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ARTICLE INFO ABSTRACT

Keywords: The LF-Monopix chips are depleted monolithic active pixel sensors that follow the large-electrode design
Pixel detectors approach and implement a fast synchronous read-out architecture. They are designed in a 150 nm CMOS
DMAPS

process and make use of large voltages (>250V) and highly resistive substrates (>2kQ-cm) to collect charge
Radiation hardness through drift and enhance their radiation hardness.

TID Samples of the first prototype (“LF-Monopix1”) with a thickness of 100 um were irradiated to assess the
NIEL tolerance of the chip’s substrate and front-end circuitry to the surface and bulk damage doses expected at
modern collider experiments. The device remained fully operational, with only a very small gain degradation
and an increase in noise by less than 25% after a total ionizing dose of 100 Mrad. Efficiency measurements in
a sample exposed to a neutron fluence of 1 x 10" g /cm? showed that at least 96% of all minimum ionizing
particles going through a fully depleted detector are recorded in less than 25ns. In the latest design (“LF-
Monopix2”) the column length was tripled and the pixel pitch reduced by 40% with respect to its predecessor.
The chip was successfully thinned down while keeping its breakdown voltage above 400V and achieving a
front-end threshold dispersion of ~100e~ after tuning.

Semiconductor detectors

1. Introduction HL-LHC [10]. In terms of radiation tolerance, these conditions corre-
spond to a Total Ionizing Dose (“TID”) of 80 Mrad and a Non-lonizing

N TRT 15 2
Current and future particle collider experiments aim to make use Energy Loss (“NIEL”) fluence of 10 neg/cm”.

of large areas of radiation-hard silicon tracker systems with high rate
capability. A monolithic active pixel sensor designed in a commer- 2. The LF-Monopix DMAPS prototypes
cial CMOS process would reduce the material budget and production
complexity of pixel detectors by integrating the sensor and read-out
electronics in a single piece of silicon [1]. In Depleted Monolithic Active
Pixel Sensors (“DMAPS”), the radiation tolerance is enhanced through
technology add-ons and careful design, which allow them to be biased
with large voltages [2,3] and collect charge through drift in a highly
resistive silicon substrate [4-7].

The Monopix chips [8,9] are large-scale DMAPS with fast column-
drain read-out architectures. They were designed to meet the require-
ments of the outer layers of the ATLAS Inner Tracker (“ITk”) at the

The LF-Monopix detectors are fully functional DMAPS prototypes
designed in a multi-well 150 nm CMOS process [11] with a high-
resistivity (>2kQ-cm) p-type silicon substrate. The use of this technol-
ogy made it possible to place and isolate each pixel’s full front-end
and read-out circuitry inside an n-type charge collection node of a
size comparable to the pixel area. This approach (known as “Large-
electrode DMAPS” and illustrated in Fig. 1) aims at achieving a strong
and uniform electric field across the pixel, so that the collection drift
paths are short and reduce the probability of charge trapping after
irradiation. However, it requires special design efforts to deal with
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Fig. 1. Schematic profile of a large-electrode DMAPS design. The depletable volume
is delimited by white dashed lines.

the drawbacks of the electrode size or the large detector capacitance
associated with the placement of electronics within it (C, ~ O(102 fF)).
These effects include the possibility of switching digital signals coupling
to the collection node, a large Equivalent Noise Charge (“ENC”) and
the slow rise time of small signals during amplification. The front-ends
implemented in LF-Monopix were designed and optimized to comply
with the “in-time” detection requirements of a collider experiment with
bunch-crossing frequency of 40 MHz at the LHC.

The devices are preferably thinned-down in order to minimize mul-
tiple scattering, material budget and leakage current. Wafers of both
LF-Monopix chips were back grinded using the TAIKO method [12]. In
addition, their back-side was processed with plasma etching, acceptor
ion implantation and aluminum metallization in order to avoid an
increase in leakage current at full depletion (as those reported for
unprocessed thin sensors in the same CMOS process in [13] or [14]).
The reverse bias voltage is applied to the substrate from its back-side,
either through a pad in the chip connected to the edge of the device or
a pad in the printed circuit board that the chip is conductively glued
to.

