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Abstract

Analogue test structures were fabricated using the Tower Partners Semiconduc-
tor Co. CMOS 65 nm ISC process. The purpose was to characterise and qualify
this process and to optimise the sensor for the next generation of Monolithic
Active Pixels Sensors for high-energy physics. The technology was explored
in several variants which differed by: doping levels, pixel geometries and pixel
pitches (10-25 pm). These variants have been tested following exposure to vary-
ing levels of irradiation up to 3 MGy and 10'¢ 1 MeV neq cm™2. Here the results
from prototypes that feature direct analogue output of a 4x4 pixel matrix are
reported, allowing the systematic and detailed study of charge collection proper-
ties. Measurements were taken both using °°Fe X-ray sources and in beam tests
using minimum ionizing particles. The results not only demonstrate the feasi-
bility of using this technology for particle detection but also serve as a reference
for future applications and optimisations.

Keywords: MAPS, Solid state detectors, Silicon, CMOS, Particle detection,
Test beam

1. Introduction

The use of commercial CMOS imaging sensor technologies for particle sen-
sors in High-Energy Physics (HEP) was successfully demonstrated over the last
decade with the notable examples of STAR PIXEL [I], 2] (based on ULTI-
MATE also known as MIMOSA28 sensors), and the ALICE ITS2 [3H5] (based
on ALPIDE sensors).



This motivated the ALICE experiment and CERN EP R&D [6] to set out a
program to investigate the use of the 65 nm CMOS Image Sensor (65 nm ISC)
technology of Tower Partners Semiconductor Co. (TPSCo) [7] for future vertex
and tracking detectors. Following a sensor optimization employing the same
principle as for the 180 nm technology [8], several test chips were designed and
fabricated in a first run to study charge collection properties and qualify the 65
nm technology for HEP.

The foreseen upgrade of the ALICE Inner Tracking System, ITS3 [9], pro-
posed for installation in 2026-2028 during the Long Shutdown 3 (LS3) of the
Large Hadron Collider (LHC) at CERN, will be the first application of this
technology in HEP. Important requirements for this application are a spatial
resolution better than 5 pm, particle detection efficiency larger than 99% after
an exposure to ~10 kGy of Total Ionizing Dose (TID) and 10'® 1 MeV neq cm™2
of Non Ionizing Energy Loss (NIEL). The ALICE 3 Vertex Tracker proposed
to be installed during the LHC LS4 in 20332034, will impose even more agres-
sive requirements for Monolithic Active Pixels Sensors (MAPS), including a
radiation tolerance of ~300 kGy and 1.5 x 10'® 1 MeV neq cm™2 per year of

operation [10].

2. The Analog Pixel Test Structure, APTS

The APTS is a 1.5 mm x 1.5 mm prototype chip, produced in the TPSCo
CMOS 65nm ISC technology, containing a matrix of 4x4 pixels. Each pixel
is equipped with an analogue output individually buffered and connected to
an output pad, to provide full access to the time evolution of the signal. The
matrix of these 16 pixels is surrounded by a ring of dummy pixels to minimise
distortion of the electric field. The chip was produced with four different pixel
pitches: 10, 15, 20 and 25 pm.

1.5mm
APTS
die size 1.5 mm x 1.5 mm
matrix 6x6 pixels
readout direct analogue of central 4x4 pixels
pitch 10, 15, 20 or 25 pm
design standard, mod., mod. with gap
split 1,2,3,4
variant ref., larger n-well, smaller p-well, finger p-well

Table 1: Main characteristics of the APT'S silicon sensors.

Figure 1: Photo of the APTS chip
under a microscope.

The APTS allows reverse substrate voltages in the range of 0 to -5 V. Figure[]]



shows a photo of the chip under the microscope, and Table [I] reports its main
characteristics, together with its several versions detailed below.

The pixel and process optimisation to enhance the sensor performance in
the 180 nm TowerJazz imaging technology [8 [IT], 12] formed the basis for the
process optimisation in the TPSCo CMOS 65 nm ISC technology. Figure [2]
shows schematic cross-sections of three different sensor designs implemented in
different versions of the APTS:
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Figure 2: Cross-sections of three different pixel designs implemented: (a) standard: no ad-
ditional low-dose implant, (b) modified: with deep blanket low dose n-type implant, and (c)
modified with gap: with a gap in the deep low dose n-type implant at the pixel borders.

e Standard, Figure this pixel design features a collection electrode,
formed by an n-well diffusion on a high-resistivity p-type epitaxial layer,
grown on top of a low-resistivity p-type substrate (ALPIDE-like design).
The in-pixel circuits are placed outside the collection electrode and inside
a deep p-well, which shields n-wells within the circuitry from the epitax-
ial layer, preventing them from collecting charge and thus enabling full
CMOS circuitry. The depletion zone is balloon-shaped extending from
the junction at the collection electrode without reaching the pixel edges.
The charge generated outside the depletion region is collected primarily
by diffusion, but this collection is relatively slow and subject to charge
trapping in defects generated by exposure to non-ionizing radiation.

e Modified, Figure a deep low-dose n-type implant is added under the
full pixel area and creates a planar junction deep in the sensor, separated
from the collection electrode extending over the full pixel area. With some
reverse substrate bias, this allows full depletion of the epitaxial layer and
signal charge collection by drift.

e Modified with gap, Figure a gap of 2.5 pm is introduced in the
low-dose n-type implant at the pixel boundaries. This creates a vertical
junction to increase the lateral electric field pushing the charge from the



pixel boundary towards the collection electrode, thus reducing the charge
sharing among neighbouring pixels.

Moving from the pixel design to charge collection by drift be-
comes largely dominant, reducing charge sharing among pixels. This results in
a larger fraction of the charge collected by a single pixel and, consequently, in
an increased signal to noise ratio (S/N) providing greater operational margins.

