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The upgrade of the ATLAS tracking detector for the High-Luminosity Large Hadron Collider at
CERN requires the development of novel radiation hard silicon sensor technologies.

The MALTA Monolithic Active Pixel Sensor prototypes have been developed with the 180 nm
TowerJazz CMOS imaging technology. This combines the engineering of high-resistivity sub-
strates with on-chip high-voltage biasing to achieve a large depleted active sensor volumes, to
meet the radiation hardness requirements of the outer barrel layers of the ATLAS ITK Pixel de-
tector (1.5x 105 1 MeV neq/cm? and 80 MRad TID). MALTA combines low noise (ENC < 20
e™) and low power operation (1 uW / pixel) with a fast signal response (25 ns bunch crossing) in
small pixel size (36.4 x 36.4 um?), and a small collection electrode (3 wm), with a novel high-
speed asynchronous read out architecture to cope with the high hit rates expected at HL-LHC.
The latest developments, embedded in so-called Mini-MALTA chip, address the issues observed
in previous designs to meet the desired radiation hardness requirements. This contribution will
summarize the design and recent improvements of this technology, together with the measure-
ments of analog and digital performance, as obtained in test beams and lab and radioactive source

tests.
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1. Previous MALTA Measurements

The MALTA chip is a 20 x 22 mm? depleted monolithic active pixel sensor (DMAPS) imple-
mented in the TowerJazz 180 nm modified process [1]. Its design is based on the ALPIDE chip,
which is being installed as part of the ALICE tracker upgrade [2]. It features a 512 x 512 matrix
of 36.4 x 36.4 um? pixels with a small (3 um wide) collection electrode electrode with an ap-
proximate input capacitance of 5 fF. It features low noise (<20 ENC) and low power consumption
(<70 mW/cm?).The key difference between MALTA and the other TowerJazz DMAPS for the 1Tk,
Monopix, is the asynchronous read out architecture which features a 40 bit parallel data bus for
high hit rates, and an overall read out speed of 5 Gbit/s [3].

In-Pixel Efficiency for Sector 3, sample W6R6_1138_SUB15_PW6 In-Pixel Efficiency for Sector 3, sample W6R6_1120_SUB15_PW6
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(a) Unirradiated MALTA in-pixel efficiency, (b) Unirradiated MALTA in-pixel efficiency,
threshold = 250 e~ [4]. threshold = 400 e~ [4].
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(c) MALTA in-pixel efficiency, threshold = 400
e, ¢ = Seldneq/cm? [4].

Figure 1: In-pixel efficiency measured at SPS with 180 GeV pions [4]. The results from the entire chip have
been averaged into maps of of 2 x 2 pixels.

Previous efficiency measurements in 180 GeV pion test beams at SPS at CERN showed that
the sensor was not sufficiently radiation hard. For a neutron irradiated sensor with a fluence of ¢ =
5x 10" neq/ cm?, the efficiency was lower in the corners of pixels far from the small collection
electrode, as shown in the in-pixel efficiency maps in Fig. 1. While the unirradiated sensor (Fig.
1(a), 1(b)) has this effect at high threshold, it is not as drastic as for the irradiated sensor (Fig. 1(c)).
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Additionally, the irradiated sample could not be operated with good efficiency at a lower threshold
due to the large number of pixels with high noise.

2. MiniMALTA Design

To address the unexpected efficiency results with the original MALTA chip, the sensor was
redesigned to improve its radiation hardness and implemented these design changes in a smaller
prototype sensor, MiniMALTA.

In the original MALTA sensor design measured at the SPS, shown in Fig. 2(a), a continuous
lowly doped n-type layer is created in the pixel matrix by means of a low dose high energy implant.
TCAD simulations indicated that the lateral field near the pixel edge could be enhanced, even
after irradiation, by either creating a gap in the n- layer or or by adding an additional very deep
p-well implant in that region as shown in Fig. 2(b) and 2(c) [5]. These two modifications were
implemented a small scale prototype sensor, the MiniMALTA. The n-gap is a mask change, and
the additional deep p-well is a process modification.
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Figure 2: Schematics of the 3 substrate designs in pixels [6].

The analog front-end, shown in Fig. 3, was also changed to improve the threshold behavior.
Initial measurements of the front-end circuit on the MALTA sensor revealed significant RTS noise
preventing lower threshold settings. This was attributed to the M3 transistor being much smaller
than on previous circuits. Further measurements confirmed the output conductance of this transistor
was higher than expected, and caused gain degradation for the front-end. In addition it was found
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Figure 3: Schematic of the MALTA front-end.

that for lower threshold settings where the influence of this output conductance is larger, the spread
on the gain and hence the threshold spread increased. To verify this assumption the MiniMALTA
sensor includes sectors with the same M3 size as on MALTA and larger.

