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Abstract

The correlation of molecular neuroimaging and behavior studies in preclinical PET imaging is of major interest
to unlock progress in the understanding of brain processes and assess the validity of preclinical studies in drug
development. However, fully achieving this ambition requires performing molecular images of awake and freely
moving animals, whereas most of the preclinical imaging procedures are currently performed under anesthesia. To
overcome this issue, the MAPSSIC project aims to develop a pixelated intracerebral probe to be implanted into
awake and freely moving rats. The aforementioned probe relies on IMIC (Imageur Moléculaire Intra Cérébral),
a Monolithic Active Pixel Sensor (MAPS) prototype set to directly detect positrons. The IMIC sensors were
produced in 5 different configurations. Measurements using a 2°4Tl source showed that the sensor parameters
can be optimized to boost its performance allowing to increase the sensitivity and reduce the average cluster size.
In addition, comparisons between sensor configurations show a clear gain provided by the introduction of CMOS
process modifications. Finally, the choice of the optimal sensor configuration will depend on the expected in vivo

conditions.

Keywords: CMOS image sensors, Monolithic active pixel sensors, Particle detection, Beta Probe, Molecular

imaging, Neuroimaging

1. Introduction

Performing neuroimaging on awake and freely moving animals could tighten the links between preclinical and
clinical studies in neuroscience and even open the door to a powerful association between behavior studies and real
time neuroimaging [1, 2], while the anesthesia remains an inherent limit to this day. Previous works have indeed
emphasized that anesthetic drugs impact the ability of PET brain imaging to accurately represent the activity of
the awake and freely moving rodent’s brain [3, 4]. To overcome anesthesia’s potential biases on brain processes,

approaches have been developed, mainly focusing on micro-PET devices [5, 6, 7, 8]. A complementary approach
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consists in using 7 sensitive implantable microprobes [9]. This kind of device takes advantage of its in situ position
and good sensitivity to provide images of a radiotracer’s distribution in the implanted structures based on a direct
detection of positrons. This allows to generate reliable time activity curves based on local measurements and
provides precious information about the molecular exchanges in the brain.

Various types of 87 sensitive microprobes using passive pixels have been developed in the past [10, 11, 12, 13] but
had some noticeable drawbacks. Among them, a non-negligible sensitivity to -rays as well as a high contribution
of background noise. Considering these limitations, Monolithic Active Pixel Sensors (MAPS) appear to provide a
powerful approach for such instruments as the amplification and the signal conversion are integrated within the pixel,
thus reducing the noise and increasing the sensitivity. Furthermore, the low density of the silicon combined with the
limited sensitive thickness allows to significantly reduce the y-ray sensitivity [9]. Finally, previous studies have shown
that such a sensor features low energy dissipation, which makes it compatible with an in vivo implantation [14, 15].

This paper describes the physical characterization of IMIC (Imageur Moléculaire Intra Cérébral), a MAPS array
developed for rat brain imaging. It is available in five configurations, which differ in terms of active layer thicknesses
as well as in the CMOS processes used for their fabrication. These variations were introduced in order to optimize

the charge collection and the sensitivity, aiming to improve their overall performances.

2. Material & methods

2.1. IMIC sensor description

2.1.1. General characteristics

The MAPSSIC probe relies on two 610 pm wide, 14700 pm long and 200 pm thick MAPS called IMIC [9, 14, 15].
The pixel front-end is derived from the ALPIDE chip developed for the ALICE experiment at the CERN Large
Hadron Collider [16]. The sensitive area contains 16 x 128 pixels of dimensions 30 pm x 50 pm separated in the
middle by a 14.73 pm vertical gap accommodating the digital part driving the readout of the pixels. The pixel
array is surrounded by a non sensitive silicon area of around 45 pm to 60 pm on the left and right sides and
80 pm at the bottom end of the sensor, enclosed by a guard ring. An approximately 10 pm thick CMOS electronic
precedes the epitaxial layer that acts as a particle detector. All pixels use a binary readout (1 bit) of hits passing
a globally set energy threshold. The readout of the matrix is done in a rolling shutter manner with an adjustable
readout frequency. The integration time can vary from 600 ps to 65 s in the current configuration. A pulse injection
capacitor allows to make test charge injections in the input of the front-end’s electrodes [16, 17] with an uncertainty
of 2.7 % determined by the post-layout simulations. Finally, a backside layer of around 150 pm of silicon substrate
ensures the mechanical robustness of the sensors. The resulting MAPSSIC probe is made out of two IMIC sensors
that are glued back to back and thus has a thickness of less than 450 pm. This two-sensor assembling allows to
double the sensitivity of a given probe while recording an information that is not confined only to 180°. On top of
that, it ensures a better mechanical robustness of the probe as it doubles the overall thickness. This paper will not