To optimise the sensor for ionizing-particle detection, where signal charge is
generated over the full depth, the modified with gap design has been produced
in four so-called splits (named 1, 2, 3, 4), gradually modifying the doping levels
of various implants [13].

In addition, to explore the influence on capacitance and charge collection,
the geometry and size of both n-well collection electrode and the p-well were
implemented in four different variants:

e Reference: n-well collection electrode size of 1.14 pm and a square p-well
enclosure of 4.14 pm, see Figure for the top view.

e Smaller p-well enclosure: p-well enclosure of 3.14 pm.
e Larger n-well collection electrode: n-well collection electrode of 2.28 nm.

e Finger-shaped p-well enclosure: the shape of the p-well enclosure
is changed as sketched in Figure resulting in p-well fingers further
approaching the collection electrode.
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Figure 3: Top view of half a pitch of a modified with gap pixel design for different shapes of
the deep p-well: (a) reference shape and (b) finger-shaped p-well enclosure.

Table [2]lists a summary of all the sensors studied in this paper, including
the various reverse substrate voltages applied, and NIEL and TID irradiation

leveldT tested.

IThe NIEL irradiation was performed with neutrons at JSI Ljubljana. The TID irradiation
was carried out with 10 keV X-rays from a tungsten target at CERN.



Table 2: Summary table of all the APTS types and irradiation levels reported in this paper.
NIEL unit is 1 MeV neq cm~2, TID unit is Gy.

Pitch(pm) Design Split  Variant  Vgup(V) NIEL TID
standard 4 ref. -1.2 None” None"

10 modified 4 ref. -1.2 None None
mod. with gap 4 ref. 0—-4.8 None, 1015, 2x1015**  None
standard 4 ref. 0—-4.8 None None

modified 4 ref. 0—--4.8 None None
T 1 ref. 48 None:: None:
. 2 ref. -4.8 None None
mod. with gap * *

3 ref. -4.8 None None

13 14 15

4 ref 0--4.8 lgc;nle(’)ﬁ,)? 5 1815% 1816; 3106
standard 4 ref. -1.2 None™ None™
7777777777777 ref. ~~  -1.2° None, 1013"710!4"710!5 None
20 mod. with gap 4 larger n-well -1.2 Nonei Nonez
finger p-well -1.2 None None
smaller p-well  -1.2 None™ None*
standard 4 ref. -1.2 None® None®

25 modified 4 ref. -1.2 None None
mod. with gap 4 ref. -1.2 None, 1013*,* 1014*,* 105 None

* Results reported only for laboratory setup.
** Results reported only for beamtest setup.

2.1. Readout circuitry

The schematic of the readout chain of each pixel in the APTS is shown
in Figure [4 The sensor is represented by the diode DO. The buffer chain is
partially implemented in-pixel and partially in the periphery. The collection
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Figure 4: A schematic of the front-end chain of APTS.

electrode is biased and reset using a constant current mechanism. At rest the
current source I esor Only compensates the sensor leakage current, and the DC
voltage on the collection electrode is close to Vieger. Only after a hit the current
source delivers the constant current I,eset, which has to be larger than the sensor
leakage: the difference between the two is used to reset the pixel.

The collection electrode is DC-connected to the in-pixel circuit. The latter
is composed of two source-follower stages, a PMOS (the current source Ipiasp



and M2) and an NMOS follower (M3 and the current source Ipissn). The output
of the second follower is connected to the drain of the input transistor in the
first stage. Because of this connection, both the source and the drain of the
input transistor of the readout chain follow the voltage on the collection elec-
trode which reduces the capacitive load on the collection electrode. The two
source-follower stages in the peripheral circuit buffer the output signal of each
individual pixel in the matrix and send it via an analogue output pad to an
off-chip ADC.

A pulsing circuit inside the pixel allows the injection of charge through an
injection capacitor Cin; = 242 aF (nominal value) into the collection electrode,
when the TRIGGERy; is given. The injected charge can be tuned through the
voltage setting V3.

3. Laboratory results

The chip is operated and read out by a custom test system consisting of an
FPGA-based data acquisition board and a proximity card. The latter provides
power and biases to the chip and hosts ADCs that can sample all 16 pixels at
4 MSPS, corresponding to a sampling period of 250 ns. More details on the test
system can be found in [14].

3.1. Signal shape and extraction

Figure [5| shows typical uncalibrated (conversion factor, see [14], and front-
end gain factor, see in the following, not applied) output signals VouT obtained
by pulsing the chip with a charge of around 1800 electrons at a reverse substrate
voltage of 1.2 V. The signal amplitude is defined as the difference between the
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Figure 5: Typical uncalibrated chip output signal from the 4 innermost pixels of an APTS
chip pulsed with Vi = 1.2 V. APTS with 15 pm pitch, modified with gap, split 4, reference
variant, Vi, = -1.2 V.



baseline and the minimum of the signal. The baseline value is evaluated as the
output in the 4" sampling before the minimum. This is because a significant
short-range auto-correlation was observed among close samples, progressively
decreasing for more distant ones (up to 24% degradation on the energy resolution
depending on the frames chosen for the baseline definition). The 4*" sample has
been defined to be as close as possible to the minimum, without being influenced
by the signal edge itself.

The pixels have different baselines, but similar signal amplitudes and shapes.
The return to the baseline of the output signal depends on I eget, and it takes
around 10 ps in these conditions at the nominal operating point.

