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Abstract— A particle detection chain based on a CMOS-
SOI VCO circuit associated to a matrix of detection is
presented. The solution is optimized for the recognition and
tracking of various particles. Two ions are considered: an
alpha and an aluminum. These two ions were chosen because
there are very different in terms of energy and LET
variations.
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1. INTRODUCTION

SEMICONDUCTOR radiation detectors, also called
solid-state detectors, can be classified into several
categories, depending on the application field and the
particles to be detected. These detectors are based on
charge collection and amplification using a
semiconductor volume such as a p-n junction [1-2].
They exhibit several advantages in comparison with
other types of detectors such as gas-filled counters.
For instance, they usually offer faster charge-
collection time which provide the ability to process
higher counting rates. Another advantage is their
compactness which allows the measurement of
intensity variations over small distances, as well as
their low electron-hole pair energy threshold,
improving the measurement resolution. A pixel
organization including several sensors could be used
when a high detector sensitivity is required [2-8].
This configuration will be investigated in this work.

Particles counting and/or recognition require the
conditioning of the signal generated by the sensor.
Most of the existing conditioning chains are based on
a direct reading of the detected currents created by
the crossing of an ionizing particle through the
matter. When an embedded reading system is
necessary, this solution could not be suitable for the
detection of low energy particles where the current
signature could be a narrow pulse with a duration of

few nanoseconds. Indeed, the readout chain must
ensure sufficiently high resolution (optimized
Signal-to-Noise-Ratio) for an appropriate post-
processing. Moreover, a reading amplifier exhibiting
a fast response time is required which means a higher
current consumption and complex circuit
implementation. Designing high precision, low-
power wideband amplifier is a critical issue. As a
consequence, most practical detectors are based on
direct reading of the detected currents using Charge
Sensitive Amplifiers (CSA) [9]. In this case, the
circuit delivers a limited amount of information on
the actual current shape and no information about the
electrical signature of the particles is available. In
applications such as gas prospection or medical
therapy, the characteristics of the electrical signature
of the particles must be known. Moreover, the
knowledge of the generated current shape at the
output of the detector allows easier post processing
of the signal.

In this context, a new approach based on the use of
a ring oscillator was developed [10]. This approach
is based on the reading of the information related to
indirect output parameters of the detection chain
signal (i.e. voltage variation), instead of directly
measuring the current from the sensor. This solution
avoids most of the design problems described upper.
Then, the information is extracted by correlating the
initial oscillating signal of the system with the
oscillating signal after the particle has passed the
detector. The particle recognition only requires to
link the output information (i.e. voltage variation of
the oscillating signal) to the input information
(current stimuli). The detection system presented
here should be enough sensitive to detect low energy
particle, to track ions and to provide information
about the shape of the detected currents. The



Current generated by
an ionizing particle

Time (ns)

High frequency Magnitude and
voltage controlled frequency
oscillator detection

Cadence

o

H‘ \‘” ‘M

mmmeHHW’uuuumHWHHIHmuuumuml\wUHHll!lummmmuuH

““““““““““““

Time (ns)

®<

TCAD

\ output

Voutput (V)

Fig. 1. Simulation chain including the current from TCAD modeling (top)
and the variation of the output voltage versus time at the output of the VCO
(bottom).

analyses are performed using the device simulator of
Synopsys® CAO tool for current generation and the
electrical simulator of Cadence® for the VCO
simulation.

The full detection system (VCO + matrix) will be
described in section II. Section III is dedicated to the
system characterization which is mandatory for
particle recognition. Part IV deals with two case
studies: an alpha particle and an aluminum ion and
section V presents a complementary method to allow
charge determination. The last section concludes the

paper.

II. THE DETECTION SYSTEM

A. The VCO chain

The detection chain has been designed and
implemented on 130 nm CMOS SOI technology,
then simulated at circuit level using “Spectre”
simulator (SPICE-based) under Cadence Virtuoso ©
CAO tool. The concept itself was presented in [10-
13]. The VCO chain is composed of three parts: a
CMOS based pixel detector, a shaping circuit based
on a Voltage Controlled ring Oscillator (VCO) and a
system for frequency and magnitude detection (Fig.