discuss measurements on the two-sensor probe but rather on the single-sensor IMIC.
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2.1.2. IMIC configurations

The sensors were designed in five different configurations that vary, in terms of epitaxial layer thicknesses, from
25 pm for the standard sensor (IMIC-a) and 50 pm for some modified ones (IMIC-b). Doubling the epitaxial
layer thickness was introduced in order to study the potential gains in sensitivity, especially by increasing the
detection efficiency of particles entering the sensitive layer from the lateral edges of the sensors. In addition to
the variations in epitaxial layer thicknesses, the sensors also differ due to modifications of the CMOS process
used for their fabrication [18]. These variations were introduced in order to maximize the charge collection. The
modifications of the CMOS process were also meant to increase the radiation hardness of the MAPS which is
relevant for applications in high-energy physics. However, the radiation hardness should not be a limiting factor for
neuroimaging applications even in longitudinal studies which consist in repeated measurements to follow particular
individuals over prolonged periods of time, as the activities used should be fairly low (around 10 MBq).

The standard CMOS process and the modifications introduced are shown in figure 1 (illustrations derived
from [18]). In the standard configuration, the depletion zone is not fully extended laterally in the epitaxial layer
between deep p-well and substrate. This effectively creates a gap between pixels that can cause a loss in sensitivity
due to a part of charge which will be collected by slow diffusion instead of drift in the depleted region. To overcome
this issue, the addition of a deep low-dose n-type implant has been introduced (figures 1.b and 1.c) to help create
a full depletion of the epitaxial layer thanks to a planar junction under the collection electrode. This extends the
depleted zone over the full pixel area in depth as well as laterally, regardless of the reverse bias used.

Although charges can be created anywhere in the epitaxial layer, their collection depends on the direction and
magnitude of the electric field [18]. A uniform and high electric field is indeed a key to avoid charge diffusion that
causes charge sharing and would ultimately mean a loss in sensitivity. This is due to the fact that even though the
energy lost by a given particle is supposedly higher than the pixel threshold globally set, if charge sharing occurs,
the amount of charge collected by each pixel electrode may fall below the threshold. As a result, no pixel is activated
despite the energy initially deposited being enough to trigger a detection. This is particularly problematic as the
energy range of incoming positrons is continuous. As showed in a previous Monte Carlo study on a sensor with the
same architecture and comparable sensitive layer thickness [9], the energy loss spectrum for 8F is expected to be
up to 100 keV with a most probable energy loss being below 7 keV. In such a sensor, the interaction of a particle
in the sensitive layer usually leads to the activation of not one but a group of pixels called cluster (figure 1.d).
The number of activated pixels and therefore the size of the clusters is greatly influenced by the electric field. For
instance, a weak electric field will induce the activation of more pixels for a given recorded event resulting in larger
clusters. This will make the event identification more difficult and error prone at high count rates due to pile-up,
with the binary readout on 1 bit used to satisfy space constraints and to limit the power consumption down to
55 nW /pixel according to simulations [14]. At high count rate, there can be an accumulation of counts on pixels

that have already been activated during the integration. Because of the binary readout, such pixels cannot give
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information about additional events thus complicating the identification of events. The pile-up probability increases
with the size of the clusters.