In order to evaluate the noise of the chip, the baseline fluctuations have
been studied. They were compatible among all the pixels. The average noise
ranges from 23 to 36 electrons (for the conversion to electrons, see Sect. ,
depending on the design and the reverse substrate voltage applied. A detailed
study is reported in Figure [T4]

The front-end settings were tuned for signal-to-noise (S/N), gain and linear-
ity. The standard settings used in this paper are Inhiasn=5 DA, Ipiasp=0.5 1A,
Thias3=200 1A, Iniasa=150 1A, I1eset =100 pA, Vieset =500 mV, unless stated dif-
ferently. The resulting gain between the IN and Voyr nodes shown in Figure
[] is around 0.6 for an input signal range from 200 mV to 600 mV.

3.2. Leakage current

The leakage current of the chip is expected to increase with reverse sub-
strate voltage, irradiation level and temperature. The increased leakage current
effectively reduces the fraction of I eser available as reset current, and influences
the baseline. Therefore a higher leakage current has to be compensated by in-
creasing leset- Larger Iesey values lead to increased noise (approximately 15%
for @eset = 250 pA w.r.t. the standard value). In Figure @ the waveforms for
several NIEL irradiation doses are reported at different temperatures, with I eset
= 250 pAP
All the temperature values reported in this paper refer to the cooling water
temperature set to the chiller; the actual temperature on the chip can be higher
by about 1-3 °C depending on the environment.

A direct evaluation of the leakage current can be done by fitting the re-
turn to the baseline of the waveform [15]. The leakage current values obtained
are plotted in Figure [7] at different temperatures and irradiation levels. For an
unirradiated APTS pixel, a leakage current of around 2 pA has been obtained.
The leakage current increases with temperature and irradiation becoming ap-
preciable beyond 10'* 1 MeV Deg cm~2. Therefore all the measurements on the
irradiated chips reported in Section [3.3] were taken at a temperature of 14 °C
and, for a level of irradiation higher than 10'® 1 MeV Neq cm ™2, with Leset =
250 pA.

2Higher values of Ireset are not supported by the present test system so this is the best
optimization achievable with the present setup.
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Figure 6: Comparison at different temperatures of the signal waveform pulsed with Vi =

1.2 V, averaged over 1000 events, for chips at different irradiation levels, using an optimized
working point with increased Ireset of 250 pA in order to compensate for leakage current: (a)
Not irradiated, (b) 1012 1 MeV neq cm™2, (c) 10 1 MeV neq cm ™2, (d) 1015 1 MeV neq cm™2,
(e) 2x 10 1 MeV neq cm™2 and (f) 10'6 1 MeV neq cm™2. APTS with 15 pm pitch, modified
with gap, split 4, reference variant, Vi ,, = -1.2 V.
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Figure 7: Leakage current versus temperature for different irradiation levels at a reverse
substrate bias of 1.2 V. APTS with 15 pm pitch, modified with gap, split 4, reference variant.

3.3. 95 Fe measurements

An extensive measurement campaign was performed using a *°Fe source, to
evaluate the performance of the chip in terms of charge collection and energy
resolution, and to compare the performance of all the available versions.

An example of an %°Fe spectrum for the seed signal with a cluster size of 1 is
shown in Figure The cluster is defined as a set of adjacent pixels inside a
3x3 matrix centered around the pixel with the largest amplitude (called seed)
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Figure 8: (a) 55Fe spectrum for events with cluster size 1. The seed distribution is filled with
the seed signals of the 4 central pixels of the matrix. (b) Energy calibration was obtained
using the peak means from the Gaussian fits on (a). Data are fitted with a linear function,
where m is the slope parameter. The errors refer to the ones obtained from the fits. All these
measurements were taken at Ireset = 10 pA for a better energy resolution, as explained in

APTS with 15 pm pitch, modified with gap, split 4, reference variant, Vi, =
-1.2 V.

which collected an amplitude higher than a given threshold. In order to avoid
edge effects and have access to all pixels in the cluster, only clusters having as
seed one of the central 4 pixels are considered.

The peaks from the spectrum in Figure [8(a)] were fitted with Gaussian func-
tions and the value of the mean is used for the energy calibration in Figure
The correlation between the amplitude of the seed pixel signal and the corre-
sponding photon energy is fitted with a linear function, setting the intercept
parameter at 0. Asserting the linearity of the energy calibration was a funda-
mental step to allow the conversion factor method explained in the following.

For every DUT (Device Under Test), the seed signal distribution for every
cluster size is fitted using a double Gaussian function, one for each peak of
the spectrum, Mn-K, and Mn-Kz. The mean of the most prominent peak,
Wan-K., » is used to convert mV or ADC units into electrons (e™). Figure@shows
an example of an %°Fe spectrum for the seed pixel signal at different reverse
substrate voltages, and illustrates how the amplitude increases with the reverse
substrate voltage, due to the increase of depletion region and consequently lower
capacitance. Plotting the same data in electrons eliminates the effect of the
capacitance, and illustrates, as in Figure that no visible change in the
charge distribution with the reverse substrate voltage can be observed. For both
these plots, the distributions were normalized by the total number of events.

The APTS versions reported in Table[2]have been tested with *>Fef} The fol-
lowing quantities have been extracted from the seed distributions and reported
in Figure

3All the spectra are reported in the supplementary material.

10
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Figure 9: Seed signal distribution comparison among different reverse substrate voltages, both
in mV (a) and in electrons (b). APTS with 15 pm pitch, modified with gap, split 4, reference
variant.

e Input capacitance (first row): it is related to the measured capacitance:

Tlel * Gel

VMn_KQ - Cinjection (1)

Cinput = Cmeasured - C(injec‘nion =
with Wik, (mV) the mean of the Gaussian fit around the Mn-K,, peak,
nel = 1640 electrons, ge the elementary charge and Cipjection ~242 aF
(ranging from 214 to 269 aF depending on the DUT). A smaller input
capacitance is very important as it increases the voltage excursion at the
input of the front-end circuit for a given charge. This improves the sig-
nal with respect to the noise of the front-end circuit, and also increases
its reaction speed. Therefore this improves the signal-to-noise ratio and
analog performance at the same power consumption, or allows to reduce
the front-end circuit power for the same performance.

e Energy resolution (second row): obtained as the FWHM (Full Width
at Half Maximum) of the Mn-K,, peak divided by its mean, Vi, k., -

e Charge Collection Efficiency ratio, CCE (third row): the ratio of
the most probable value of the 3x3-pixel matrix signal distribution to the
most probable value of the signal distribution for cluster size of one.
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e Average cluster size (fourth row): at a threshold of 150 electrons.
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Figure 10: Comparison of the main characteristics extracted from the 35Fe spectra. The light
blue window in the last column refers to the data points acquired with Ireset = 250 pA.