The MiniMalta came back from fabrication in January 2019. The chip features a 16 x 64 pixel
matrix divided into two columns of four sectors of 8 x 16 pixels. The four sectors on the left half
of the chip have the enlarged M3 transistor on the front-end of the chip, while the right half has
the standard transistor. The bottom two sectors have the standard substrate with the continuous n-
layer, the top two the n- gap, and the second from the bottom the extra deep p-well.

3. MiniMALTA Laboratory Measurements

Measurements on MiniMALTA confirmed that the larger M3 transistor size significantly de-
creased the RTS noise, both before and after irradiation [6]. Fig. 4(a) and 4(b) show measured
charge threshold distributions and illustrate the lower threshold dispersion for the front-end with
the larger M3 transistor. The mean of the measured ENC is comparable between the two sectors,
however, there are fewer pixels with high noise in the modified sector as expected with a decrease in
RTS. A dependence on irradiation was also measured. For the same sensor configuration, smaller
thresholds and an increase in the ENC from approximately 10 e~ to 20 e~ were measured as well
as an increase in the RTS noise in neutron irradiated samples with fluences up to 2x 103 Neg/ cm?
This irradiation dependence may be related to changes in capacitance of the irradiated sensor sub-
strate.

In addition, the larger NMOS size also yielded a significantly larger gain and lower threshold
charge threshold for the same settings. The gain of the front-end was measured. with 5.9 keV
X-rays from an >Fe source. The measured amplitude spectra are shown in Fig. 5. The k-a peak
of the standard and modified front-ends at 304.5 mV and 523.9 mV, respectively, showing that
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Figure 4: Measurements from threshold scans.

there is nearly double the gain with the enlarged transistor [6]. In the irradiated samples, the gain
increases. The amplitude at the collection electrode, that is at the input of the readout circuit ("IN"
in Fig. 3), was also measured to have the same increase in gain after irradiation. This suggests that
this post-irradiation effect may not be related to the front-end but instead to changes in capacitance
to the substrate. The sensor capacitance may also play a role in the previously discussed radiation
dependence of the threshold.

In spite of some unexpected radiation dependencies, laboratory measurements of MiniM ALTA
showed that the modified front-end had increased gain, lower thresholds, and better noise character-
istics than the standard front-end. In order to demonstrate that these design changes improved the
efficiency and charge collection in the pixel periphery, MiniIMALTA was measured in test beams.

4. MiniMALTA Test Beam Results

The efficiency of MiniMALTA samples was studied at ELSA and DESY with beams of 3 to 5
GeV electrons, and in-pixel photon response at Diamond Light source with a precision-focused 8
keV X-ray beam [7, 8, 9].
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Figure 5: SFe measurements of MiniMALTA [6].

4.1 Efficiency Measurements

The efficiencies of unirradiated and irradiated MiniMALTA samples were measured using
using the MALTA telescope. The MALTA telescope is a beam telescope composed of six collinear
MALTA planes, each read out with a Xilinx VC707. A series of NIM modules were used to trigger
on coincidences between planes and reconstructed tracks using the General Broken Lines (GBL)
algorithm implemented in Proteus [10]. With the relatively large multiple scattering of electrons,
GBL was essential for precise track reconstruction. For 3 GeV electrons, track residuals were
approximately 14 um in each plane coordinate [6].

In Fig. 6(a) is a 2-D histogram of the efficiency from an irradiated MiniMALTA chip, W2R1.
Each bin corresponds to a single pixel. The pixels on the edges of sectors have been excluded
due to edge effects between the different sectors and multiple scattering. The blank sectors feature
a PMOS reset instead of a diode reset, and could not be operated simultaneously with the other
sectors. The efficiency in the unmodified sector of MiniMALTA is comparable to the efficiency
measured at SPS and in the modified sectors there is significant improvement. Modification to
only the front-end or only the substrate results in increased efficiency, though both are necessary
to achieve the highest efficiencies. In the sectors which have both substrate and front-end design
changes, the efficiency is above 98%.

In Fig. 6(b) are the mean efficiencies in each sector plotted as a function of threshold from two
sensors, W2R1 and W4R2, both with with a fluence of 1 x 10'5 ney/cm?. For W4R?2 the epitaxial
thickness for charge collection is 25 um and for W2R1 it is 30 um. As intended, with the modified
front-end the chip was operational at lower thresholds and higher efficiency. Furthermore, at a
given threshold, the efficiency is much better in the sectors with the substrate design changes.

