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ABSTRACT: This work presents low noise readout circuits for silicon pixel detectors based on
Geiger mode avalanche photodiodes. Geiger mode avalanche photodiodes offer a high intrinsic
gain as well as an excellent timing accuracy. In addition, they can be compatible with standard
CMOS technologies. However, they suffer from a high intrinsic noise, which induces false counts
indistinguishable from real events and represents an increase of the readout electronics area to
store the false counts. We have developed new front-end electronic circuitry for Geiger mode
avalanche photodiodes in a conventional 0.35 µm HV-CMOS technology based on a gated mode
of operation that allows low noise operation. The performance of the pixel detector is triggered and
synchronized with the particle beam thanks to the gated acquisition. The circuits allow low reverse
bias overvoltage operation which also improves the noise figures. Experimental characterization of
the fabricated front-end circuit is presented in this work.
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1 Introduction

After the age of the Large Hadron Collider (LHC), the international scientific community is work-
ing towards the development of a new generation of particle colliders that will overcome the prob-
lem of the energy losses of the accelerated beam that take place in the current circular colliders. To
achieve this goal, the future particle collider, which will be either the International Linear Collider
(ILC) or the Compact Linear Collider (CLIC), will be linear. Moreover, it will consist of several
types of detectors, each of which will perform a different task. Thus, the forward tracking detector
of ILC, for example, will measure the curvature of the trajectory of charged particles in order to
reconstruct their momentum. At present time, it is agreed that the detector of the tracker will be
based on silicon pixel technologies (either hybrid or monolithic) and silicon microstrips. However,
the sensor technology of the silicon pixel detector is still unclear. Consequently, a large variety
of sensor options has come to light in recent years in an attempt to fulfill the strict requirements
imposed by the ILC Concept Group [1], which refer to high granularity, low material budget, ad-
equate spatial resolution, reduced occupancy, fast readout speed, tolerance to radiation as well as
electromagnetic interferences (EMIs) and minimum power consumption. Sensitive elements such
as CDDs [2], MAPS [3] and more recently DEPFETs [4] can be found in the current state of
the art [5]. Moreover, a very innovative alternative based on 3D integration is also being investi-
gated [6], although it is at a very early stage of development. However, none of the present options
satisfies all the demanded specifications.
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It is proposed in this work the use of Geiger mode avalanche photodiodes (GAPDs) to track
high energy particles. The main advantages are their high sensitivity and excellent timing accu-
racy [7]. However, the intrinsic gain makes it impossible to distinguish between real events and
noise. In this article, we present new monolithic pixel detectors based on GAPDs that operate in
a gated mode of acquisition and enable low noise operation in order to minimize the false counts.
The characterization of the proposed pixels is also described here.

2 Experimental

Different pixels based on avalanche photodiodes have been fabricated in the standard HV-AMS
0.35 µm technology (process h35b4). The technology has been chosen following the results pub-
lished in [8], which presents a comparative study between the HV-AMS 0.35 µm and the STMi-
croelectronics 0.13 µm commercially available CMOS technologies to fabricate an APD array for
tracking high energy particles. The study recommends the utilization of the HV-AMS 0.35 µm due
to its lower dark count rate (DCR), which is the number of generated false counts per second. A de-
scription of the implementation as well as a cross section of both technologies are also given. The
pixels characterized in this work correspond to AMS R2 CX 20×100 2G, AMS R2 CX 20×100
LS and AMS R2 CX 20×100 TL where the nomenclature stands for technology, run, chip, size of
the sensor (in µm) and readout circuit. For the pixels under test, we have studied their performance
in terms of mode of operation and dark count rate. For the measurements, we have used an Agilent
E3631A voltage source to power the pixels and an FPGA to generate the fast control signals.