Several trends can be observed from the plots in Figure [I0}

e In the first column, first row, the sensor capacitance dependence on the

reverse substrate bias is reported. The depletion region starts extending
from the junction. Therefore, in the standard design, (see Fig. , it ex-
pands from the collection electrode outward, and reaches the p-well at low
reverse bias. Due to the high p-well and n-well doping the depletion can-
not extend much further. In addition, the depletion boundary extending
into the epitaxial layer is at that point already significantly larger than
the undepleted part of the n-well, making the dimension of the latter dom-
inant in the capacitance calculation. This explains the small influence of
the reverse bias on the sensor capacitance in the standard design.

For the modified and modified with gap designs, the depletion starts at
the junction formed by the low-dose deep n-type implant, and does not
yet reach the n-well electrode at zero reverse bias. With increasing reverse
bias, it extends towards the n-well electrode and significantly reduces the
size of the undepleted region around the collection electrode, dominant

12



for the capacitance value. Ultimately, the depletion also converges to
near the n-well boundary as in the standard design, resulting in the same
capacitance value of about 2fF.

In the first column, last two rows, a lower CCE is observed for the stan-
dard type together with a higher average cluster size; this was expected
considering that the charge is collected more by drift for the modified
designs with consequent lower charge losses.

In the second column, fixing the voltage at Vg,1, = -1.2 V and varying the
pitch, lower CCE values can be observed for the standard design for larger
pitches; this is attributed to the larger charge transport path together with
the expected smaller (lateral) extension of the depletion region relative to
the pixel pitch. Moreover, an increase in average cluster size is observed,
both for the standard and modified design, as expected from the increased
charge diffusion for larger pitches. The pattern is opposite for the modified
with gap design, due to the smaller relative size of the gap region for
larger pitches, and the fact that the field induced by the gap counteracts
or prevents charge sharing for hits closer to the pixel center.

In the third column, different splits are also compared. To compare all
the splits, the reverse substrate voltage has been fixed at Vg, = -4.8 V.
For the splits 1 and 2 the signal only becomes visible at reverse substrate
voltages larger than 3.6 V, due to the larger capacitance causing a re-
duction of the signal amplitude. The splits 3 and 4 are not subject to
this larger capacitance and are considered better choices in terms of chip
performance. Since split 4 was the most optimized [I3], it was used for
all studies reported from this point onwards, with the benefit of a slightly
smaller capacitance at Vi, = 0 V.

In the fourth column the performance of the different geometric variants
are compared. All of them show similar behaviour, with the exception
of energy resolution and capacitance slightly worse for the larger n-well
collection electrode driven by the larger geometry itself.

In the last column, different levels of NIEL irradiation are compared with
a non-irradiated chip and with a TID irradiated chip. For NIEL irradi-
ation levels of 2 x10'® 1 MeV neq cm~2 and higher, the measurements
have been taken with I..set = 250 pA to accommodate the larger sensor
leakage (see Section . The different I,eset setting, together with the
limited sampling frequency of the readout, might have an influence on the

extracted values, further discussed in

Remarkably, for all the irradiation levels, the DUT continues to work. No
major difference is observed between the performance of an unirradiated
and a 10'3 1 MeV Neg cm™? chip, satisfying the ALICE ITS3 radiation
hardness requirement.
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For higher levels of NIEL irradiation, the capacitance reduces, mainly due
to a reduction of the radiation-induced effective active doping. For TID
on the contrary a larger capacitance is observed. As expected, for higher
levels of NIEL irradiation, the energy resolution degrades, due to increase
of noise from leakage current and to charge losses from an increase of the
radiation-induced trapping centers. These losses also cause a decrease in
CCE and average cluster size. It has to be noted that for high levels of
irradiation the uncertainty on the CCE calculation method is larger due
to the signal distribution deterioration.

e In the last column the comparison of different pixel pitches for a fixed
NIEL irradiation of 10'® 1 MeV ne, cm~2 is also shown. The energy
resolution is more affected by irradiation for larger pixel pitches, again
due to a larger shot noise contribution as leakage is collected from a larger
volume, and larger charge losses due to the longer collection path, also
reflected in the CCE and cluster size.

4. Testbeam setup

The APTS chips were also tested with a particle beam of 120 GeV /¢ positive
hadrons, at the CERN-SPS H6 [16], to study the detector charge distribution,
detection efficiency and spatial resolution. This was made possible by using a
telescope made of ALPIDE chips as reference planes, providing a tracking reso-
lution of otrack = 2.1 pm [I7]. The setup was placed inside a box in a light tight
environment. Two APTS sensors were mounted between the reference planes,
as shown in Figure The leftmost APTS was the DUT, while the other was
mounted on a movable stage and used as trigger device. The DUT temperature
was kept constant using a cooling jig, which was cooled with constantly circu-
lating water at a temperature of T' = 15 °C.

Reference arm DUT Trigger Reference arm
0 1 2 3 4 5 6 7
ALPIDE APTS z Beam )
T direction
!25mm ! 25mm ! 209 mm: 27.1mm: 27mm ! 25mm ! 25mm!