The design and overall performance of the first prototype — known
as “LF-Monopix1”- have been thoroughly described in previous pub-
lications [15-18]. This chip has a total area of 1cm?, where ~62%
of it corresponds to the radiation sensitive matrix of 129 X 36 pix-
els with an individual pitch of 250 x 50 pm?. For the sensor part, it
showed a breakdown voltage of at least 260 V with a maximum leakage
current of ~ 0.1 pA/cm? at room temperature. Different analog front-
ends were tested in LF-Monopixl to determine the combination of
preamplifier and discriminator that performs best in terms of timing
and radiation hardness. The charge sensitive amplifiers follow a folded
cascode structure that uses either a single NMOS (“NMOS CSA”) or
both NMOS and PMOS (“CMOS CSA”) transistors as input devices. As
for the discriminator, one version (“V1”) features a two-stage open
loop amplifier, while the second (“V2”) uses a self-biased differential
amplifier with a CMOS inverter at the output stage.

In the second chip, called “LF-Monopix2”, the length of the pixel
column was extended from 0.6cm to 1.7cm and the pixel size was
reduced to 150 x 50 pm? (the pixel layouts for both prototypes are
shown in Fig. 2). These changes resulted in a matrix of 340 x 56 pixels.
The main design of the analog front-end is based on the NMOS CSA
and V2 discriminator previously tested in LF-Monopix1, although some
modifications were added to certain columns as an attempt to improve
its timing performance or threshold dispersion.

3. TID irradiation of LF-Monopix1

A 100 pm thick LF-Monopix1 chip was powered and exposed to the
output spectra of an X-ray tube with a tungsten target and aluminum
filter [19] in order to evaluate its tolerance to TID damage. The chip
was uniformly irradiated at a rate of 0.6Mrad/h up to a dose of
100Mrad, while it was kept at a temperature of 0+2°C during the
whole campaign. The irradiation was carried out in 15 dose steps, at the
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Fig. 2. Top view of the pixel layouts in LF-Monopix1 (top) and LF-Monopix2 (bottom).

0.401 LF-Monopix1

0.351 —e— Leakage current at BV=200V
(Temperature: 0°C)

0.30-
S 0.251
20.201
g
£ 0.15-
o
0.10-
0.051
0.00

102 101 100 101 102
TID [Mrad]

Fig. 3. Leakage current in a 100 pm thick LF-Monopix1 back-side biased with 200V
during the X-ray irradiation in steps up to a total TID of 100 Mrad.

end of which the leakage current of the sensor, power consumption and
characteristic values of the different analog front-ends were measured
independently. The leakage current at the substrate was recorded for
bias voltages up to 200V. As observed in Fig. 3, it increased by two
orders of magnitude after a dose of 100 Mrad.

The currents of the digital, End-Of-Column and I/0O power domains
showed a similar behavior in all implementations, as illustrated (e.g.)
for the pixel digital supply “VDDD” in Fig. 4. They started to increase
after a dose of 200krad and peaked at around 5Mrad before they
made a slow return to their original value by the end of irradiation.
These measurements agree qualitatively with the behavior observed in
test structures and ICs designed in commercial CMOS technologies of
similar feature size [20-22]. In these devices, the threshold voltage of
NMOS transistors decreases due to radiation-induced positive charges
trapped in their STI oxide, an effect which is slowly compensated
and eventually overcome by the build-up of negative charges at the
interface with the silicon substrate.

In order to monitor the performance of the digital logic with respect
to TID, the read-back reliability of the configuration shift register was
tested for different voltages (“VDD”) supplied to all power domains at
every dose step. Fig. 5 shows the minimum VDD value, for which a
pattern written to the pixel matrix could be fully recovered: This value
remained close to 0.97 V during the whole irradiation campaign and is
much lower than the default operational value of 1.8 V.