A major contributing factor to the charge sharing for sensors using a small collection electrode, such as IMIC,
is the non-uniformity of the electric fields [18, 19], dropping to a minimum value at the pixel corners close to the
aforementioned deep planar junction. This is due to a weak lateral electric field compared to the potential difference
between the N-implant and the backside P-substrate. Figures 1.b and 1.c show two different approaches to increase
the lateral electric field at the pixel borders: the process modification #2 (figure 1.b) involves the creation of a gap
in the deep n-implant while the process modification #3 (figure 1.c), introduces an additional deeply buried p-type
implant (deep p-well) at the pixel border. These modifications in the CMOS process aim to ensure a better drive of
the charges towards the collection electrodes, reducing the drift path and the charge sharing. The first three rows

of table 1 reference the five IMIC configurations and their respective characteristics.

2.2. Measurements

All measurements were performed on single IMIC sensors in a light shielding and constant climate chamber. A
setup was built in order to perform measurements using a sealed radioactive source in the same conditions regardless
of the studied IMIC configuration. It was composed of a test PCB to which the single sensor was connected. A
source holder was then fixed on the PCB in order to set an invariant position of the source providing a uniform
irradiation of the sensors (figure 2) as all PCBs and source holders used were identical to the sub-milimeter. The
IMIC sensors were mechanically placed in the same position on each PCB. The source was placed in the same
position and could not move around or rotate as it was tightly fixed. Finally, the 3 mm active diameter of the
source considerably reduces the effect of any sub-milimetric variation in the set up positions. The temperature of

the setup was fixed to 38.5°C, as it is the maximum brain temperature expected for rats [20] when stimulated.

2.2.1. Parameter settings

The pixel front-end biasing currents and voltages are provided by 14 internal programmable DACs and are
common for all pixels in the array. Before operating the sensor, the correct range of biasing signals needed to be
determined. For that, post layout electrical simulations allowed to have nominal values for all parameters. These
values were set separately for each IMIC configuration and reverse bias as they affect the operating points of the
front end. The parameter that regulates the energy loss threshold [21], was fine tuned around the initial value
provided by simulations. The energy loss threshold, which will be referred to as ”energy threshold” for simplicity,
is the energy that needs to be deposited in a pixel to trigger its activation with a probability of 50 %. The tuning
was done using injections of about 350 electrons into the pixels using the internal injection system, while varying
the parameter value, thus, the energy thresholds. This allowed, for a given configuration and reverse bias voltage,
to determine a range of achievable energy thresholds with which the sensor is able to correctly respond to such

injections. The range includes a minimum threshold for noise-free operation as well as a maximum threshold set
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between 1 keV to 1.5 keV which corresponds to our goal in order to maximize the overall sensitivity as well as the
BT/ sensitivity ratio. A second phase consisted of a series of noise measurements without any radiation source in
this range of energy thresholds for background determination. As the energy threshold level has a big influence for
the pixel activation, it was the subject of a deep study. Therefore, the performances of each IMIC were compared
using several energy threshold values chosen within the range of achievable thresholds determined previously. This
allowed to study if this crucial parameter can be optimized to maximize the sensor’s performance.

2.2.2. Background

The background noise was measured as the number of clusters activated during multiple hours of integration
without any source of radiation for each IMIC configuration. These measurements were performed using no reverse
bias (reverse bias of 0 V) and the lowest threshold achievable.

2.2.3. Threshold

In order to determine the average energy threshold value of the sensor, a variable amount of charges was injected
to the front-end of 10 % of the pixels [22], applying reverse bias voltages from 0 V to 2 V to the substrate. The
process was repeated 10 times for every pixel injected. The energy threshold E,p, was determined as the charge,
that induces a pixel activation with a probability of 50 % as from the s-curve on each pixel’s activation probability
using a logistic regression method. In order to use a unit that is more indicative for the use of the probe, the
deposited charge is converted to absorbed energy, considering 3.67 eV are needed to create an electron-hole pair
in silicon at room temperature [23]. Additionally, the average individual pixel equivalent noise charge (ENC) was
determined for each IMIC, energy threshold and reverse bias.

2.2.4. Performance measurements

A short integration time of 1 ms was chosen to limit the number of events recorded in each frame in order to
minimize the pile-up probability.