Figure 11: Scheme of the telescope setup used at the SPS test beams. The planes 3 and 4
were made with APTS chips, all others with ALPIDE chips. Not to scale.

4.1. Analysis tools and methods
The data were analyzed using the Corryvreckan [I8] track reconstruction
framework, using the GBL (General Broken Lines) model [I9]. Event and track
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quality selection criteria were applied to ensure a clean data sample: one track
per event, track x?/ngof < 5, and track points on each reference plane. The
detection efficiency and the spatial resolution have been computed by associating
the DUT clusters to tracks passing inside a search radius of 75 pm around the
track intercept point on the DUT and only the tracks passing through the 4
central pixels have been considered, in order to avoid border effects. The signal
and noise extraction has been done as described in Section 3.1l

The spatial resolution was measured both by treating the information as
digital, i.e. hit/no hit, and by leveraging the whole analogue information. The
former mimics the usual digital readout of pixel sensors, with the cluster position
given by the center of mass of the pixels in the cluster, whereas the latter shows
the full potential of the technology. For the analogue measurement, the so-called
n-algorithm |20} [21] has been used to take into account non-linear charge sharing,
which is expected to be more and more enhanced going from the standard to
modified with gap design.

For both the hit/no-hit and analogue measurements, the residuals have been
obtained as the distance between the intercept of the track on the DUT plane
and the associated cluster position, both in x and y directions. From the two
distributions, the standard deviation was computed and oy;4cx Was quadratically
subtracted to obtain oy(y). The final spatial resolution, o5, has been defined
as the arithmetic average of o« and oy.

All the results are plotted for thresholds above 3 times the RMS of the noise
distribution, in order to report only efficiency values not biased by the noise.

5. Testbeam results

5.1. Charge distribution

In Figure the seed pixel signal distributions for the three APTS designs
at Vgub = -1.2 V are shown. It can be observed in the top left figure that by mov-
ing from the standard design to the modified and modified with gap, the Most
Probable Value (MPV) for the seed signal increases to higher values, improv-
ing the signal-to-noise ratio by a factor 2. This behaviour was expected from
the lower charge sharing observed in the 5°Fe measurements (see Figure .
Considering an MPV of 500 electrons for the modified with gap, the epitaxial
thickness can be estimated to ~ 10 pm [22].

The seed pixel signal distribution has also been studied for different pitches,
as shown in the top right figure. For comparison, a measurement done with a
different setup and using the Caribou readout system [23], in a 4 GeV /c electron
beam is included. The measurements obtained with both setups are in good
agreement; for details on the setup, system and analysis method see [24H27]. Tt
can be seen that the seed signal becomes slightly higher for increasing pitch,
with the MPV moving slightly to the right, in accordance with the decreases in
average cluster size with increasing pitch, observed in Figure

The seed pixel signal distributions for different NIEL irradiation levels are
reported in the bottom left figure. The MPV shifts towards lower values with
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Figure 12: (Top left) Comparison between different designs of the seed pixel signal charge
distribution for a pitch of 15 pm. (Top right) Comparison between different pixel pitch sizes
of the seed pixel signal charge distribution for modified with gap sensors. For the Caribou
measurement, an Ipiasqg = 546 nA has been set. (Bottom) Comparison between different NIEL
irradiation doses of the seed pixel signal charge distribution for a modified with gap sensor
with a pitch 15 pm. APTS with split 4, reference variant, Vg, = -1.2 V.

increasing irradiation levels, due to the worse charge collection which becomes
evident from 10 1 MeV ne, cm™2 onwards. As expected from *Fe measure-
ments (see Figure , at 10'3 1 MeV neq cm™2 no degradation is observed.

5.2. Detection efficiency

Figure shows the detection efficiency of the 15 pm modified with gap
sensor for different values of Vg, as a function of the threshold in electrons
(e7), for threshold values larger than 3 times the noise RMS. The detection
efficiency is found to nearly entirely depend on the charge threshold, with only
a weak dependence on the reverse substrate voltage. However, a more negative
Vsupb yields lower input capacitance and hence a lower noise level, allowing lower
thresholds. The dotted, vertical lines in Figure (the starting point for each
curve) illustrate how for more negative voltage the operational region can be
extended to lower signal thresholds, increasing the operating margin.
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Figure 13: Efficiency comparison between different reverse substrate voltages as a function of
the applied seed threshold. The dotted lines indicate the threshold corresponding to 3 times
the RMS noise value. APTS with 15 pm pitch, modified with gap, split 4, reference variant.

All APTS versions reported in Table [2] have been tested?] The following
quantities have been extracted from the efficiency plots and reported in Fig-

ure [T4}

Efficiency at a threshold of 100 electrons (first row): if no value is
reported in the plot, it means that 3 RMS,4se > 100 electrons.

Thresholds (second row): threshold at which the chip achieves 99% de-
tection efficiency.

Noise RMS (third row): is the noise of the DUT. The distance between
the noise and the threshold value at 99% gives an indication of the trend
of the range of operability of the DUT.