The gain and ENC were extrapolated from multiple threshold scans
in different front-ends at every irradiation step. As illustrated in Fig. 6,
the gain did not show a fluctuation larger than ~3% with respect to its
original value in any front-end. Furthermore, Fig. 7 shows the noise
behavior as a function of TID. A relative rise of ~15% in ENC was
observed for the front-end with CMOS CSA and ~25% for the ones with
NMOS CSA. It is important to remark that, even though the relative
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Fig. 4. Measured current in the digital power domain (VDDD) of different front-ends
implemented in LF-Monopix1 as a function of TID.
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Fig. 5. Evolution with TID of the minimum voltage required in all power domains for
proper read-back of configuration bits written to the LF-Monopix1 pixel matrix. The
default value for all domains is 1.8 V.
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Fig. 6. Normalized gain of different front-ends implemented in LF-Monopixl with
respect to TID.

change was larger in the pixels with NMOS CSA, their final nominal
value still remained below that of the CMOS CSA. These increases in
ENC could be linked to leakage-induced shot noise in the front-end or
an observed degradation of the biasing circuitry (whose settings can be
readjusted for compensation, but were kept intentionally fixed during
irradiation).

4. NIEL damage and timing performance of LF-Monopix1

A hit detection efficiency larger than 99% has previously been
reported for LF-Monopix1l devices irradiated with neutrons up to a
NIEL fluence of 1 x 10!3 gy /cm? at the JSI TRIGA reactor [23]. This
value was measured for (1) 725 pm samples using the front-end with
CMOS CSA and discriminator V1 [24], and (2) thinned 100 pm samples
using the front-end with NMOS CSA and discriminator V2 [25]. The
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Fig. 7. Evolution of the Equivalent Noise Charge of different front-ends implemented
in LF-Monopix1 with respect to TID.
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Fig. 8. Time walk of seed pixel hits recorded in a 100 pm thick LF-Monopix1 after
a NIEL fluence of 1x 10" n,,/cm?. The projections of both axes include all charge or
time bins. The chip was exposed to a 5GeV e~ beam. Threshold: 2.3ke™. Bias voltage:
150V.

second measurement was of particular interest for the development
of LF-Monopix2, since it was done with a fully depleted thin sensor
and the front-end that showed the smallest difference (“Overdrive”)
between in-time and overall threshold in LF-Monopix1 [18]. In addition
to the calculation of hit detection efficiency, the same data from a 5 GeV
electron test beam campaign at DESY [26] was used to determine the
fraction of hits from minimum ionizing particles detected within a time
window of 25ns in a 100 pm thick sample.

A high detection efficiency was still achievable in the thin chip
since the amount of charge collected at full depletion (MPV ~ 5.5ke™,
before and after NIEL damage) was large enough with respect to the
operational threshold (~2.3ke™, for an irradiated chip at —20°C). In
order to determine the fraction of particles detected within 25 ns, the
time difference between the rising edges of hits above threshold in the
chip and the signal of the scintillator used as trigger for all devices in
the beam was recorded. A map of this variable (known as “time walk”)
with respect to the charge of the pixels with the largest signal in each
event is shown in Fig. 8. 97.1% of all efficient events were in-time for
the neutron irradiated chip.

