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The increasing availability of commercial CMOS processes with high-resistivity wafers has fueled the R&D
of depleted monolithic active pixel sensors (DMAPS) for use in high energy physics experiments. One of
these developments is a series of monolithic pixel detectors with column-drain readout architecture and small
collection electrode allowing for low-power designs (TJ-Monopix). It is designed in a 180 nm TowerJazz CMOS
process and features a pixel size of 33 pm x 33 pm. The efforts and improvements on the front-end electronics
and sensor design of the current iteration TJ-Monopix2 increase the radiation hardness and efficiency while
lowering the threshold and noise.

1. Introduction

While monolithic active pixel sensors (MAPS) for particle physics
experiments have been developed and tested since the 1990s [1,2],
advances in CMOS technologies led to a new generation of MAPS by
depleting the charge sensitive volume [3]. These depleted monolithic
active pixel sensors (DMAPS) collect charges by drift in the depleted
volume which offers faster readout times and higher radiation tolerance
than MAPS. With increasing availability of high-resistivity silicon in
commercial CMOS technologies the mentioned advantages of DMAPS
can possibly be improved while profiting from the cheaper and faster
production in commercial foundries. This makes DMAPS an interesting
candidate for high-energy particle physics experiments with high par-
ticle rates in high radiation environments. One of the ongoing DMAPS
development lines, TJ-Monopix, will be presented and evaluated in this
article.

2. Design of DMAPS prototypes

The TJ-Monopix series of depleted monolithic active pixel sensors
are designed in a commercial 180 nm CMOS process provided by Tower
Semiconductor.! It is based on the ALPIDE pixel detector [4] for the
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Fig. 1. Schematic cross-section of TJ-Monopix1 with a low-dose n-type silicon implant
for a homogeneous electrical field and full depletion of the sensing volume (epitaxial
layer).

ALICE ITS upgrade and a modification to the CMOS process to increase
the radiation tolerance well beyond 10'*n,, cm™ [5]. With a small
collection electrode of 2 pm the design offers a detector capacitance of
only 3 fF [6]. The pixels are read out using an established synchronous
column-drain mechanism developed for the FE-I3 readout chip [7].
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(a) Additional p-well modification: addition of a second p-type implant in the pixel corner.
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(b) N-gap modification: removal of the n-type implant in the pixel corner.

Fig. 2. Schematic cross-section of TJ-Monopix1 illustrating the modifications to the sensor to enhance the lateral electrical field in the pixel corners.

TJ-Monopix1. TJ-Monopixl was the first iteration in this series of
DMAPS featuring a pixel size of 36 pm x40 pm and a chip size of 2cm x
1 cm. A schematic cross-section is shown in Fig. 1. The epitaxial layer as
charge sensitive volume has a thickness of 25 pym. Sensors with 300 pm
thick sensitive volume were produced in a subsequent production run
on Czochralski silicon wafers to investigate the performance with more
charge produced in the sensor. In-pixel electronics are separated from
the charge collection node and a deep p-well prevents n-type implants
for electronics from forming a secondary charge collection node.

After an initial production run and subsequent tests, modifications
to the sensor geometry shown in Fig. 2 were implemented and tested.
Adding another p-well below the existing one or removing the n-type
implant in the corners of the pixel results in a lateral electrical field
in the regions below the in-pixel electronics. The motivations behind
these changes will be discussed in Section 3.

TJ-Monopix2. As successor to TJ-Monopix1, TJ-Monopix2 implemented
a series of changes following measurements on the former and a
dedicated test chip Mini-MALTA in the same technology and with
the same sensor design [8]. Besides the modifications to the sensor
mentioned in the previous paragraph, the front-end electronics has
been improved as well. Enlarging transistors in the analog front-end
circuit is expected to reduce the threshold by a factor of 3 as well as
improve threshold dispersion and noise behavior [9]. The scheme for
masking individual pixels was also improved and a 3-bit DAC for local
threshold adjustments in each pixel was added to further reduce the
threshold dispersion.

The digital periphery of TJ-Monopix2 contains an integrated read-
out controller, LVDS drivers and receivers as well as the command
decoder from the RD53B readout chip [10], which enables operation
of the chip via four differential lines. Fig. 3 shows the digital chip
architecture both in the pixel matrix and in the chip periphery.

3. Hit detection efficiency for TJ-Monopix1 prototype

Initial performance results for the first submission of TJ-Monopix1
prototypes have been reported [11,12]. Most notably, a significant loss

in hit detection efficiency ¢j;, in neutron irradiated devices has been
observed, where the efficiency decreased from 97 % before irradiation
to 69 % after irradiation to NIEL fluences of 1 x 10'% n,, cm=2.

Following simulations [13] and measurements on a test chip [8]
implementing the proposed changes to the sensor, chips were produced
in different variations of 30 pm thick epitaxial layer and 300 pm thick
Czochralski silicon wafers with the sensor modifications presented in
Fig. 2. The sensors produced on a thicker substrate instead of the epitax-
ial layer potentially offer larger charge signals produced in the depleted
volume such that in cases of charge sharing in the pixel corners the
partial charges can still pass the threshold. Neutron irradiated samples
with the same fluence as in previous measurements were measured in
a 5GeV electron beam at the test beam facility at DESY [14].