Several trends can be observed:

In the first column, in the comparison between designs at different Vgyp,
the modified designs show a larger operational margin w.r.t. the standard
type. For higher substrate reverse bias this is more and more evident,
due to the significantly reduced noise for modified and modified with gap
sensors. This was expected from the larger CCE and smaller average
cluster size observed for both the modified and modified with gap designs

in Figure

In the second column, different pixel pitches for the modified and modified
with gap designs are compared at Vi, =-1.2 V. All the pitches and designs

4All the efficiency plots are reported in the supplementary material.
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Figure 14: Comparison of the main characteristics extracted from the efficiency plots versus
threshold. APTS with split 4, reference variant.

reach an efficiency of more than 99%. In the modified design the largest
pitch shows the smallest operational margin, while the modified with gap
shows the opposite. This was expected from the average cluster size trend
reported in Figure[I0] Since larger operating margins are observed for the
modified with gap sensors, this design has been chosen as a reference for
the rest of the study. As a further validation, independent measurements
of the 25 um pitch, using the Caribou system, lead to compatible results.

e In the last column, as for the other chips, all irradiated sensors were
operated at a fixed chiller temperature of 15 °C. All sensors, regard-
less of the pitch and for all the reverse substrate voltages studied, can
withstand a NIEL irradiation level up to 10'* 1 MeV Neg cm ™2, higher

18



than the ALICE ITS3 requirement (10 1 MeV neq cm~2). For all
pitches, a higher NIEL irradation reduces the operation margin. Up to
10 1 MeV neq cm~2, larger pitches show a larger operational margin,
but at 10'® 1 MeV neq cm™2 they show the lowest detection efficiency,
while the pitches of 10 and 15 pm still reach an efficiency higher than
99%. For TID irradiations of up to 3 x 10 Gy (much higher than the
ALICE ITS3 requirement and reaching the ALICE 3 requirement), the
DUT has reached an efficiency of 99%, though over a smaller range of
operation due to the higher noise. All these results are in agreement with
the observations reported in Figure [I0]

Figure [T5] compares the influence of reverse substrate bias on the detection
efficiency and the noise of sensors which received high NIEL irradiation dose.
For the detection efficiency, the threshold is set to three times the RMS noise.
For the smallest pitch, even at 0 V an efficiency of almost 99% can be reached

100
60
G 99 |g=—= - 10 um, 105 1 MeV neq cm™2
I 55 10 um, 2 x 105 1 MeV ngq cm~2
a _% 96 I’\ -4 15 um, 10'° 1 MeV neq cm™2
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-
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% 30
[a) 86 25
0 12 2.4 36 4.8 0 12 2.4 36 48
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Figure 15: Comparison of efficiency and noise versus substrate reverse bias for different pitches
and radiation levels. APTS with split 4, modified with gap, reference variant.

for a NIEL of 10'5 1 MeV neq cm™2. This observed radiation hardness, near
room temperature, can be attributed to a smaller collection volume resulting
in a lower leakage current and hence lower noise, and a lower charge losses for
smaller pitches under high radiation dose. For a voltage of -4.8 V and a 10 pm
pitch, an efficiency compatible with 99% can be reached even up to a radiation
of 2 x 10'° 1 MeV Neg cm™2.

5.8. Spatial resolution and cluster size

In Figure [16]| the spatial resolution and cluster size of a 15 pm modified with
gap sensor for different values of Vg, are reported as a function of the threshold
in e~. The threshold was required to be greater than 3 times the noise RMS. As
expected, the cluster size decreases for higher thresholds and leads to a slight
deterioration of the spatial resolution. The average cluster size shows a small
decrease going to more negative Vi,p. The largest difference is observed when
going from Vg, = 0 V to -1.2 V, which is when most of the depletion process
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happens. As expected from the small cluster size, the difference between the
analogue and hit /no-hit resolution is small and noticeable only at low thresholds.

The APTS versions listed in Table [2] have all been tested®] The follow-
ing quantities have been extracted from the resolution plots and reported in

Figure [T7

e Spatial resolution and average cluster size at a threshold of 100
electrons (second and third rows): if a value is not reported, it means
that 3 x RMS,0isc > 100 electrons or that efficiency is smaller than 99%.

e Spatial resolution when the efficiency is equal to 99% (first row):
by definition, the corresponding threshold value is larger than 100 electrons
(if reported). It indicates, in the range of operation (up to 99%), how much

the spatial resolution degrades.

Several trends can be observed:

e For all the DUTs, the spatial resolution degrades for higher thresholds, as
expected due to the decrease of the average cluster size. Operating the
chips at lower thresholds improves spatial resolution and efficiency.

e For all the DUTs, the resolution is better than the pixel pitch divided by

Vi2.

5All the resolution plots are reported in the supplementary material.
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threshold. APTS with split 4, reference variant.

e In the first column, when comparing between designs at different Vg, no
strong dependence of the spatial resolution is observed. Since the fraction
of clusters that have a cluster size above one is larger for the standard type,
for this variant the largest improvement in using the analogue information
w.r.t. the hit/no-hit resolution is observed. As observed from the 5°Fe
measurements reported in Figure [I0] the standard design has the largest
average cluster size and consequently the best resolution.

e In the second column, for the modified with gap design, the average cluster
size decreases for larger pitches, in agreement with the 5°Fe (see Figure
and the detection efficiency measurements (see Figure . As expected,
for the modified design the trend is the opposite, with a larger average
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cluster size for the larger pitches and a stronger dependence on the pitch
size. Consequently, the improvement in the spatial resolution given by the
full analogue information is larger for the 25 pm pixel pitch. The larger
cluster sizes allow for better spatial resolutions for pitches above 15 pm
w.r.t. the modified with gap type.

e In the last column, the average cluster size shows a small decrease with
the increasing NIEL dose due to the deterioration of the charge collection
efficiency, in agreement with the ®*Fe measurement (see Figure [10)). Due
to the lower average cluster size, there is a slight worsening in the res-
olution for higher irradiation levels, for all pitches. Due to the decrease
in the average cluster size, the difference in the hit/no-hit and analogue
resolution is even less visible.

6. Conclusions

The performance of several versions of the first production of analogue MAPS
for high energy physics implemented in the TPSCo 65 nm ISC process has been
studied. Various designs (standard, modified and modified with gap), splits,
n-well /p-well geometry (variants) and pitches (10 to 25 pm), have been tested
at different reverse substrate bias and NIEL and TID irradiation levels, both
with an 5°Fe source and in a beam test setup.

