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A B S T R A C T

The integration of readout electronics and sensors into a single entity of silicon in monolithic pixel detectors
lowers the material budget while simplifying the production procedure compared to the conventional hybrid
pixel detector concept. The increasing availability of high-resistivity substrates and high-voltage capabilities
in commercial CMOS processes facilitates the application of depleted monolithic active pixel sensors (DMAPS)
in modern particle physics experiments. TJ-Monopix2 and LF-Monopix2 chips are the most recent large-scale
prototype DMAPS in their respective development line originally designed for the ATLAS Inner Tracker outer
layer environment. In this contribution, the latest laboratory characterizations and beam test results of both
DMAPS are presented with a special emphasis on performance after irradiation to high fluences.
1. The Monopix design

The Monopix design implements monolithic active pixel detec-
tors in commercial CMOS imaging technologies. High-resistivity sub-
strates with high-voltage capabilities facilitate depletion of the charge-
sensitive volume, maximizing the charge collection potential and en-
abling fast signal generation by drift. The presented prototypes, TJ-
Monopix2 and LF-Monopix2 share the same approach of having all
analog and digital electronics inside the pixel unit cell. Both prototypes
use the same column-drain readout architecture well known from many
hybrid pixel detectors [1]. The difference between the demonstrators
is the size of the charge collecting readout electrode relative to the
pixel area which results into low electric field regions between pixel
for the small collecting electrode design. So that the charge collection
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efficiency after irradiation for these designs suffers from losses in this
area which are not seen in the large electrode designs.

1.1. LF-Monopix2

LF-Monopix-2 has a large collection electrode, is implemented in
150 nm LFoundry technology and features 56 × 340 pixels of a size
of 150 μm × 50 μm. A schematic cross-section through the pixel unit
cell is depicted in Fig. 1. LF-Monopix2 features a 6-bit ToT energy
measurement and a 4-bit in-pixel tuning DAC. This design houses all in-
pixel readout electronics inside the charge collecting readout electrode
and exhibits a larger radiation tolerance by a more homogeneous
electrical field w.r.t. small collecting electrode design at the cost of
a higher detector capacitance of the order of 250 f F and thus a high
analog power consumption of about 28 μW∕pixel.
https://doi.org/10.1016/j.nima.2024.170007
Received 30 June 2024; Received in revised form 7 October 2024; Accepted 19 Oc
vailable online 8 November 2024 
168-9002/© 2024 The Authors. Published by Elsevier B.V. This is an open access a
tober 2024

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/nima
https://www.elsevier.com/locate/nima
https://orcid.org/0000-0002-7472-3151
https://orcid.org/0000-0003-1836-4614
https://orcid.org/0000-0002-5413-1730
https://orcid.org/0000-0002-1508-218X
https://orcid.org/0000-0002-6707-2805
https://orcid.org/0000-0003-2299-8302
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-0833-7762
https://orcid.org/0000-0002-4400-4105
https://orcid.org/0000-0001-8287-3961
https://orcid.org/0000-0002-1721-7121
https://orcid.org/0000-0003-1148-9182
https://orcid.org/0000-0001-6418-8784
https://orcid.org/0000-0002-4871-8543
https://orcid.org/0000-0003-0002-3790
https://orcid.org/0000-0003-0989-5675
https://orcid.org/0000-0003-3541-9066
https://orcid.org/0000-0002-8422-4778
https://orcid.org/0000-0001-9971-0077
https://orcid.org/0009-0009-5083-7857
mailto:huegging@physik.uni-bonn.de
https://doi.org/10.1016/j.nima.2024.170007
https://doi.org/10.1016/j.nima.2024.170007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2024.170007&domain=pdf
http://creativecommons.org/licenses/by/4.0/


F. Hügging et al. Nuclear Inst. and Methods in Physics Research, A 1070 (2025) 170007 
Fig. 1. LF-Monopix2 schematic cross-section.

Fig. 2. TJ-Monopix2 schematic cross-section.

Table 1
Typical front-end performance of LF- and TJ-Monopix2 before irradiation.

