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CMS LGAD sensor R&D
• CMS Endcap Timing Layer (ETL) will provide 

30-40 ps timing for HL-LHC, covers 1.6 < η < 3.0

• At time of ETL conceptual proposal, LGADs 
existed at proof-of-concept level, but significant 
need for R&D within project.

• Some of the key LGAD R&D questions for ETL:
- Ensure gain layer uniformity
- Radiation hardness (up to 1.5 x 1015 neq/cm2)
- Minimize interpad gaps
- Production yield & uniformity (correlated with cost)

2 N. Koss January 30th 2020, Timing Days 7

• Outer radius: 1270mm Æ 1190mm

• Inner radius coupled to inner support tube

• Design of the cooling manifolds at the periphery of 
the disks 

• Vertical orientation of the on-detector cooling 
channels

• Horizontal placement of modules and service hybrids

• 90deg wedges replaced with the Dees installed on 
the CE’s thermal screen

• PP0 behind the disks

• Increased space between the disks (due to thicker 
service hybrids)

• Implementation of longer service hybrids to cover the 
empty spaces at the detector rim

• Detailed layout of cables, fibers and cooling in ETL 
3D model

New mechanical 
structure

D = 2.6 m

Endcap timing layer
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Demonstrating uniformity
• Over time, iterated with foundries to improve uniformity
• In parallel, developed strategy to verify uniformity with simple probe tests
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board (2022)

(Improved tracking—now resolve interpad gaps)

Latest sensor production: good uniformity
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Demonstrating uniformity
• Over time, iterated with foundries to improve uniformity
• In parallel, developed strategy to verify uniformity with simple probe tests
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Phase-2 Preliminary CMS FNAL 120 GeV proton beam5x5 FBK LGAD array on 26-ch 

board (2022)

R. Heller, A. Abreu, A. Apresyan et al. Nuclear Inst. and Methods in Physics Research, A 1018 (2021) 165828

Fig. 20. Capacitance–voltage curve for the 22 sensors, measured with probe station (left). Correlation of the CV transition voltage of each sensor with the bias voltage to collect
20 fC (right).

crosses a particular threshold: 75 pF (52 pF) for 1 ù 3mm
2 (1.3 ù 1.3mm

2)
pad sensors. These capacitance thresholds correspond to roughly the
midpoint of the steeply falling portions of each curve.

We study the relationship between the CV transition voltage and
the operating voltage of each sensor. As was observed in Section 5.3, a
collected charge of 20 fC ensures 30 ps or better time resolution for
the sensors produced. The operating voltage is taken to be the bias
voltage at which the MPV of the collected charge reaches 20 fC. In
Fig. 20 (right) we show the CV transition voltage versus the operating
voltage for each of the sensors studied, where we observe a near linear
relationship with few outliers. Therefore, it is possible to predict the
operating voltage to within a few volts based on the measured CV
transition voltage. This ability will be a crucial tool for designing the
bias voltage distribution scheme and performing sensor quality control
during the production of the ATLAS and CMS timing detectors.

For reliable operation of a large sensor, the pad with the smallest
gain must reach the desired operating gain at a bias voltage less than
the breakdown voltage of the pad with the largest gain. For the HPK
type 3.1 batch, the difference between the operational bias voltage
and the breakdown voltage is approximately 20V as seen in Fig. 17.
Furthermore, based on Fig. 20, all pads can reach the desired gain
within a 20V interval as long as the variation in the CV transition
voltage is within approximately 1% (the full range in the y-axis).

Probe station measurements have been previously reported over the
scale of entire wafers that were part of this LGAD production [18].
The variation in the gain layer depletion voltage has been observed
to be on the order of a few percent on distance scales across an entire
wafer. However, in regions limited to the size of a single sensor for CMS
and ATLAS (about 2 ù 4 cm

2), the variation is limited to roughly 1%.
The results presented here shows that this magnitude of gain variation
would allow all pads on a full sized sensor to be operated with better
than 30 ps resolution even when constrained to a single bias voltage.
We conclude that the gain layer uniformity achieved in HPK type
3.1 production batch would be sufficient to provide working full-sized
sensors for CMS and ATLAS.

6. Conclusion

We report comprehensive studies of HPK type 3.1 LGAD proto-
types for the CMS and ATLAS timing detectors, including testbeam,
beta source, and probe station measurements. Through careful design
of each measurement campaign, we have been able to correlate the
results from each measurement significantly expand the value of each
technique. By comparing to testbeam measurements, we successfully

validated the accuracy of the beta source measurements, which enables
us to survey a much larger volume of sensors. Careful subsequent
comparisons with probe station measurements allowed us to translate
the impact of subtle variations in the gain layer doping concentration to
quantitative variations in operating voltage. Ultimately this collection
of measurements yields the possibility for detailed assessment of LGAD
productions relying only on simple probe station measurements.

