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Monolithic Active Pixel Sensors (MAPS) represent one of the most promising technologies
for the next generation of radiation detectors. The ARCADIA project aims at the
development of Fully Depleted (FD) MAPS employing a production process compatible
with a 110 nm commercial CMOS technology. The first engineering run of the project
included matrices of active pixels with embedded analog and digital frontend electronics
and passive test structures such as passive pixel arrays, MOS capacitors and backside
diodes. Although the produced samples were already characterized from the electrical
point of view, a thorough study of the charge collection dynamics of the passive pixel arrays
was still missing. In this paper we show the results of the dynamic characterization of a
group of passive pixel arrays with different pixel pitches (50, 25 and 10 μm) and different
pixel layouts. The tested samples have been illuminated from the backside with an infrared
and a red laser with wavelengths equal to 1,060 nm and 660 nm, respectively. The pixel
arrays have been mounted on a custom readout PCB connected to an external amplifier
with 1 GHz bandwidth and the signals have been acquired through a fast digital
oscilloscope. We employed both focused and unfocused laser spots to evaluate the
change in the measured signal as a function of the laser spot position and the average
response of the pixel arrays. An excellent agreement has been demonstrated by
comparing the measured signals with the results of transient TCAD simulations and a
time for 50% charge collection of 7.8, 4.2 and 2.6 ns has been predicted and
experimentally validated in pixels with 50, 25 and 10 μm pitch, respectively.
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1 INTRODUCTION

Several R&D projects are currently involved with the development of MAPS and follow alternative
approaches trying to meet the increasingly demanding requirements in terms of performances set by
the new generation of High Energy Physics (HEP) experiments and novel space and medical
applications, while reducing the overall cost of the detector system [1–3]. The upgrade of the ALICE
inner tracking system (ITS) represents the first large scale (10 m2) example of the use of MAPS in
HEP [4]. One of the main advantage of MAPS with respect to traditional hybrid detectors consists in
the absence of the need for the bump bonding process, leading to a decrease in the assembly costs and
avoiding any possible bonding related issue. On the other hand, the presence of the embedded
electronics on the same silicon substrate of the sensing elements poses some challenges in the way the
reverse bias voltage can be applied to reach the substrate full depletion and thus in the use of the drift
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mechanism for charge collection. The development of MAPS able
to exploit drift as the main charge collection mechanism
represents the evolution of the first detector generation
employed in the ALICE ITS, where the charge collection was
dominated by the slower diffusion mechanism [4, 5]. In addition
to the faster charge collection, this new sensor technology shows
an improved radiation hardness and thus becomes attractive also
for other applications, which involve higher radiation doses [6, 7].
The limit on the maximum voltage, that can be applied from the
chip frontside to reach the sensor substrate depletion, represents
the main limitation of this technology preventing the full
depletion of thick silicon substrates. Alternative approaches for
the realization of FD MAPS have been proposed in [8, 9]. In the
first case, the devices are fabricated using a HV-CMOS
production process, that is able to grant a depletion depth of
several hundreds of micrometers at the cost of a large pixel
capacitance. In the latter case, monolithic sensors are produced
following the Silicon On Insulator (SOI) concept, where two
silicon layers, hosting the embedded electronics and the sensing
elements, respectively, are connected through an interposed
buried oxide layer. Even though the two silicon layers can be
optimized independently and thick high resistivity silicon layers
can be properly depleted, the devices are affected by charge
accumulation in the buried oxide layer. As a consequence, a
specific design is needed to deal with this effect implying the use
of a complex production process [10].

Trying to provide an alternative solution based on the
approach proposed in [11], the goal of the ARCADIA project
is the development of FDMAPS employing a commercial 110 nm
CMOS production process, targeting medical imaging, HEP and
space applications. Preliminary TCAD simulations have been
performed in order to evaluate the possible sensor design
solutions and select the most promising layouts in test
structures [12–14]. The passive pixel arrays included in the
first engineering run of the ARCADIA project have been
characterized from the electrical point of view, extracting the
operating voltage range and the pixel capacitance values for the
different pixel pitches and layouts. We show in this work the
results of the dynamic characterization of a group of passive
pixel arrays with 50, 25 and 10 μm pixel pitch, that were
backside illuminated with sub-nanosecond pulsed IR
(1,060 nm) and red (660 nm) lasers, and we compare them
with the results of transient TCAD simulations performed on
single pixel 3D domains. In an analogous way, we compare the
signals obtained from three pixel arrays with 50 μm pixel pitch
and different pixel layouts with the corresponding TCAD
simulation results to evaluate the layout effect on the
charge collection speed. A focused laser spot has been
employed to perform scans of the matrix areas and get
information on the signal dependence on the laser spot
position and we report an example of the obtained signal
maps in the paper.

