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During the Long Shutdown 3, the CMS pixel detector will be replaced to operate during the High Luminosity
LHC (HL-LHC) running phase. Hybrid pixel modules of the new tracking detector will have to fulfill stringent
requirements to operate in an extremely harsh radiation environment and cope with the high data readout
rate. Sensor-readout chip assemblies have been extensively tested in the laboratory and at the DESY test beam
facility. This study presents results on the analysis of test beam data acquired with HPK planar pixel sensors
interconnected with the RD53B_CMS readout chip, irradiated to fluences up to @4 = 1.0 X 10' cm~2. For all
investigated fluences, the requirements for the efficiency times acceptance and the spatial resolution are met,

while keeping the percentage of pixels masked as noisy below 1%. Additionally, measurements of crosstalk

levels will be presented.

1. Introduction

The CMS pixel detector [1,2] will be replaced as part of the Phase-2
upgrade [3] for the HL-LHC. A new prototype readout chip, called
RD53B_CMS, was developed by the RD53 Collaboration [4] and is im-
plemented in a 65 nm CMOS radiation-hard technology. It features 336
rows and 432 columns, with a bump-bond pattern of 50 um? x 50 pm?.
The top layer of the HPK planar sensor layout is shown in Fig. 1. In
the final design, the n* implant under the bump near the passivation
opening was removed to minimize the overlap between the metal layer
and neighboring implants, hence reducing crosstalk (XT).

2. Experimental setup, requirements and results

The following results were obtained with RD53B_CMS single chips
bump-bonded to HPK planar sensors tuned to a threshold of 1200 e~
and irradiated with 23 GeV/c protons at the Proton Irradiation Facility
at CERN to 1 MeV neutron equivalent fluences up to @, = 10'® cm=.
Measurements have been performed in the laboratory and at the DESY-
II test beam facility using a 5.2 GeV electron beam.

To further validate the chosen design for planar sensors, measure-
ments of XT as a function of the injection-readout delay were performed
using the internal injection circuit and are shown in Fig. 2 (top).
The dependence of XT on the delay is due to the variation of the
hit detection probability as a function of time, attributable to the
architecture of the analog front-end. This effect can be seen measuring
the average threshold of the pixel matrix, as shown in Fig. 2 (bottom).
Signal sampling in CMS will happen at the moment of highest efficiency
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and hence lowest threshold. In the same region, XT stays well below
10% and can be addressed during the offline reconstruction analysis.

The observables evaluated at the test beam are the single hit ef-
ficiency ep;, the acceptance a, and the spatial resolution oy, de-
fined as in [5]. Modules must fulfill stringent requirements, such as
keeping the amount of noisy pixels, defined as pixels with a noise
occupancy > 10™*, below 1%, while maintaining the average noise hit
rate in unmasked pixels < 107%; the efficiency times acceptance must
remain above 99% for fluences up to @, = 5.0 x 10" cm~? and above
98% for higher irradiation levels; oy,;; must remain below the single-
pixel cluster limit, corresponding to 7.2pm in the r-¢ direction and
28.9pm in the z direction, along the 25 pm and 100 pm pixel pitch.

The requirements on ¢;;; X« for non-irradiated modules are satisfied
for bias voltages Vpi,s > 5 V. For fluences of ®gq =4.8x 10" cm=2,
Deq =8.0% 10" cm™ and @y = 1.0 X 10! cm ™2 they are met at 350 V,
400V, and 450 V, respectively, as shown in Fig. 3 (top). The percentage
of noisy pixels with a noise occupancy > 10~ never exceeds 1%, as
shown in Fig. 3 (middle).

Results for oy;; and the projected cluster size in the r-¢ direction as a
function of the turn angle 6,,,,, around the 100 pm pixel pitch axis, are
shown in Fig. 3 (bottom). Charge sharing takes place in the 25 pm pitch
direction. For all fluences, a}’l;t‘i’ and of, remain below the respective
binary limits, with a minimum around 2.5 pm at an angle of 9.5°, where
charge sharing is optimal for the sensor geometry under test.
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Fig. 1. Top layer of the HPK planar pixel sensor layout showing four pixels with a
pitch of 25pm? x 100 pm? and a thickness of 150 um. Color code in [3].
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Fig. 2. Top: crosstalk for different analog front-end settings as a function of delay
for highest (coupled) and second highest (uncoupled) inter-pixel capacitance. Bottom:
variation of the average threshold as a function of the delay.

3. Conclusions

RD53B_CMS-based single-chip modules with HPK planar pixel sen-
sors have been studied in the laboratory and at the test beam. Their per-
formance for crosstalk, noise, efficiency times acceptance and the spa-
tial resolution satisfies specifications up to fluences of @, = 10'® cm=2.
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Fig. 3. Top and middle: e,; xa and percentage of noisy pixels as a function of V;;,, for
different fluences. Bottom: spatial resolution and projected cluster size as a function of

the turn angle 6, in the r-¢ direction.

Measurements have been performed at the Test Beam Facility at DESY
Hamburg, a member of the Helmholtz Association (HGF).
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