1). This system allows the evaluation of the circuit
sensitivity to radiation by measuring the oscillator
responses. In the very first versions of the system, the
operating frequency of 0,35 pum Bulk Silicon
substrate CMOS VCO was 1 MHz. Thanks to a new
solution based on another CMOS process (130 nm
SOI), it reaches now 4.3 GHz. This increase of the
operating frequency makes possible the development
of new methods for signal recognition. As actual
operating frequencies are reaching 4.3 GHz, the
shape of the signal is directly reproduced at the
output of the VCO. Then, the output parameter is
now the average voltage variation (Fig.1). The
advantage of this solution is a direct recognition of
the signal shape as an amplitude modulation of the
VCO output frequency.

B. The detection matrix

In order to improve the efficiency of the detection
and the tracking ability, a 3x5 matrix is modeled and
analyzed (Fig. 2). The input current comes from the
realistic simulation of the matrix using TCAD device
simulation tools (Synopsis ©). The effect of the ion
strike is simulated using the Heavy lon module of
Synopsys [14], considering an electron-hole pair
column centered on the ion track axis. The Linear
Energy Transfer is defined as the energy lost by the

Fig. 2. Top view of the fifteen contacts matrix for the simulation of the
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Fig. 4. Schematic presenting the process of simulation for three pixels.
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Fig. 5. Example of variation of the current at the output of three pixels

related to the electron density, for an alpha particle generated horizontally.
particle, by unit of length and varies along the track
depending on the initial energy of the particles [15].
An actual variation of the LET was integrated in our
simulations, based on the value given by SRIM
tables [16] (Fig. 3).

As this detector should be suitable for low energy
particles detection, one of the simulated ion is an
alpha particle crossing the device with an initial
energy of 0.6 MeV, which corresponds to a
maximum range of 2.3 um in the silicon matrix . The
aim is to study the end of the path corresponding to
an alpha particle of 1.47 MeV generated by the initial
interaction of thermal neutron with boron-10. The
case of a more energetic particle is also considered.
This is a 50 MeV aluminum ion which could be
produced by the interaction of fast protons with
silicon [17]. The maximum of the charge generation
occurs at 50 ps.

C. The whole system

Thus, the effect of the chosen particle in the
detection cell is simulated at device level and the
oscillator at circuit level. The current generated at
each electrode of the matrix is injected at the

corresponding oscillator input. The average voltage
is taken from the output oscillating signal of the
VCO. Then if the matrix includes 15 contacts, 15
oscillators are needed (Fig. 4).

III. THE SYSTEM CHARACTERIZATION

A. Information for tracking

Several information can be provided by the
currents at the pixels. First one, is the charge density
variation. The electron density variation is plotted
versus the particle path on Fig. 5. At the top of this
figure, the currents extracted from the contacts just
above the charge generation are presented. The
variation of the currents clearly follows the one of the
charge density. The highest current, on the left,
corresponds to the highest electron density and the
lowest current, on the right, corresponds to the lowest
charge density. These results, coming from the
simulation of a 3x3 matrix presented in [19], show
that the current variation can provide an information
about the charge density in the detection cell.

In [19], it was also shown that the current shape
can also give information about the distance between
the charge generation and the contact. Indeed, for a
contact located just above the ion, the current peak
will appear earlier than for contacts located further
from the generation point.

Another important result is that the average voltage
from the VCO clearly fits the current variation from
the pixels. This is clearly visible in the example of
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Fig. 6. Example of variation of the average output voltage of the VCO for
three pixels related to the input current from the matrix, for an alpha particle
generated horizontally.
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Fig. 7. Variation of the current peak and current delay at the output of the
15 pixels for the aluminum generated horizontally and diagonally.
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Fig. 6. This corresponds to the horizontal strike of an
alpha particle presented in Fig.5 [19]. The cut is in
the direction perpendicular to the particle path. The
orange curves correspond to the current from the
pixel and the blue curves to the average voltage from
the VCO. The scale is the same for the 3 presented
contacts. The symmetry of the track can be seen by
comparing the green contacts corresponding to top
and bottom graphs. Their currents are clearly the
same. The current corresponding to the black contact
is higher because it is located just above the ion.