A sensor built on epitaxial silicon with the n-gap modification
is compared to a Czochralski silicon sensor with additional p-well,
both of which are expected to perform significantly better than the
initial sensor design with a continuous n-implant. Both investigated
designs are biased by applying —20V on the backside of the sensor and
additional 30V on the collection electrode via a capacitor resulting in a
total bias voltage of 50 V across the sensor. The results for ey, for each
module are projected onto a 2 x 2 pixel array and depicted in Fig. 4.

With an efficiency of 87.1 % for the 30 pm thick sensor in Fig. 4(a) it
can be confirmed that the sensor modifications account for a significant
improvement of hit detection efficiency in irradiated sensors compared
to the original process that achieved 69% at 1 x 10'> n,, cm™2. While
the pixel center is even more efficient it can be seen that the effi-
ciency losses occur in the corners of the pixels where charge sharing
is more prominent. In the sensor built on Czochralski silicon, further
improvements to the hit detection efficiency can be observed with
more than 98 % as depicted in Fig. 4(b). As the resistivity for both the
epitaxial layer and the Czochralski silicon substrate are in the same
order of >1kQcm, the increased efficiency can be attributed to the
larger sensitive volume. The depletion depth can be estimated from
measuring the detected charge, which leads to approximately 45 pm
in the Cz silicon, an increase of 50 % compared to the sensor with
a 30 pm thick epitaxial layer. While the pixel centers of the module
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Fig. 3. Schematic overview of the digital logic in TJ-Monopix2 [9].

on Czochralski silicon show efficiencies above 99 % there are losses in
the pixel corners observable, but not as pronounced as in Fig. 4(a).
From [13] it is expected to collect even more charge in a sensor with
n-gap modification compared to the additional p-well modification,
which could increase the efficiency in a thicker sensor to even more.

4. First measurement results for TJ-Monopix2

First tests show that the threshold in TJ-Monopix2 in the order
of 100e~ is significantly lower than the previously measured values
around 300e~ in TJ-Monopix1. The threshold distribution for an un-
tuned chip without any optimizations is shown in Fig. 5(a). The local
threshold DACs in the pixels are at the default value which yields
a mean threshold of 153e¢~ and threshold dispersion 11e~ using a
preliminary calibration with a radioactive >>Fe source. To minimize the
threshold variation between pixels in the matrix, the local threshold
DACs in every pixel need to be tuned. By injecting 100 hits with the
target threshold charge into each pixel the local DAC is adjusted such

that every pixel registers a number of hits as close as possible to 50.
This is the expected number of detected hits at the threshold when
sending 100 injection pulses. The resulting threshold distribution after
this adjustment is presented in Fig. 5(b).

While the mean threshold is not improved (156¢~), as expected,
the threshold dispersion could be halved to 5e~. Both numbers for the
mean threshold and the threshold dispersion are an enhancement from
TJ-Monopix1, and the front-end settings for the presented results are
not yet optimized. With further adjustment of the settings the minimum
achievable threshold could be even lower.

5. Conclusions

Measurements of neutron irradiated TJ-Monopix1l sensors with a
modified sensor geometry have shown significant increase in hit de-
tection efficiency. The sensor can be depleted to a depth of ca. 45 pm
leading to a higher collected charge in sensors thinker than the initial
design with a 30 pm epitaxial layer, which subsequently results in an
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Fig. 4. Hit detection efficiency of (a) a chip with 30 ym thick epitaxial layer and n-gap sensor modification and (b) a chip with 300 pm thick sensitive volume in Czochralski
silicon with extra p-well modification after irradiation. The figures depict information from all pixels folded into a 2 x 2 pixel array, where the dashed lines represent the pixel
edges. The gray boxes are used to calculate €, ., in the pixel center for the respective pixel in the 2x2 grid.

almost fully efficient pixel detector after neutron irradiation to 1 x
10" n,, cm™2. In order to increase the efficiency after irradiation to
higher values or increase the radiation tolerance to higher fluences, the
signal charge needs to be increased as well. This can be achieved by
larger depleted volume, either by higher voltage capabilities or silicon
with higher resistivity, which both come at a cost of more required
sensor volume. To keep the sensors as thin as possible (for example in
experiments with predominantly light particles) it is necessary to lower
the threshold in a way such that partial charges after charge sharing can
still be measured. This improvement was done for TJ-Monopix2 which
achieves thresholds of around 150 e~ or possibly lower. Furthermore, it
was shown that the threshold dispersion could also be improved by an
in-pixel threshold DAC, potentially allowing for even lower thresholds.
With its specifications and expected performance, TJ-Monopix2 will
serve as a prototype chip for a future DMAPS chip (OBELIX) that will be
investigated for a potential future upgrade of the Belle II vertex detector
at SuperKEKB.
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