Compared to other designs, the modified with gap design demonstrated a
high CCE and little charge sharing, leading to a smaller average cluster size and
a higher signal-to-noise ratio, and hence a larger operation margin in terms of
efficiency. As expected the spatial resolution instead is better for the standard
than for the modified with gap designs, reaching ~2 pm, due to the increase
of charge sharing. An energy resolution of 4% for the Mn-K, peak from 5°Fe
has also been obtained for the modified with gap design. The modified with
gap design always reached a detection efficiency higher than 99%, regardless
of substrate bias and pitch. Larger pitches provide a slight improvement in
operating margin but only up to moderate NIEL levels.

Both °°Fe and test-beam measurements showed a deterioration of charge col-
lection of the modified with gap design with increasing NIEL or TID irradiation
doses. Nevertheless, a signal peak was still visible after 10'® 1 MeV neq cm™2.
The detection efficiency still reached 99% after 3 x 10° Gy, thus meeting the TID
requirements for ALICE ITS3 as well as for the ALICE 3 vertex detector. The
efficiency also reached 99% or higher for all pitches, at a temperature of ~15 °C,
up to a NIEL of 10'* 1 MeV neq cm™2, above the ALICE ITS3 requirements.
This remained the case up to 1 x 10 1 MeV neq cm™2 for a pixel pitch of
15 pm, and up to 2 x 10 1 MeV neq cm ™2 for a pixel pitch of 10 pm.

After process modifications and pixel designs based on general principles
already explored in the 180 nm technology, this study provides detailed analog
information about the sensor signal in this technology and complements the one
on the Digital Pixel Test Structure [28]. These studies qualify the TPSCo 65 nm
ISC technology for HEP after this first run. This smaller feature size technology
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has significant potential for even further improvement through the exploitation
of process features dedicated to imaging, so far unexplored by our community,
like pinned diodes, special photodiodes, etc. It offers better circuit density and
hence more functionality in the same area. A further improvement in component
density at the pixel level may be achieved by stacking a sensor wafer to a 65 nm
CMOS readout wafer, or wafers from even finer linewidth technologies, an option
recently offered by the foundry. Therefore, this technology provides superior
integration possibilities, and hence significant potential for use in future high
energy physics experiments.
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Appendix A. Effect of different I,.set and readout sampling frequency

To study the dependency of the spectra parameters on the readout system,
measurements were performed on two different setups: one with the standard
readout system with a 4 MHz bandwidth, already described in this paper, and
one connected to a picoscope [29] with up to 500 MHz bandwidth and 5 GS/s
sampling rate. It is important to understand the impact on the performance of
different I eser values, as in Figurelm spectra with different I,e¢e; are compared.
Figure shows a slight increase in capacitance (left) and a degradation of
energy resolution (right) for increasing Ireset, taken with the standard readout.
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Figure A.18: Capacitance (left) and energy resolution (right) comparison between different
Ireset- APTS with 15 pm pitch, modified with gap, split 4, reference variant, Vg, = -1.2 V,
standard readout.

The picoscope measurements confirm the capacitance result and the degra-
dation of the energy resolution with increasing I eset-

Nevertheless, the degradation of the energy resolution in the picoscope setup
is less important; an energy resolution of about 3.4% and 3.9% has been obtained
for Ieset = 10 pA (~ 5.3% and 12.7% for L eset = 250 pA), for the picoscope and
standard readout, respectively. In comparison, the intrinsic energy resolution
of the detector is ~ 2%, obtained with a Fano factor F = 0.1161 [30].

Therefore, in this paper, spectra which strongly benefit from high energy res-
olution were obtained with a I eset of 10 pA (e.g. Fig. . Other measurements
were carried out at 100 pA except for radiation levels of 2x 101® 1 MeV neq cm ™2
and higher that had to be carried out with a I ege; 0f 250 pA to compensate the
increased leakage currents.
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Appendix B. Plots for supplementary material

The plots reported here will NOT be part of the paper but will be put in
supplementary material as a single pdf (NIMA link). Each Figure will have no
description if not the one reported in the caption.

Additional plots from measurements using a *>Fe source (Section

B.1) and a beam test setup (Section [Appendix B.2). Refer to the paper for
details.

Appendiz B.1. ®®Fe measurements
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Figure B.19: %°Fe seed signal distribution comparison between different designs, in mV (a)
and in electrons (b). APTS with 15 pm pitch, split 4, reference variant, Vyyp = -1.2 V.
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Figure B.20: 5°Fe seed signal distribution comparison between different splits, in mV (a) and
in electrons (b). APTS with 15 pm pitch, modified with gap, reference variant, Vg, = -4.8 V.
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Figure B.21: 55Fe seed signal distribution in electrons compared between different pixel pitches
for the standard (a), modified (b) and modified with gap (c) designs. APTS with split 4,
reference variant, V,p, = -1.2 V.

29



0.085

1 Larger n-well

0.068 . c_ollectnon electrode
Finger-shape

pwell enclosure
Smaller p-well

S
[S
-
@
=
> 0.051 enclosure
S Reference
E]
$ 0.034
3
2
3 0.017
4

0.000

0 20 40 60 80 100 120 140
Seed pixel signal (mV)
()

0.0035
~ Larger.n-well
© 0.0028 c9|lectlon electrode [H
IS4 Finger-shape
5 pwell enclosure H
= Smaller p-well
> 0.0021 1 enclosure
S Reference
3
g 0.0014
‘v
=
©
3 0.0007 MW G :L

0.0000 FJL:M—-” ELLH‘

250 500 750 1000 1250 1500 1750 2000

Seed pixel signal (e™)
(b)