The paper is organized as follows: the TCAD simulation
domains and physical models and the characteristics of the
laser optical system used for the pixel array characterization
are described in Section 2; in Section 3 we report a
comparison of the experimental and simulation results and we

show an example of the acquired signal maps; finally, we draw our
conclusions in Section 4.

2 MATERIALS AND METHODS

2.1 TCAD Simulations
TCAD simulations were performed with Synopsys Sentaurus to
investigate the main characteristics of the different pixel pitches
and select the most promising pixel layouts in terms of operating
voltage range, pixel capacitance and charge collection speed, and
the results were reported in [12]. The different pixel layouts
correspond to different sizes of the frontside p- and n-type
implants, which impact significantly the pixel capacitance and
the shape of the electric field in the region below the frontside
surface and, as a consequence, the charge collection speed. To
model the frontside implants we used in the simulations the
doping profiles that were provided by the foundry.

In the transient simulations we employed 3D domains
composed of a single pixel with 50, 25 or 10 μm pitch and a
substrate thickness equal to 100 μm. A schematic cross section of
a single pixel is reported in Figure 1A. Figure 1B represents an
example of a 3D simulation domain with a pixel size of 50 μm. A
n-type epitaxial layer with higher doping concentration (yellow
region) grown on top of a high resistivity n-type silicon substrate
is used to delay the onset of the punch through currents between
the frontside and the backside p-type implants (blue regions). The
red region represents the central n-type sensor node, which is
surrounded by the pwell and deep pwell, shown in blue and light
blue, respectively, where the conditioning electronics can be
hosted. A schematic cross section of the domain extracted at
the pixel center is reported in Figure 1C, where it is possible to
observe the electric field map and the electric field lines for an
applied voltage bias of −22 V. Looking at the shape of the field
lines below the pwell, it is evident that the charges generated in
the regions at the pixel edges follow a longer path to reach the
collection electrode. This results in a slower charge collection
speed for the charges generated farther from the pixel center and
produces a tail in the signal. Decreasing the pixel size speeds up
the charge collection as the electric field lines are straighter at the
pixel edges and the electric field is higher. The pixel layout
influences the charge collection dynamics as well since the
electric field shape depends on the dimensions of the frontside
p-type and n-type implants. In Section 3.1we report the results of
the TCAD simulations performed on single pixel domains with
three different pixel pitches equal to 50, 25 and 10 μm and three
layouts of the 50 μm pixel. The three considered layouts for the
50 μm pixel correspond to the pixel layout 1), which has a
medium size of the n-type collection electrode, to the
minimum capacitance layout 2) with a smaller nwell size and
a larger pwell width, and finally to the layout with improved
charge collection speed 3), which is similar to the layout 1 with a
larger nwell width. Layouts 1 and 3 have the same area available
for the in-pixel electronics, while in layout 2 the available area is
slightly larger. The layout of the 25 μm pixels features smaller
nwell and pwell sizes and, finally, the 10 μm pixels are
characterized by the smallest n-type sensor node and pwell width.
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In the simulations we employed the Shockley Read Hall
recombination model and we left the physical parameters
describing the silicon substrate to the default values, except for
the carrier lifetimes that were set to typical values for this
technology. The transient simulations were performed to
predict the sensor response to a monochromatic light source
with a wavelength equal to 660 nm (red) or 1,060 nm (IR), that
illuminates the sensor from the backside surface. The considered
illumination window covers the whole backside pixel area and
therefore the signal collected by the sensor node comprises the
charge contributions generated in all pixel regions. This results in
the presence of a signal tail representing the slower collection of
the charges generated at the pixel edges. The optical generation
was computed considering a photon absorption model described
by Beer’s law. The optical generation profile was evaluated along
the direction of propagation of the incident light beam inside the
simulation domain. We considered an uniform and constant
illumination inside the illumination window, covering the whole
pixel area, and incident orthogonally to the backside surface. A
Gaussian time dependence with a pulse duration of about 100 ps
FWHM was specified for the light pulse.

The following bias scheme has been employed in the
performed simulations: a voltage equal to 0.8 V is applied to
the collection electrode, the pwell electrode represents the ground
reference at 0 V and a negative voltage bias of −22V, or −32 V in
the case of the 10 μmpitch pixel, is used to fully deplete the sensor
substrate from the backside p+ electrode.