Source measurements for a comparative study between different IMIC configurations were performed using a
sealed 2°4T1 source (whose energy spectrum is close to '8F positron one: 37, maximum energy: 0.764 MeV) of
3 mm active diameter placed at a distance of 14.3 mm from the probe. The influence of both the threshold and
the reverse bias on the sensors’ performance was studied since these two parameters are of great importance in
the MAPS technology. To assess these performances, particular attention was paid to two crucial metrics: the
sensitivity and the average cluster size. In this paper, the count rate (defined as the number of activated clusters)

is used as an observable that scales with the sensitivity.

3. Results
3.1. Background

Table 1 shows the result of the background measurements, in clusters per second, for all types of IMIC with
the lowest threshold setting available. All sensor configurations display a low background noise recording less than

10 x 1073 cps.
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3.2. Threshold

Figure 3 shows the mean activation probability as a function of the injected charge for IMIC-1a at 0 V. The chart
also displays the corresponding histogram of the individual pixel-threshold distribution. A Poissonian distribution is
noticeable with only a handful of pixels having a slightly higher energy threshold. Table 2 shows the threshold range
for each IMIC configuration. For all sensor configurations, the energy threshold is under 1.2 keV. The threshold
level gradually decreases when a higher reverse bias is applied for IMIC-1a. However, for all sensors with a modified
CMOS process, the increase of the reverse bias systematically induces an increase of the energy threshold level. The
standard deviation of the individual pixel-threshold histogram for each sensor varies for all IMIC configurations
from around 30 eV to 100 eV and is displayed in table 2.

Table 2 displays the average ENC for each IMIC and figure 4 shows it for IMIC-1a versus energy threshold.
For all sensors the ENC decreases as the energy threshold increases. No clear trend is observed when studying the
influence of the reverse bias on the ENC even though at low threshold, a 2 V reverse bias induces an increase of

around 12 % of the ENC.

8.8. Performance measurement
3.83.1. Energy threshold influence

Figure 5 shows the variation of the sensitivity and cluster size with the energy threshold for IMIC-1a at three
reverse biases. As shown by the fits, the sensitivity appears to decrease linearly with the threshold. A lower
threshold level has a slight and linear impact on the IMIC-1a sensor sensitivity inducing at best a 3.1 % increase in
sensitivity compared with the highest threshold value available. The same goes for IMIC-2b, IMIC-3a and 3b for
which a decrease in the threshold value permits an increase of the sensitivity by up to 5 %, 2 % and 2 %, respectively.
Finally, IMIC-2a appears to have a more stable sensitivity response across its range of energy threshold values with
an increase of less than 1 % at low threshold. Figure 6 shows indeed a very different impact of the threshold on
the sensitivity between IMIC-1a and IMIC-2a. Despite the noted gain in sensitivity, the performance of the sensors
in terms of cluster size are more altered by the decrease of the threshold. The average cluster size exponentially
increases as the threshold value gets lower with a drop of 19 % to 33 % for IMIC-1a, 13 % for IMIC-2a, 11 % to 14 %
for IMIC-2b, 8 % for IMIC-3a and 12 % to 15 % for IMIC-3b. The dependency of the cluster size on the energy
threshold is also illustrated in figure 6 showing the variation in the distribution of the cluster size at three energy
threshold levels for IMIC-1a and IMIC-2a. The increase of the threshold has indeed more impact for IMIC-1a as it
helps suppressing an important part of charges collected through diffusion whereas IMIC-2b mainly relies on charge

drift even at low threshold thanks to an optimized electric field.

3.3.2. Reverse bias influence
Variations in performances are shown in figure 5 for the standard IMIC configuration (IMIC-1a). The increase
of the reverse bias induces an increase in sensitivity. For instance, while a reverse bias of 1 V allows a marginal