4.2 X-ray Measurements at Diamond Light Source

At the Diamond Light Source, MiniIMALTA was measured with a 8 keV X-ray beam in order
to demonstrate the improvement in in charge collection in the periphery of the modified pixels.
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Figure 6: Efficiency results

MiniMALTA was mounted into a cold box on a motion stage with a 400 nm precision, moved the
sensor in 2 um steps, and recorded the number hits acquired in one second at each position. Hit
maps were constructed from these data. The beam had a full width half maximum of 2 um.

A photon energy of 8 keV was selected based on the mean number of electrons deposited in a
thin silicon sensor. The mean deposited energy of minimum ionizing particles (MIPs) in silicon is
3.88 MeV/cm, so for the 20 to 25 microns depth of depleted epitaxial silicon in MiniMALTA, the
mean deposited charge is between 7.7 keV and 9.7 keV [11].

In Fig. 7 are normalized hit maps for the sensor W2R1, which was neutron-irradiated to 1
x 101 Neg / cm?. In the sector with the standard front-end and MALTA substrate (Fig. 7(a)), there
is a decrease in the relative number of hits in the region between pixels, similar to the decrease in
efficiency in the MALTA chip measured at SPS. The sector with the modified front-end and extra
deep p-well (Fig. 7(b)) has a decrease in the response in the pixel corners at 1 x 101 Neq/ cm?,
but it is not as drastic. There are actually more hits between pixels than in the pixel centers for this
sector. The sector with the n- gap substrate and modified front-end had comparable performance,
and in both designs the charge collection in the periphery after irradiation has improved with the
new substrate and front-end designs [12].

A more thorough analysis of the test beam is in [12]. In that reference, for the modified sectors
of MiniMALTA, proton-irradiated sensors with a total ionizing dose (TID) of 70 MRad have similar
photon response to unirradiated and neutron irradiated devices.
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Figure 7: Hit maps from the Diamond test beam for different sectors of MiniMALTA.

5. X-Ray Irradiations

The gain and front-end behavior of MiniMALTA was characterized as a function of total ion-
izing dose (TID) in a series of X-ray irradiations.

Fig. 8 shows the ENC and threshold distributions measured after each irradiation and indicates
the modified front-end exhibits lower thresholds. The sectors with the modified front-end have
lower thresholds for the same chip confiuration. For both sectors, there is a decrease in threshold as
TID increases, with a slight increase in the threshold between 2 and 10 MRad followed by decrease
and stabilization at higher levels of TID. The peak amplitudes measured from >°Fe spectra follow
a similar pattern, though as described in Sec. 3, the modified front-end has more gain. The noise
measurements show a key difference in the radiation dependence of the two front-ends. Prior to
irradiation, the mean ENC of each front-end is the same. This increases with TID for both designs,
but more so for the standard; at 80 MRad, the ENC of the standard front-end has increased to 28
e, while it is 21 e~ for the modified. However, the mean values can be somewhat misleading
as the unmodified front-end is biased by a small number of large values in the tail of the noise
distribution.

Coupled with the results from Diamond described in [12], the X-ray irradiations show that
MiniMALTA is fully operational after TID above the ALTAS requirement, and efficiencies are
expected to be comparable to those of devices without TID.

6. Conclusions and Outlook

Measurements of the MiniMALTA prototype demonstrate significant improvement compared
to the previous designs of the full-scale version of the chip. The measured efficiency at ¢ =1 x 103
Neg/ cm? is above the required 97% for the ATLAS ITk, and precision focused X-ray measurements
demonstrate that there is an improvement in the charge collection in the pixel periphery after after
neutron or proton irradiation with a large total ionizing dose [13]. Additionally, MiniMALTA is
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Figure 8: Gain, threshold, and noise measurements as a function of TID.

fully operational after a TID of 80 MRad. A telescope composed of MALTA sensors has been
shown to have good beam telescope capabilities, including comparable tracking performance to
widely-used telescopes in test beam experiments.

After these encouraging results on the small scale prototype MiniMALTA, a new version of
MALTA has been fabricated with the sensor modifications, but still with the original front-end.
Measurements on this MALTA version are now in progress. This version of the chip is produced
on Czochralski silicon in addition to the production on epitaxial silicon. The Czochralski silicon
is 300um thick, allowing for much more depletion and therefore signal than the 30um of epitaxial
silicon. It also has a different concentration of impurities and that may result in an improvement
in radiation hardness. A new design submission is also foreseen to include further improvements
including a modified front-end.
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