From the simulations we obtained the temporal evolution of
the current collected by the sensor node and we compared these
signals with the ones obtained experimentally from pixel arrays
with same pixel pitch and layout.

2.2 Laser Characterization
The selected pixel layouts were included as test structures in the
first engineering run as a group of passive pixel arrays with an
area equal to 500 × 500 μm2. A preliminary set of measurements
was performed at the probe station to determine experimentally
from the IV characteristics the operating voltage range between
the voltages needed to reach full depletion and the onset of the
punch through. We extracted depletion voltages (Vdepl) in the
order of -10 V and punch through voltages (VPT) around -20 V

from the IV curves of the arrays with 50 and 25 μm pixel pitch.
Higher values for Vdepl and VPT equal to −24 V and −30 V were
obtained for the matrix with 10 μm pixels. CV measurements
were performed as well to estimate the pixel capacitance and
compare them with simulation results. The preliminary results of
the electrical characterization of the passive pixel arrays are
reported in [15]. Table 1 contains the measured full depletion
and punch-through voltages and the pixel capacitance in full
depletion condition extracted from TCAD simulations for an
applied nwell voltage of 0.8 V.

Once the operating voltage ranges were assessed, proving the
proper functionality of the chips, we bonded the passive pixel
arrays on custom passive PCBs through wire bonding to enable
the sensor characterization in the optical setup shown in Figure 2.
The setup is composed of an optical system, where the laser spot
position can be controlled along the three principal axis
directions. In particular, two stepper motors move the spot on
the plane parallel to the focal plane and the motion in the third
direction can be manually controlled with a maneuvering screw.
A metal box shields the board with the tested sample and the
external commercial amplifier from the electromagnetic noise.
All the measurements are performed in a darkened box to
suppress the noise due to the environmental light.

The optical test signal is provided by a laser diode with a pulse
width of 100 ps (FWHM) for the IR and 350 ps for the red laser.
The laser light is launched into the focusing system from a single-
mode optical fiber coupled to an achromatic collimator. The light
then travels to a 2 inches beam expander followed by a
90–10 beam splitter crystal. From the beam splitter, 90% of
the light goes to a plano-convex lens with a focal length of

FIGURE 1 | (A) Schematic cross section of an ARCADIA pixel (B) 3D TCAD simulation domain for the 50 μm pixel with layout 1. (C) Cross section of the domain
showing the electric field together with the field lines in correspondence of the cut plane represented by the dashed orange line.

TABLE 1 | Experimental full depletion (Vdepl) and punch-through (VPT) voltages and
simulated pixel capacitance (Cpix) for the considered pixel pitches and layouts.

Pitch 10 25 50

Layout 1 1 1 2 3

Vdepl [V] −24 −14 −10 −12 −16
VPT [V] −30 −19 −21 −18 −21
Cpix [fF] 1.9 3 12.7 2.6 18.5
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100 mm and reaches the focal plane where the sensor surface is
placed. Pictures of the tested sample can be acquired by a camera,
coaxial with the optical column, with tunable focal length and
equipped with a beam expander with visible light coating. A
commercial charge amplifier (MiniCircuits ZFL-1000LM) with
23 dB gain and 1 GHz bandwidth is connected to the PCB and the
amplified signal is acquired with a Tektronix Mixed Domain
Oscilloscope with 1 GHz bandwidth (Tektronix MDO3102).

The sensors are backside illuminated through a hole in the
holder PCBs with either a focused or an unfocused laser spot. In
the first case, the charge generation is confined within a small
silicon volume, since we estimated a laser spot diameter in the
order of 10 μm at FWHM. This enables the evaluation of the pixel
response as a function of the laser spot position performing scans
over the pixel matrices. In the latter case, the light covers most of
the matrix area and thus we obtain a signal that is the sum of the
contributions related to collection of the charges generated in
different positions over the whole pixel area. We use a motor step
size of 10 μm or 5 μm in the scans, depending both on the
resolution and total size of the observed device area.

3 RESULTS

3.1 Pixel Dynamic Response
An unfocused IR laser spot was used to obtain the response of
a significant portion of the pixel matrix, providing a uniform
signal generation within the area of each pixel. According to
TCAD simulations, the fastest signal component is due to the

collection of the charges generated in the region below the
n-type sensor node. On the contrary, the charges generated at
the edge between two adjacent pixels and at the corner among
four pixels represent the slower contribution associated to the
signal tail. The tested devices come from a wafer with a silicon
substrate thickness of 100 μm and were compared with the
results of simulations. In order to investigate the effect of the
applied reverse bias voltage (Vbias) on the signal evolution, we
performed measurements on the pixel matrices varying Vbias

in a voltage range that starts below Vdepl and ends above VPT.
The punch through voltage does not represent an absolute
limit to the applicable bias voltage since the punch through
current is still in the nA range with a Vbias exceeding VPT by
several volts [15]. For this reason, we can apply a voltage
higher than VPT while still granting a low power consumption
for the detector.