gain compared to the 0 V bias (around 1 % on average across the threshold range), the gain in sensitivity at 2 V is
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greater (4 % going from 1 V to 2 V). This increase in sensitivity is also followed by a decrease of 24 % in the average
cluster size. However, when studying other sensor configurations (Table 2), while the same behavior is observed
in terms of average cluster size reduction, no clear gain in sensitivity is induced by an increased reverse bias. For
IMIC-2b and IMIC-3b for instance, a slight drop in sensitivity of 4 % and 3 %, respectively is noted for the lowest
threshold configuration. For all IMIC configurations, an increase of the reverse bias provides better performances
in terms of cluster size (table 2), hence reducing the pile-up probability. At 2 V, the IMIC-1a shows a reduction
of 22 % compared to 0 V bias and 13 % to 1 V, respectively. Furthermore, the IMIC-2a displays a cluster size
reduction of 4 % on average using a 1 V reverse bias while the IMIC-2b allows a maximum cluster size decrease of
around 10 %. Finally, IMIC-3a allows to reduce the average cluster size by 13 % at best, and IMIC-3b enables a

9 % reduction.

3.8.8. IMIC sensor comparison

Table 2 shows the variations in sensitivity and cluster size for various energy thresholds and reverse bias values
for each IMIC configuration.

An increase in sensitivity up to 7 % is seen for sensors with modified CMOS process and a 25 pm epitaxial layer
(IMIC-2a and IMIC-3a) and up to 12 % for sensors with a 50 pm epitaxial layer (IMIC-2b and IMIC-3b) compared
to the IMIC-1a. Additionally, changes of the threshold value tend to have a greater impact on the sensitivity for
IMIC-1a compared to the others as shown by the color map in figure 6. The best performances in terms of average
cluster size are achieved with modified sensors having a 25 pum epitaxial layer (IMIC 2a and IMIC 3a) thanks to a
reduced drift path and an optimized charge collection. Figure 6 shows the distribution of the cluster size for IMIC-
la and IMIC-2a, which induce respectively the largest and the smallest cluster sizes on average. A clear difference
is observed as IMIC-1a displays a wider distribution of cluster size while IMIC-2a provides a narrower one, with
a majority of clusters composed of one to two pixels. The increase of the energy threshold allows to significantly
reduce the cluster size for IMIC-1a and get closer to the performances achieved by IMIC-2a, which is less affected
by such a change. IMIC-2a and IMIC-3a allow for a reduction of 51 % to 64 % of the average cluster size, limiting
considerably the pile-up probability. Although sensors with a 50 pum epitaxial layer have smaller clusters on average
than IMIC-1a (reduction of 20 % to 28 % at best), they still show larger clusters compared to IMIC-2a and 3a due
to the longer path needed for the collection of the charges as they can be created deeper in the epitaxial layer, thus
facilitating charge sharing between pixels.

Finally, the minimal energy threshold achieved for each IMIC configuration seems to have a little impact on
the differences seen between sensors both in terms of sensitivity and cluster size as shown by table 2. IMIC-1a
has the lowest sensitivity of all sensors despite displaying the lower energy threshold regardless of the reverse bias.
On the other hand, IMIC-3b provides by far the highest sensitivity despite having among the highest minimal
energy threshold both at 0 V and 1 V. The results show that the impact of the minimal energy threshold on the

sensitivity is outweighed by other contributing factors such as the CMOS process or the epitaxial layer thickness.
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The same observation can be made about the cluster size as IMIC-2b and IMIC-3b induce significantly larger clusters
compared to IMIC-2a and IMIC-3a respectively which have the same CMOS processes and similar thresholds but

thinner epitaxial layers.
4. Discussion

Given that in in vivo conditions, the signal is expected to be around few events per seconds in pharmacological
studies to approximately a hundred events per seconds in physiological studies [9], the background noise exhibited
by all the configurations of IMIC, being 3 to 5 orders of magnitude smaller, is considered to be acceptable.