A selection of events in LF-Monopix1 with a time walk below 25 ns
was added to the criteria used to calculate the detection efficiency of
the chip in the software package used for test beam analysis [27]. The
in-time efficiency map for the neutron irradiated sample (projected into
a 2 x 2 pixel array) is shown in Fig. 9. The efficiency is uniform across
most of the pixel area, with the exception of drops at the corners where
the signal decreases due to charge sharing. A mean in-time efficiency
of 96.6% was measured for all enabled pixels (~10%), which is only 0.6%
smaller than the one observed in an unirradiated device. This result is
very encouraging, since it proves that a DMAPS with large-electrode
design (C,~ 400fF) can achieve a good timing performance.
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Fig. 9. In-time efficiency map of a 100 um thick LF-Monopix1 after a NIEL fluence of
1x 10" ng,/em? (data from ~10* pixels projected onto a 2 x 2 pixel array). The chip
was exposed to a 5 GeV ¢~ beam. Threshold: 2.3ke™. Bias voltage: 150 V.
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5. Initial measurements in thin LF-Monopix2 devices

Some initial measurements in unthinned (725 pm) LF-Monopix2
devices have already been reported for its main front-end in [25]: An
ENC of ~100 + 20 e~ (~30% smaller than the one measured for the same
design in LF-Monopix1) and no sign of breakdown up to a bias voltage
of 320 V.

Fig. 10 shows the IV-curves measured in unthinned and 100 pm
thick back-side processed LF-Monopix2 chips at room temperature
before irradiation. The curves were measured with and without all
preamplifiers in the matrix enabled, where the change in leakage from
one case to the other is linked to the variation in temperature of the
chip. There was a decrease in leakage current of one order of magnitude
after thinning and no breakdown was observed while scanning the bias
voltage up to 400V. These observations show that the electric field
across the bulk can be reliably increased far above the full depletion
voltage of a 100 pm thick DMAPS with this resistivity (~15 V) while its
leakage current remains below 1 pA/cm?.

In LF-Monopix2, the untuned dispersion of the threshold at the
unbiased condition of the main front-end is ~700e~, a value ~25%
smaller than the one measured in LF-Monopix1. In addition, a 4-bit
current DAC (“TDAC”) is used in both chips to reduce the overall
dispersion by adjusting the threshold of the discriminator at every pixel.
Fig. 11 shows that a tuned threshold distribution with a dispersion of
~100 e~ can be obtained for all pixels that use the main front-end design
(~57% of the matrix). The stacked histogram shows that the whole
TDAC range was used and its final values were normally distributed.
This result was achieved in an unirradiated chip by making use of only
1/3 of the maximum current available to bias the TDAC, which means
that the chip still has a wide range for threshold compensation if the
raw dispersion increases or the DAC reference current degrades after
irradiation.
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Fig. 11. Tuned threshold distribution of ~10* pixels in LF-Monopix2. The colors in
the stacked histogram are associated with the final DAC value of the threshold tuning
circuit in every pixel.

6. Conclusions

The radiation hardness of LF-Monopix1, a large-electrode DMAPS
design in a 150 nm CMOS process, has been tested up to the surface and
bulk damage levels expected in modern particle collider experiments.
The chip was fully operational across all stages of an X-ray irradiation
campaign that reached a TID of 100 Mrad, while showing an increase of
2 orders of magnitude in the substrate leakage current and 15 — 25% in
the ENC of its multiple analog front-end versions. Moreover, samples
exposed to a NIEL fluence of 1 x 10" n,/cm? showed an in-time
efficiency of 96.6% during a 5GeV electron test beam campaign. The
front-end with the best compromise between radiation hardness and
timing (NMOS CSA with discriminator V2) was chosen as the baseline
design for LF-Monopix2.

Initial measurements in LF-Monopix2 showed that the chip can be
back-side processed and thinned down to 100 pm while keeping the
leakage current below 1pA/cm? and the breakdown voltage above
400V. The threshold distribution of the pixels in the chip can be
tuned reliably to reach a dispersion of ~100e~. From these results, a
positive outlook for the performance of LF-Monopix2 after TID and
NIEL damage can be given, based on the assumption that its main front-
end design remains as radiation-hard as measured for its predecessor.
On top of expecting the relative changes in leakage current and ENC to
be the same after irradiation, the performance might improve with re-
spect to the first prototype since its pre-irradiation values have already
benefited from design optimization and the reduction in pixel size.
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