Figure 3 represents the variation of the signal acquired from a
pixel array with 50 μm pitch and layout 1 as a function of the
appliedVbias. Looking at the figure, it is possible to observe that an
increase in the applied bias voltage leads to a faster signal with a
shift of the signal peak position to an earlier time instant, a
decrease in the signal tail amplitude and a growth of the signal
maximum peak amplitude. The observed trend confirms the
expected behavior, showing a faster charge collection in the
presence of a stronger electric field related to higher voltage
bias. The increasing initial slope of the signal results from the
higher electric field at the backside junction, which accelerates the
charges generated in that region stronger than the ones closer to
the collection node.

FIGURE 2 | (A) Laser focusing system with coaxial camera that enables the identification of the laser spot position and the acquisition of pictures of the tested
samples. (B) Laser focusing system simplified scheme.
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A comparison of the experimental signals with the ones obtained
from TCAD simulations is reported in Figure 4 for the pixel arrays
with 50 μm pitch and the three considered layouts (1, 2 and 3). The
signals are normalized with respect to their maximum peak value to
obtain a clearer comparison, highlighting the difference in their
evolution. In the acquisition, the oscilloscope bandwidth was
limited to 250MHz to reduce electronic noise and
electromagnetic interference, after noticing that, for this pixel size,
high frequency components have a minor effect on the signal shape.
A digital low-pass filter is applied to the simulated signals to
reproduce the 250MHz limit of the oscilloscope bandwidth.
Looking at the graph we can state that an excellent agreement is
reached between the TCAD simulation results and the measured
data, proving the reliability of the models adopted in the simulations.
We can also notice that the different pixel layouts correspond to
different signal dynamics, with faster charge collection for the layouts
characterized by larger nwell and smaller pwell and deep pwell sizes.
In fact, the results obtained for layouts 1 and 3 are very similar. In
particular, the signal associated to layout 2, featuring the smallest

capacitance, shows a different dynamic with respect to the other
layouts, having a long tail with a signal still in the order of 10% of the
peak amplitude after 80 ns from the laser pulse.

In an analogous way, Figure 5 includes a comparison of the
signals observed for a decreasing pixel pitch. As expected, a
smaller pixel size corresponds to a faster charge collection
since the shape of the electric field is less affected by the
presence of the pwell and deep pwell. Namely, the distance
between the pixel collection nwells becomes shorter and
therefore the charges generated at the boundary between
adjacent pixels travel a shorter path in the regions with low
electric field before reaching the collection electrodes. The signals
included in the graph refer to the pixel matrices with pixel layout
1 for the three pixel sizes of 50, 25 and 10 μm. A higher backside
bias, equal to −32 V, is applied to the 10 μm pixels as they have
higher depletion and punch through voltages than the pixel
arrays with 50 and 25 μm pixels, which instead show similar
operating voltage ranges. We exploit the full bandwidth of the
oscilloscope (1 GHz) in the measurements of the pixel arrays with

FIGURE 3 | Measured signals for the pixel array with 50 μm pixels and layout 1 for different Vbias.

FIGURE 4 | Comparison of the normalized signals obtained experimentally (red lines) and from TCAD simulations (orange lines) for three different layouts of the
50 μm pixels. The three subplots refer to the signals of layout 1, 2 and 3.
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FIGURE 5 | Comparison of the normalized signals obtained from the pixel array measurements (red lines) and the TCAD simulations (orange lines) for the devices
with layout 1 and pixel pitch equal to 50 μm (top), 25 μm (middle) and 10 μm (bottom).

FIGURE 6 | Comparison of the normalized signal integrals of the pixel arrays with 50 μm pixels and layout 1, 2 and 3.

FIGURE 7 | Comparison of the normalized signal integrals of the pixel arrays with layout 1 and 50, 25 or 10 μm pixel pitch.
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25 and 10 μm pitch to avoid the loss of the fast signal components
at high frequency. In this case, a digital filter with 1 GHz cutoff
frequency has been implemented and applied on the simulation
results obtained for the corresponding pixel sizes.