3 Avalanche photodiodes

Avalanche photodiodes are solid state sensor devices based on a p-n junction biased in reverse
mode above their breakdown voltage (VBD) in the so-called Geiger mode [9]. In this configuration,
the high polarization produces a high electric field in the multiplication region. If a high energetic
particle traverses the sensitive area, it initiates an avalanche process with the generation of electron-
hole pairs. As a result, it is generated a self-sustained current pulse that needs to be stopped in order
to avoid burning the device. This operation is usually performed by the quenching circuit, which
lowers the reverse bias voltage below the breakdown voltage of the sensor. The quenching circuit
is usually implemented by means of passive or active components [10], although mixed solutions
are also possible [11]. During the period in which the sensor remains under the breakdown voltage,
known as dead time, particle detecion is not possible. Consequently, the reverse bias voltage of the
sensor has to be restored in order to enable the detection of new events. This operation takes place
during the recharge time.

GAPDs, however, present two main sources of noise, which are the dark counts and the after-
pulsing pulses. These phenomena induce false counts which are not possible to distinguish from
real events. Dark counts are spurious pulses generated from thermally or tunnelling carriers in
the photodiode junction. The dark count rate depends on the technology, the sensitive area of the
detector, the reverse bias overvoltage and the temperature. Otherwise, afterpulses correspond to
false avalanches due to carriers trapped in the multiplication region during a previous avalanche
and released at a random time later. The afterpulsing probability is a function of the number of
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carriers involved in an avalanche and also of the lifetime of these carriers. Both dark counts and
afterpulsing pulses need to be minimized.

4 Front-end electronics

In order to trigger and synchronize the pixel detector with the beam, a gated acquisition is proposed
as the mode of operation. In addition, this approach also allows a further reduction of the observed
dark counts, as it will be demonstrated. Apart from that, it is well known that the dark count
rate increases with the reverse bias overvoltage. Consequently, the reduction to few mV of the
excess bias involves a further decrease of the false counts. However, avalanche detection is difficult
in this configuration due to the threshold voltage of the MOS transistors of the HV-AMS 0.35
µm technology (VT hp = 0.65 V, VT hn = 0.5 V). In the following subsections, we will introduce
three readout electronic circuits that are integrated together with the sensor and enable low bias
overvoltage operation. The characterization of the circuits shows that the false count rate of the
proposed pixels is diminished.

4.1 Mode of operation

In a particle collider like ILC, for example, 2820 bunch crossings (BX) take place in 0.95 ms with
a bunch spacing of 337 ns. After each bunch train, and before a new one is started, an empty gap
of 199.05 ms is left. Therefore, in order to tailor the pixel detector operation to the structure of
the beam, the sensor has to feature two different modes of data processing. From the one hand, a
detection phase corresponding to the bunch crossings and, on the other hand, a readout phase corre-
sponding to the interbunch and intertrain periods. Particle detection is inhibited during the readout
phase. Therefore, a gated acquisition is considered the best mode of operation for the sensor.

Figure 1 (a) shows the generic schematic diagram of the proposed structure. It basically con-
sists of an APD, a quenching transistor (QUENCH) and a readout circuit. To save area, the quench-
ing block has been implemented by means of an active load based on an nMOS transistor that is
biased through a current mirror [12]. Moreover, to enable the gated mode of operation, three exter-
nal control signals have been introduced. In the first place, an RST switch, implemented by means
of an nMOS transistor connected between the sensing and the ground nodes of the sensor, is turned
on before each new detection period to clean the sensing node by quickly restoring the reverse bias
voltage of the GAPD. Secondly, the CLK1 switch determines the data flowing through the readout
electronics. In the last place, the INH switch, which consists of a pMOS transistor connected be-
tween the power supply and the sensing node, inhibits particle detection. Therefore, when the INH
transistor is disabled and the CLK1 transistor is active, it occurs the ‘on’ period of the detector. On
the contrary, when the INH transistor is active, the photodiode is biased under its VBD during the
‘off’ period. This avoids unnecessary pulses during the periods of no interest.