The energy threshold study that was carried out confirms that the parameters set up for IMIC sensors are in
good agreement with a low energy threshold goal well below 1.5 keV per pixel. The ENC is higher than the one
measured in previous studies [17] though it is still one order of magnitude smaller than the thresholds actually
measured. The ENC decreases as the energy threshold increases. Furthermore, for IMIC-1a, results from source
measurements show that the higher the reverse bias, the better the performances, hence insuring a maximization
of the sensitivity and a limitation of the pile-up probability. On the other hand, no gain in sensitivity is noted for
increased reverse bias on sensors with a modified CMOS process. This can be due to an increase in the average
energy threshold when biasing these sensors with 1 V. This change in the average energy threshold value either
mitigates (IMIC 2a and 3a) and even outweighs (IMIC 2b and 3b) the gain provided by the better charge collection
at 1 V resulting in a stagnating or dropping sensitivity. This shows that the charge collection is the main factor of
improvement when the reverse bias is increased. Furthermore, as the charge collection is dominated by the charge
drift for sensors with a modified CMOS process, the increase of the reverse bias only marginally improves the charge
collection as it is already optimized. On the other hand, standard sensors greatly benefit from an increased reverse
bias as it limits the charge diffusion and favors the drift. Finally, previous studies have shown that the reverse bias
should be higher (up to 6 V) to provide bigger gains in sensitivity [24]. This is also confirmed by the notable gain
provided by the use of a 2 V reverse bias with the IMIC-1a. However, for reverse biases from 2 V to 6 V, it was not
possible to determine a range of suitable pixel parameters with the modified CMOS process IMIC sensors. This
issue is currently under study. Nevertheless, the increase of the reverse bias has a positive effect on the average
cluster size for all tested reverse-bias voltages, which is also shown in previous studies [25].

Results both in terms of sensitivity and average cluster size show improved performances with the modified
sensors compared to the standard IMIC-1a. Despite a unique sensor geometry, these results are in agreement with
previous studies [18, 24, 26] carried out on sensors used for high energy particle detection. The aforementioned
studies show similar gains with modified CMOS processes demonstrating significantly better performances than the
standard ones, especially at low reverse biases (0 V). These performances are caused by a fully depleted epitaxial
layer as well as a better charge collection based on charge drift and the limitation of slow diffusion. However, in

contrast to the cited studies, a slight difference in performances between sensors with the modified CMOS processes
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#2 and #3 can be noted. Sensors with the modified CMOS process #2 (IMIC 2a and 2b) show indeed a lower
sensitivity and a slightly smaller cluster size on average compared to the modified CMOS process #3 (IMIC 3a and
3b) despite slightly lower energy thresholds. These comparative measurements show that choosing the best suited
IMIC configuration will depend on the expected in vivo conditions. For instance, if a low count rate is expected,
one should rather rely on 50 pm epitaxial layer sensors such as IMIC-2b and IMIC-3b as these will help maximizing
the sensitivity. This should particularly be the case in pharmacological studies [27]. As shown in a previous study,
having a 50 pm epitaxial layer will only marginally increase the proportion of gamma rays to the total sensitivity
by less than 3 % [9]. On the other hand, if the count rate is expected to be high, like in physiological studies for
instance, IMIC-2a and IMIC-3a appear to be better alternatives as they will notably limit the pile-up probability.
The same trade-off arises when trying to optimize the energy threshold as a low threshold will increase both the

sensitivity and the cluster size and, consequently, the pile-up probability.

Conclusion

A new version of IMIC, a monolithic active pixel sensor was produced in five different configurations. Mea-
surements performed with a sealed 8~ radioactive source as well as charge injections have shown that such a
sensor is capable of recording a signal based on the detection of low energy charged particles. Optimization of
the aforementioned detection proved to be possible through a trade-off between increased sensitivity and limited
pile-up probability. Furthermore, the experimental validation carried out have also allowed to validate the gains in

performances induced by modifications in the CMOS process.
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Figure 1: Schematic cross section (not to scale) of three CMOS processes with a small collection electrode. a) Standard CMOS
process, b) Modified CMOS process #2 with a gap in the deep n-implant, ¢) Modified CMOS process #3 with an additional deeply
buried p-type implant (deep p-well). The arrows show the electric field lines around the gap/p-type implants. d) Single frame composed
of 128 x 16 pixels clearly showing three different clusters resulting from the interaction of 8~ particles from a 294T1I source.
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Figure 2: Pictures of the experimental setup for measurements with a sealed source. a) Test PCB mounted with the source holder
and a 294T1 source in place. b) Test PCB mounted with the source holder with no source in place showing the IMIC. c) Picture of the

IMIC showing the pixel array and the bonding pads.