To obtain an estimate of the time needed to reach the
collection of a specific fraction of the total amount of
generated charges, we computed the integral of the acquired
signals. As done previously, we compare the obtained signal
integrals for the different pixel layouts of the 50 μm pixels
(Figure 6) and for the three considered pixel pitches
(Figure 7). Looking at Figure 6, we observe that the layouts
1 and 3 show similar charge collection dynamics in the first
nanoseconds and only after the first 5 ns the latter starts having a
slightly faster collection speed. On the contrary, the slower charge
collection of pixel layout 2 appears clearly, requiring 27 ns to
reach the collection of 50% of the generated charges instead of
7.8 and 6.6 ns for the standard and the fastest layout, respectively.
As expected, the comparison of the signal integrals obtained from
the pixel arrays with different pixel pitch (Figure 7) shows a
reduced charge collection time for decreasing pixel size. The time
needed for the collection of the 50% of the generated charges (t50)
drops from 7.8 ns for the 50 μm pixel array, to 4.2 ns for the
25 μm pixels and finally to 2.6 ns for the 10 μm pixel matrix. This
corresponds to an reduction of more than a factor 2 in the
obtained t50 by decreasing the pixel size from 50 to 10 μm, and to
the complete suppression of the signal tail after 5 ns.

3.2 Pixel Array Signal Maps
Scans of the pixel arrays with 50 μm pitch have been performed
using a focused laser spot to evaluate the variation of the pixel
array signal as a function of the laser spot position. After noticing

an undesired back reflection of the IR light due to the presence of
the frontside metals, a red laser with 660 nm wavelength has been
adopted for the matrix scans. The maps of the maximum signal
peak and of the signal integrals obtained from scans of the pixel
array with standard layout are shown as an example in Figure 8.
A step size of 10 μm has been used in the scans of the whole
matrix (Figure 8A), while a finer step of 5 μm has been employed
to increase the position resolution in the scan of a portion of the
matrix (Figure 8B). In the maps showing the maximum peak of
the acquired signal, the higher values represented by the yellow
spots correspond to the positions of the n-type sensor nodes and
the light blue regions in between to the pwells at the pixel sides
and corners. The presence of the n-guard ring around the pixel
matrix affects the charge collection of the pixels at the matrix
border. Namely, in the scan of the matrix corner it is possible to
observe a decrease in the signal peak amplitude for the pixels at
the borders of the matrix when the laser spot position is incident
on their external side. The map of the integral of the measured
signal is reported in Figure 8C as the amount of collected charges
expressed in electrons for a considered integration time of 50 ns.
Figure 8D shows the variation of the signal integral along a cross
section taken in correspondence of a cut plane parallel to the x
axis and passing in the matrix center. As expected, in the matrix
boundary region, the signal integral depends on the laser spot
position and decreases moving towards the outer half of the most
external pixels due to the increasing amount of charges collected
by the frontside n-guard ring. A complete extinction of the signal
is observed when the laser spot has a distance larger than 50 μm
from the edge of the pixel array. Excluding the pixels at the matrix
boundary, the charge collection efficiency shows a good
uniformity within the pixel array area with no significant

FIGURE 8 | (A) Pixel signal maximum as a function of the laser spot position in a whole matrix scan with a motor step of 10 μm. (B) Pixel signal maximum as a
function of the laser spot position in a matrix scan with a finer motor step of 5 μm. (C) Signal integral as a function of the laser spot position in a whole matrix scan with a
motor step of 10 μm. (D) Signal integral as a function of the x coordinate along a cross section parallel to the x-axis.
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variation when the laser spot is incident in different pixel
positions.

4 CONCLUSION

First results of dynamic simulations and characterizations of passive
pixel arrays with different pixel layouts and pixel pitches performed
with an IR (1,060 nm) and a red (660 nm) laser have been presented.
The overall dynamic performance of the pixel matrices have been
evaluated employing an unfocused laser spot, large enough to cover a
significant matrix area, in order to obtain a signal representing the
contributions of the charge collection from different pixel regions.
The measurements confirmed the simulated behavior, reproducing
the dependence of the charge collection speed on pixel size and layout
with excellent accuracy. From the signals of the pixel arrays we
estimated a t50 in the order of 7.8, 4.2 and 2.6 ns for the three pixel
pitches of 50, 25 and 10 μm. Finally, the matrix scans performed with
a focused laser spot showed an uniform charge collection within the
pixel arrays and enabled the evaluation of the influence of the
frontside guard ring on the charge collection of the pixels at the
matrix boundary. We will exploit the predictive power demonstrated
by TCAD simulations to further optimize the pixel layout in different
future application-specific designs.
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