B. Calibration of the VCO chain

The key point is how the output parameters of the
VCO chain can give information related to the input
current. This could be done through the analysis of
various characteristics extracted from the average
voltage wvariation. In a previous work, we
demonstrated that several metrics can be used but we
decide to mainly focus on the variation of the average
output signal (AVmax) versus the maximum of the
input current (Imax). In [19], a linearity curve linking
input to output parameters was determined for the 4.3
GHz VCO studied here. The curve which
characterizes the VCO response 1is named
« calibration curve ». It is obtained by the injection
of various analytical currents at the input of the VCO.
As this curve is linear, through calibration curves, the
output parameters can be linked to the input currents,
which could allow the incoming particle
identification.

IV. CASES STUDY
A. lon tracking
1) Case of an aluminum ion

The first case study deals with the crossing of an
aluminum ion in the 15 pixels structure. On the left
of Fig. 7, the horizontal case is presented and on the
right, the diagonal case. We check here the
opportunity to perform particle tracking from the
currents from the detection matrix. Two metrics are
explored: the current peak and the time
corresponding to this current peak. We know that
these two parameters can give information about the
charge density and the position of the particle strike.
For both presented cases, the particle impact is
visible on the current peak and the current delay.
Indeed, the current peak is clearly higher for the
contacts just above the particle and decreases for the
most distant contacts. Concerning the current delay,
it is lower for the contacts just above and increases
for the most distant contacts.

The horizontal configuration has been extensively
studied in [19] so we will focus on the diagonal
configuration. Fig. 8 presents the electron density at
depth=0.8 um. The local electron density is
presented in Fig. 9 for t=50 ps, which corresponds to
the maximum time of the generation.

Fig. 8. Aluminum generation in the 15-pixels matrix. The figure on the right
is a cut at depth=0.8um. The represented contacts are a projection of the
fifteen top contacts.

?)

D 18 F
£ 1.50.1018] o
2 i
2 1.45.1018 | /
2 o
g ol . t=50ps
] 0 2
d (um)

Fig. 9. Electron density along the particle track for the aluminum particle.
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Fig. 10. Comparison of the currents of the six highest currents (N10, N15,
N6, N7, N5 and N14 contacts) for the 5x3 matrix, aluminum particle.
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Fig. 11. Total current density at t=50ps (maximum of the generation) and
t=100ps for the aluminum particle.

The six highest currents collected during the
particle crossing are shown in Fig. 10. The highest
current corresponds to N10 because this contact is
just under the particle track. The maximum of the
generation appears at t=108 ps. Two other currents
correspond to the N6 and NI15 contacts. The
maximum time corresponding to these currents is
the same: t=138 ps. The N6 current is higher because
the local electron density increases along the track
(Fig. 9). The N14 and N5 currents are the same and
seem to be at the same distance from the track.
However, a highest current would have been
expected for N5 because the electron density
increases along the track. It could be the effect of the
surrounding contacts as it has been highlighted in
[19]. The N7 current is higher and its maximum
generation time arrives later than for N5 and N14.
The N7 contact is probably further from the track.
The total current density is shown in Fig. 11. The
same variation is observed and visible even at t=100

ps.
The total collected charge for this configuration is

400 fC. This gives an information about the
deposited energy.
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Fig. 12. Variation of the current peak and current delay at the output of the
15 pixels for the alpha generated horizontally and diagonally.
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Fig. 13. Alpha generation in the 15-pixels matrix. The figure on the right is
a cut at depth=0.8um. The represented contacts are a projection of the fifteen
top contacts.
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Fig. 14. Electron density along the particle track for the alpha particle.
2) Case of an alpha particle

The second case study deals with the crossing of
an alpha particle in the same structure. Once again,
the current peak and the current delay follow the
expected trend and the particle tracking is possible.
As for the aluminum particle, Fig. 13 presents the
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Fig. 16. Total current density at t=50ps (maximum of the generation) and
t=100ps for the alpha particle.

electron density at depth=0.8 um. The local electron
density is presented in Fig. 14 for t=50 ps, which
corresponds to the maximum time of the generation.

The three highest currents collected during the
particle crossing are shown in Fig. 15. The highest
one corresponds to N10 contact. This contact is just
under the particle track. The maximum of the
generation appears at t=78 ps. The two other currents
correspond to the N6 and N15 contacts. They are
approximatively at the same distance from the trace.
This is visible through the maximum generation time
which is the same for both contacts: 96 ps. As the
electron density follows a bell curve, it is almost the
same at both contacts. The total current density is
shown in Fig. 16. We can state that the same
variation is observed. By analyzing the maximum
current and the maximum generation time, the
particle crossing can be approximately determined.
The maximum generation time gives an idea of the
distance between the ion and the contact. Then
thanks to Fig. 15, we know that the N10 contact is
closer from the particle than the N6 and NI15
contacts.