Figure B.22: 55Fe seed signal distribution comparison between different sensor variants: the
reference one, the larger n-well collection electrode, the smaller p-well enclosure and the finger-
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Figure B.23: 55Fe seed signal distribution comparison between different levels of NIEL irra-
diation, in mV (a) and in electrons (b). For irradiation levels of 2 x 10'® 1 MeV neq cm™2
or higher, the measurements have been taken with Ireset = 250 pA. Chiller temperature was
15 °C. APTS with 15 pm pitch, modified with gap, split 4, reference variant, Vg, = -1.2 V.
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Figure B.24: 55Fe seed signal distribution comparison between different levels of TID irradia-
tion, in mV (a) and in electrons (b). Chiller temperature was 15 °C. APTS with 15 nm pitch,
modified with gap, split 4, reference variant, Vg, = -1.2 V.
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Figure B.25: 55Fe seed signal distribution comparison between different pixel pitches of a chip
irradiated 10'% 1 MeV neq cm™2 in electrons. Chiller temperature was 15 °C. APTS with
modified with gap, split 4, reference variant, Vg,, = -1.2 V.
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Figure B.27: Efficiency comparison between different reverse substrate voltages as a function
of the applied seed threshold. APTS with 15 pm pitch, modified, split 4, reference variant.
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Figure B.28: Efficiency comparison between different reverse substrate voltages as a function
of the applied seed threshold. APTS with 15 pm pitch, standard, split 4, reference variant.
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Figure B.29: Efficiency comparison between different pitches as a function of the applied seed
threshold. APTS with modified with gap, split 4, reference variant, Vi, = -1.2 V.
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Figure B.30: Efficiency comparison between different pitches as a function of the applied seed
threshold. APTS with modified, split 4, reference variant, Vi, = -1.2 V.
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Figure B.31: Efficiency comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 15 pm pitch, modified
with gap, split 4, reference variant, Vi ,, = -1.2 V.
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Figure B.32: Efficiency comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 20 pm pitch, modified
with gap, split 4, reference variant, Vg, = -1.2 V.
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Figure B.33: Efficiency comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 25 pm pitch, modified
with gap, split 4, reference variant, Vi,, = -1.2 V.
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Figure B.34: Efficiency comparison with TID irradiatiad APTS as a function of the applied
seed threshold. Chiller temperature was 15 °C. APTS with 15 pym pitch, modified with gap,
split 4, reference variant, Vg, = -1.2 V.
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Figure B.35: Efficiency comparison between different substrate reverse biases as a function
of the applied seed threshold for a NIEL irradiation level of 1015 1 MeV neq cm™2. Chiller
temperature was 15 °C. APTS with 10 pm pitch, modified with gap, split 4, reference variant,

Vi, = -1.2 V.
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Figure B.36: Efficiency comparison between different substrate reverse biases as a function of
the applied seed threshold for a NIEL irradiation level of 2 x 101% 1 MeV Neq cm~2. Chiller
temperature was 15 °C. APTS with 10 pm pitch, modified with gap, split 4, reference variant,
Vaub = -1.2 V.
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Figure B.37: Efficiency comparison between different substrate reverse biases as a function
of the applied seed threshold for a NIEL irradiation level of 10'® 1 MeV Neg cm~2. Chiller

temperature was 15 °C. APTS with 15 pm pitch, modified with gap, split 4, reference variant,
Voub = -1.2 V.
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Figure B.38: Efficiency comparison between different substrate reverse biases as a function of
the applied seed threshold for a NIEL irradiation level of 2 x 101 1 MeV neq cm~2. Chiller

temperature was 15 °C. APTS with 15 pm pitch, modified with gap, split 4, reference variant,
Veup = -1.2 V.
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Figure B.39: Resolution comparison between different reverse substrate voltages as a function
of the applied seed threshold. APTS with 15 pm pitch, modified, split 4, reference variant.
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Figure B.40: Resolution comparison between different reverse substrate voltages as a function
of the applied seed threshold. APTS with 15 pm pitch, standard, split 4, reference variant.
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Figure B.41: Resolution comparison between different pitches as a function of the applied
seed threshold. APTS with modified with gap, split 4, reference variant, V,, = -1.2 V.

38



7.5 PENYRET] 5.2 APTS SF
type: modified
split: 4
Non-irradiated
6.5 4.6 11200 A
3
= 4
£°° 0%
2 i
o Vreset
s N
245 e T EY S L
5 i
2 . 2
. 3
L3551 o 285
s - o
§ = 104m L4 g —#— Hit/no-hit spatial resolution
0251 5 229 #- Analogue spatial resolution
Tl < -#- Average cluster size
&2 N
<~ Pitch = 10 um
15 N 16 " "
Pitch = 15 pm
—$— Pitch = 25 um
0.5 | Association window radius: 75 um. Plotting for thresholds above 3xnoise RMS. 10
100 150 250 300 350

200
Threshold (e”)

Figure B.42: Resolution comparison between different pitches as a function of the applied
seed threshold. APTS with modified, split 4, reference variant, Vg,, = -1.2 V.
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Figure B.43: Resolution comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 15 pm pitch, modified
with gap, split 4, reference variant, Vg, = -1.2 V.
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Figure B.44: Resolution comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 20 pm pitch, modified
with gap, split 4, reference variant, Vi ,, = -1.2 V.
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Figure B.45: Resolution comparison between different NIEL irradiation levels as a function of
the applied seed threshold. Chiller temperature was 15 °C. APTS with 25 pm pitch, modified
with gap, split 4, reference variant, Vg, = -1.2 V.
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Figure B.46: Resolution comparison with TID irradiatiad APTS as a function of the applied
seed threshold. Chiller temperature was 15 °C. APTS with 15 pm pitch, modified with gap,
split 4, reference variant, Vg, = -1.2 V.
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Figure B.47: Resolution comparison between different pitches as a function of the applied
seed threshold for a NIEL irradiation level of 1015 1 MeV Neg cm~2. Chiller temperature was
15 °C. APTS with modified with gap, split 4, reference variant, Vi, = -1.2 V.
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