10



T
1.0 A Energy 1.0
[ threshold
histogram
Mean pixel
> 0.8 1 response - 0.8
= 0
= -== Etnr 2
g S
o (@]
o 0.6 0.6 L
—_
©
Q )
g - N
2 1 ©
0.4 4 1 0.4
S | :
= ! )
g i =
0.2 - : - 0.2
1
1
1
1
0.0 ! 0.0
200 400 600 800 1000

Energy (eV)

Figure 3: Blue line: Average pixel activation probability as a function of the injected charge for IMIC-1a associated with the 16t and
84" quantiles (light blue). Bars: individual pixel energy threshold distribution for all the 2048 pixels of the IMIC 1-a. Dotted red line:
Average energy threshold of the IMIC-1a for the given set of parameters.
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Figure 4: Average ENC as a function of the energy threshold for IMIC-1a at 3 reverse biases. Uncertainty bars are the propagated
uncertainties on absolute value of charge injection.
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Figure 5: Left: Sensitivity as a function of the energy threshold for IMIC-la at 3 reverse biases. Uncertainty bars showing the
standard deviation assuming a Poissonian distribution. Lines show a linear fit corresponding to the data. Right: Average cluster size as
a function of the energy threshold for IMIC-1a at 3 reverse biases (in logarithmic scale). Uncertainty bars show the standard deviation
on the mean. Lines show the exponential fits corresponding to the data.
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Figure 6: Violin plot showing the distribution of the cluster size at three energy thresholds for IMIC-1a (left semi-violins) and IMIC-2a
(right semi-violins). For each distribution (semi-violins), the lower and the upper short dashed lines represent the first and third quartile
respectively and the long dashed line in between represents the median. For the IMIC-2a, (right semi-violins) the first quartile is so
low that it is actually confounded with the edge of the distribution. The color palette shows the variation of the sensitivity for these
threshold values.
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IMIC Configuration la 2a 2b 3a 3b
Gap Gap Deep p-well Deep p-well
CMOS process Standard
P e (#2) (#2) (#3) (#3)
Epitaxial layer thickness (pm) 25 25 50 25 50
Background (x 1072 cps) 1.09 £ 0.10 1.70 £0.47 4.30 £0.66 2.10 £0.46 7.50 £+ 0.87

Table 1: Detailed characteristics and background noise count rate in counts (clusters) per second per sensor for each IMIC configura-

tions.

Ener Energy
IMIC Reverse threshol dgr)"an o threshold Average Mean count Average cluster
Config. bias & std dev. ENC (e”) rate (cps) size (pixels)
(eV) (eV)

ov 853 £6-373 £3 82 - 36 19-24 159.5 - 164.5 4.5-6.7
la 1V 804 +£7-370 £ 3 97 - 36 20 - 23 161.4 - 165.9 4.5-6.1
2V 696 £ 7-382 + 3 96 - 36 21-25 168.0 - 170.9 4.2-5.2
9 0oV 849 £ 7-397 £ 3 101 - 45 18 - 25 168.2 - 168.9 2.2-24
& 1V 1037 £5-514 £ 4 70 - 52 15 - 22 168.7 - 168.5 2.1-24
o 0oV 960 £ 5-531 £ 4 74 - 51 16 - 21 170.5 - 174.1 4.2 - 4.93
1V 1176 + 4 - 665 + 6 59 - 79 20 - 32 164.1 - 171.6 3.9-44
3 0oV 1077 £ 4-670 £ 6 57 - 90 16 - 33 170.8 - 174.1 2.3-25
& 1V 1212 £ 4 - 1167 £ 4 57 - 62 15-15 1724 - 175.0 2.2-22
3b 0oV 1028 = 5-546 + 5 76 - 68 16 - 23 178.4 - 178.6 4.6 -5.4
1V 1226 + 6 - 856 £ 7 85 - 103 20 - 21 172.3 - 174.9 4.3-4.9

Table 2: Table of the performances in terms of sensitivity and cluster size using a 294T1 sealed source as a function of the threshold
and reverse bias used for all the IMIC configurations. The sensitivity and cluster size values presented correspond to the lowest and
highest values of the achievable energy thresholds.
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