 0,= 5x1078

=
@

asurements
5x10°1°

s
= 1x10"" "std"

1107 [ Gace= 1x104 st
[ Oy 1.5x10

——— Gu= 2x10™

* & > o —
Qaaa

epletion voltage
>
3
PO [* & > 0 —1

180
leak 1701

=3
150 4
140 4
21301
1204

1x107 o

Current [A]

D
3

X104 1004

(]
904 §
0]

1.0e16 neq\om’ 704 1.0e16 ngglem?

®
AP0

2.5¢16 ngglom’ 601 25616 ngglom?

1x10710 -4 T T T T T T T T T T T

0 -50  -100 150 -200 -250 -300 350 -400  -450 500 500 1000
Voltage [V] Frequency [Hz]

Data

® 9 0,.=5x10"
50| |-A——A— 0, =7x107
o —0—0,. = 1x10"
[—*— —*— 0, = 1.5x10™|

Charge Collection Efficiency (%)

1.0e16 ngq\em’ 4

2.0e16 ngq\em?

Figure 6. Effect of the acceptor capture cross section on simulated I-V curves (top left), extracted depletion
voltage from simulated C-V (top right), and simulated CCE vs. bias (bottom) at 1 X 10'® neq/cm? (red) and
2.5 % 10'® neq/cm? (blue).



Measurements

O gon= 5X10

G gon= 1101
Oyon= 2x10°" "std"|
G gon= IX10°1

Measurements 220

Con™ 5x107° 7 210
- Oy X101
—— —— Tgon= 2x10°1 "std"| \ V
—— —— 0= 3x10°1* >

1x107 4

N
S
3

* &> o

1x107 4

Current [A]

|
.
A
*
*

© 160

>

£ 150

[=}

1x107° 4

*

*
90 g
80| ?
1.016 neq\om’ 707 1.0616 neglom®
601 25e16 neq\cm2

2.5e16 neq\em”

1x10710 T T T T T T T T
0 -50  -100 -150 -200 -250 -300  -350  -400  -450  -500
Voltage [V]

200

T T
500 1000
Frequency [Hz]

Data
® 0 0,4,=5x10"°
150 - |~ —A— Tgop= 1x107 -
—— —4—0y,,= 2x10° 2l
—h— —k— 0 4,= 3x107¢

o

Charge Gollection Etriciency (%)

1.0e16 ngglem” |

2.0e16 ngq\cm’

50 100 150 200
Voltage [V]

Figure 7. Effect of the donor capture cross section on simulated I-V curves (top left), extracted depletion
voltage from simulated C-V (top right), and simulated CCE vs. bias (bottom) at 1 X 10'® neq/cm? (red) and
2.5 % 10'® neq/cm? (blue).

5 Conclusions

Small-pitch 50 x 50 um? 3D silicon sensors irradiated with neutrons at the Jozef Stefan Institute to a
fluence of 2.5 x 10'6 Neq/ cm? have been electrically characterised through I-V and C-V measurements
at —25°C.

The experimental results were compared with TCAD simulations implemented in a full three-
dimensional framework using the CERN (Folkestad) radiation damage model, selected for its ability to
best reproduce the observed macroscopic behavior. Since this model is originally validated only up to
8 x 101 Neq/ cm?, a systematic parametric analysis was carried out by varying trap introduction rates
and capture cross sections to investigate their impact on leakage current, depletion voltage, breakdown
voltage, and CCE, at the higher fluences accounted for in this paper

The study shows that the CERN model provides a solid baseline for describing the main radiation-
induced effects in 3D sensors, but its direct extrapolation to higher fluences is insufficient.

The new experimental data at higher irradiation levels provide valuable guidance on the direction
in which the model parameters should be adjusted, a first step towards a more accurate and predictive
modelling of 3D detectors operating in extreme radiation environments, with further refinements
and improved characterizations planned in future work.
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