The total collected charge for this configuration is
42,8 fC which is about 10 times lower than for the
aluminum.

3) VCO detection

As previously said, the possibility to detect alpha
and aluminum horizontal tracks has been checked in
a previous study. So we will focus on diagonal
configurations. Plotting the corresponding output
versus input response, we can see that all the currents
are detected, the trend is preserved and even for the
shortest currents, the detection is possible (Fig. 17).
Only one point on the graph is out of the 50%
detection zone what is an unexpected behavior. So
we had a look on the average voltages.

All the currents corresponding to both particles in
diagonal configuration have been injected
sequentially in the VCO. The average voltage is
presented in Fig. 18 for the highest currents
corresponding to the two particles. All the currents
of Fig. 10 and 15 are correctly reproduced except

0,2

Aluminum

0 0,0001 0,0002 0,0003 0,0004 0,0008

Imax (A)

0,0005 0,0006 0,0007

Fig. 17. Calibration curve and detected currents concerning diagonal
configurations for the aluminum ion or the alpha particle crossing in a
fifteen contacts matrix.
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Fig. 18. Mean voltage for the highest currents: aluminum on the left, alpha
on the right.
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Fig. 20. Current at the bottom contact of the pixel (full line curves) and
corresponding average voltage (dotted line curves) versus time.

the N10 current of the aluminum, visible on Fig. 10
and corresponding to the yellow average voltage of
Fig. 18. This is surprising because this current is
large enough to be correctly detected by the VCO.
This current is too high and the oscillator saturates.
It is not mandatory for the particle tracking but
important for the determination of the total collected
charge. Then we decide to use another oscillator,
with a lower operating frequency for charge
detection. This oscillator is not suitable for particle
tracking because it is too slow. But it is able to drive
a higher current at the input.

V. DETERMINATION OF THE TOTAL COLLECTED
CHARGE

The addition of all the currents collected at the
fifteen pixels of the matrix corresponds to the current
collected at the bottom electrode of the matrix. An

example of this bottom current is presented on Fig.
19. The total collected charge, in black, corresponds
to the integral of this current. This bottom current
lasts about 1 ns what is large enough to be detected
by the 2.1 GHz VCO we have selected for charge
detection. This VCO was presented in a previous

paper [18].

Then we injected the 4 bottom currents,
corresponding to our 4 configurations (He hor., He
diag., Al hor., Al diag.), at the input of a 2.1 GHz
oscillator. The current peaks are much higher than
the one which saturated the 4.3 GHz VCO (Fig. 20).
Dotted curves correspond to the average voltages at
the output of the VCO. The variation of these
voltages follows the variation of the input currents
and the 2.1 GHz oscillator does not saturate, as
required.

The linearity curve corresponding to the 2.1 GHz
oscillator was presented in a previous paper [18]
(Fig. 21). The output charge corresponds to the
integral of the average voltage. It is plotted versus the
input charge corresponding to the integral of the
current. The charges for aluminum and alpha
particles are added on this graph. They are in the 20%
detection zone which is a quite good result to allow
particle identification.

Finally, the full detection system would require
one oscillator oscillating at 2.1 GHz for charge
identification and 15 VCO oscillating at 4.3 GHz for
particle tracking.

7E1 VCO 2.1 GHz
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Fig. 21. Calibration curve for injected charge versus output charge,
concerning diagonal configurations, for the aluminum ion or the alpha
particle crossing in a fifteen contacts matrix. Only bottom currents are
injected in the 2.1GHz VCO.



VI. CONCLUSIONS

Finally, with a VCO oscillating at 4.3 GHz we
demonstrate that tracking various kinds of particles
is possible. It is also possible to get information about
the total collected charge by using a 2.1 GHz VCO.

Now, we would like to optimize the detector
response in order to improve the detection efficiency,
especially by exploring the possibility to use a faster
oscillator for charge identification. We are also
working on the material implementation of the
voltage controlled oscillator and its associated
electronics.
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