LF-Monopix2 TJ-Monopix2

Mean threshold 2000 e- 200 e-

Threshold dispersion 100 e- 5 e-

Noise (ENC) 100 e- 5 e-

1.2. TJ-Monopix2

In contrast, the TJ-Monopix2 demonstrator implemented in 180 nm
Tower Semiconductor technology which is based on the ALPIDE devel-
opments for ALICE [2] has a much smaller charge collection readout
electrode as depicted in Fig. 2. It has 512 × 512 pixels of a size of
33 μm × 33 μm and features 7-bit ToT energy measurement and a 3-bit
in-pixel tuning DAC [3]. Due to the much smaller readout electrode
the input detector capacitance of the TJ-Monopix2 is on in the order of
only 2 f F such that an excellent low analog power consumption of about
1 μW∕pixel can be achieved. To counteract the lower charge collection
efficiency between pixels especially after irradiation to high fluences,
a modified process has been used which features an additional low
dose n-implant underneath the deep p-well which houses the in-pixel
electronics [4]. In this particular design another process modification is
used which features an effective gap between the low dose n-implants
to further enhance charge collection between pixel [5].

2. Lab characterization

The large collection electrode of LF-Monopix2 compromises the sen-
sors noise performance while facilitating a uniform electric field across
the pixel. Therefore, LF-Monopix2 is typically operated at a threshold
of (2000 ± 100) e- with around 100 e- noise. Due to the small detector
capacitance of TJ-Monopix2 facilitated by the small charge collection
electrode, a voltage amplifier instead of a charge sensitive amplifier is
the more efficient design choice for this front-end. A noise of 5 e- and
a threshold of (200 ± 5) e- are typical operational conditions achieved
for TJ-Monopix2 after tuning. A comparison of both Monopix2 tuned
front-end performances before irradiation is shown in Table 1. Since the
most probable value of created charge for a traversing minimal ionizing
particle differs between the two chips, both front-end responses are
sufficient for a very high hit-detection efficiency [6,7].
2 
Fig. 3. IV curves of LF-Monopix2 for different fluences. At 2 × 1015 neq cm−2 it is still
above 300 V.

Fig. 4. Hit detection efficiency of LF-Monopix2 versus bias voltage for different
fluences. No statistical errors are depicted because they are too small to be visible
in this scale. A systematical error of 0.1% can be assumed. Values above 99 % can be
reached even for the highest fluence tested.

3. Radiation hardness

Both Monopix2 chips are designed to fulfill the ATLAS ITk outer
layer requirements specifying a radiation tolerance of at least up to
1 × 1015 neq cm−2 in NIEL fluence. The increased breakdown voltage of
460 V measured with LF-Monopix2 before irradiation due to a an im-
proved guard-ring structure compared to around 250 V of LF-Monopix1
is shown in Fig. 3 [7,8]. For the highest available fluence of 2 ×
1015 neq cm−2 no breakdown was observed up to 300 V which is more
than sufficient to fully deplete the 100 μm thick sensors. Fig. 4 shows
the hit-detection efficiency for different bias voltages measured with
LF-Monopix2 for all available proton-irradiated fluences. The >99%
homogeneous efficiency measured after 2 × 1015 neq cm−2 fluence at 150 V
biasing exceeds the specification by a factor of 2 and are a promising
result for a good performance at even higher fluences.

While tests of irradiated TJ-Monopix2 are still ongoing, its prede-
cessor TJ-Monopix1 was already intensively studied. 1 × 1015 neq cm−2

neutron-irradiated TJ-Monopix1 chips have shown hit-detection effi-
ciencies close to 99 % [9]. Because of the lower threshold operation
which is possible due to the 3-bit in-pixel tuning DAC, the efficiency
after irradiation is expected to increase for TJ-Monopix2. Furthermore,
first beam tests with proton-irradiated TJ-Monopix2 at 5 × 1014 neq cm−2

fluence resulted in hit-detection efficiencies >99.9% [10].

4. Conclusion

The improved performance of LF-Monopix2 in terms of high voltage
operation and hit efficiency after higher fluences facilitates its high
radiation hardness which exceeds the design specification and the
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performance of its predecessor by at least a factor of 2. Encouraged
by the very good hit-detection efficiency >99% after proton-irradiation
up to 2 × 1015 neq cm−2, the sensor will be tested at even higher fluences.
The optimized front-end of TJ-Monopix2 provides lower operational
thresholds compared to its predecessor. This improvement is expected
to result in an excellent hit-detection efficiency at irradiation levels of
1 × 1015 neq cm−2 and higher. First beam test results of proton-irradiated
sensors to 5 × 1014 neq cm−2 support this expectation.
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