4.2 Proposed readout circuits

4.2.1 2 grounds scheme (AMS R2 CX 20×100 2G)

In the first case (figure 1 (b)), the ground of the sensor (GNDA) is raised with regard to the ground
of the detection and storage electronics (GND) so that the avalanche voltage can be detected by a
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Figure 1. Generic schematic diagram of the proposed structure (a); readout circuit based on a 2 grounds
scheme (b); on a level shifter (c); on a track-and-latch comparator.

simple CMOS inverter (INV), with threshold voltage at VDD/2. In addition, a full custom dynamic
latch has been added to store the resultant value of the ‘on’ period (LATCH). The dynamic latch,
which consists of an nMOS pass gate and a CMOS inverter, is controlled through the CLK1 signal.

4.2.2 Level shifter (AMS R2 CX 20×100 LS)

In the second proposed circuit (figure 1 (c)), low overvoltage operation is possible thanks to a level
shifter which raises the voltage at the diode output to something ready for the following inverter.
Like in the floating scheme, an inverter and a full custom dynamic latch have been included to
detect and store the result of the ‘on’ period.

4.2.3 Track-and-latch comparator (AMS R2 CX 20×100 TL)

In the last case (figure 1 (d)), the detection and storage circuit has been implemented by means
of a track-and-latch comparator [13]. The circuit consists of a pMOS controlled source (P0), a
pMOS differential pair (P1-P2), two cross-coupled inverters in positive feedback configuration (P3-
N3, P4-N4) and two nMOS transistors (N1-N2). Compared with traditional two-stage comparators,
in this design there is no need for a pre-amplifier stage, since avalanche detection is done by the
differential pair. In addition, the threshold voltage of the MOS transistors is not a drawback since
the input differential pair is implemented in its pMOS configuration.
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Figure 2. Microphotograph of the fabricated chip together with the proposed pixels.

Figure 3. DCR in function of tobs for the proposed pixels with different VOV .

5 Measurement results

The proposed pixel detectors were prototyped in HV-AMS 0.35 µm technology (see figure 2).
The experimental measurements show that the dark count rate is randomly generated and that
the proposed readout circuits do not affect the obtained results, as we expected. In figure 3 it is
represented the DCR of the tested pixels. Enough statistics have been taken by measuring sensitive
windows of 80 ns to 250 ns 5000 times. In the first place, we have checked that the DCR increases
with the reverse bias overvoltage of the sensor (AMS R2 C1 20× 100 2G, Vov = 0.5 V–1.5 V).
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Secondly, we have found large DCR variations between different pixels of the same chip with
different readout circuits (AMS R2 C1 20× 100 2G, Vov = 0.5 V — AMS R2 C1 20× 100 LS,
Vov = 0.5 V — AMS R2 C1 20× 100 TL, Vov = 0.5 V). In the last place, the DCR also varies
between pixels of different chips with the same readout circuit (AMS R2 C1 20× 100 2G, Vov =
0.5 V — AMS R2 C5 20× 100 2G, Vov = 0.5 V). The variations that we have observed between
pixels of the same chip with different readout circuits and between pixels of different chips with the
same readout circuit are large. Consequently, we can conclude that the dark count rate is randomly
generated and that the variations are related to the photodiode and not to the circuit. Having set the
technology and the sensor size, and minimizing the reverse bias overvoltage and the temperature,
the DCR is fixed for a given pixel detector. From the other hand, for a specific sensitive window it
is followed that DCobs = DCR · tobs. Therefore, reducing the ‘on’ period (tobs), the probability of
obtaining a false count due to the dark count noise is also reduced. We can conclude now that the
proposed gated acquisition is effective to reduce the noise in GAPD pixels for a tracker.

6 Conclusion

We have studied and characterized silicon pixel detectors based on GAPD sensors fabricated in a
HV-AMS 0.35 µm process for tracking system applications. We have implemented circuits that
filter and reduce the dark count noise. From the one hand, the gated acquisition allows to trigger
and synchronize the pixel detector with the beam. At the same time, it makes possible to reduce
the tobs period of the sensor, which also reduces the number of false counts. On the other hand, the
readout circuits can work with low reverse bias overvoltages, further diminishing the dark count
noise. The characterization of the proposed pixels show that they can provide suitable performance
for tracking applications in future particle colliders.
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