The uniformity observed in the HPK 3.1 LGAD production is suf-
ficient to produce working, full-sized sensors for CMS and ATLAS.
Sensors from this production achieve 30 ps resolution when operated in
a 20V bias voltage interval that provides a collected charge of at least
20 fC. Probe station measurements across wafers from this production
indicate adequate gain uniformity such that regions separated by 2 cm

to 4 cm have compatible operating bias voltages. This conclusion ad-
dresses one of the two critical questions facing the sensors for these
timing detectors. The remaining question is to demonstrate that the
LGAD sensors have sufficient radiation tolerance to survive until the
end of the life of the HL-LHC, or a fluence up to 1.5 ù 10

15
neq_cm

2

for the inner radius of CMS. The thoroughly characterized HPK 3.1
LGAD sensors documented in this paper provide an excellent sample
for robust measurements of the radiation hardness with high statistics.
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Latest sensor production: good uniformity Correlate probe measurements (passive) 
with gain (active)

22 sensors 

• Uniformity issue resolved, and procedure 
established for production QA/QC.

Nucl. Inst. Meth. A 1018 (2021) 165828

https://doi.org/10.1016/j.nima.2021.165828
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HPK gain uniformity

• Production QA strategy will rely on probe measurements at foundries.
• N.B. not trivial to apply to AC-LGADs — gain layer is not finely segmented

5

Depletion voltage non-uniformity

11

Gain layer uniformity is evaluated considering the spread of gain layer depletion voltage distributions 

VGL =
Vfoot

1 + 2 d
w

https://indico.cern.ch/event/812761/contributions/
3459068/attachments/1860419/3057980/

RD50_MarcoFerrero_12062019.pdf

 extracted as maximum of  derivative

: gap between n+ and gain layer implants

: gain layer thickness

VGL 1/C2

d
w

Marta Tornago                                                          ETL sensor meeting                                                          20th September 2021

Marta Tornago                                                          ETL sensor meeting                                                          20th September 2021

Uniformity Studies on HPK2

4

Analysis procedure 

Identification of safe structures and regions


IV studies 
‣ Breakdown voltage (I_pad=10µA) maps and distributions for each wafer 

‣ if VBD<120V the array is considered broken


Number of working devices over the total

‣ Maps and distributions of current @100V for all arrays pads for each wafer

‣ Ratio between standard deviation and mean value of current distributions 

to evaluate production uniformity 
‣ Good pads are the ones with a current in the range given by 


Number of good pads over the total number of working pads


CV studies 
‣ Gain depletion voltage maps and distribution for each wafer

‣ Ratio between standard deviation and mean value of gain layer depletion 

voltage distributions to evaluate gain uniformity

Imean ± 5σI Map of probe measurements across HPK wafer
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LGAD radiation hardness
• Gain implant de-activates with irradiation at LHC
• Emulate by exposure at nuclear reactor (up to 1.5 x 1015 neq / cm2)

6

new

half lifetime

end of life

Hamamatsu LGAD prototypes (beta source)

TRIGA reactor at JSI, Ljubljana, Slovenia
• Compensate by increasing bias.
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Hamamatsu LGAD prototypes (beta source)
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• Gain implant de-activates with irradiation at LHC
• Emulate by exposure at nuclear reactor (up to 1.5 x 1015 neq / cm2)

new

• HPK sensors need > 550 V for highest fluence regions—too high.
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LGAD radiation hardness
• R&D at different foundry (FBK) → significantly improved rad. hardness
• Co-implantation of carbon yields significantly improved radiation hardness 
- Can be performed FBK and IHEP-IME, but not HPK

8

• Best designs keep 30—40 ps resolution at end of life, with bias < 550 V
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CMS LGAD Market Survey • CERN procurement process solicits 
samples from any interested vendors
- Many vendors considered, at least 3 likely to be 

qualified for CMS
- No official decisions on vendors yet.
• Involvement of multiple vendors was 

extremely advantageous.
- Each vendor pushed different R&D frontiers
• FBK: Radiation tolerance, interpad gaps
• HPK: Uniformity, yield

- Not obvious who would qualify, though strongly 
correlated with participation in past R&D

- Significant cost and risk reductions with multiple 
qualified vendors
• Unlikely any 1 vendor could cover entire detector 

(due to large size, but also technical constraints)
• Facilitates in-kind and international contributions

9

LGAD Market Survey parameters
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ePIC TOF sensor R&D
• AC-LGADs appropriate for EPIC ToF have been demonstrated at beam tests, 

certainly capable of delivering 30 ps and 10-20 um resolution
- 500 µm  x  0.5 to 2.5 cm strips (arXiv 2211.09698)
- 500 µm  x  500 µm pads (2022 JINST 17 P05001)

• But, significant sensor R&D needed for realistic detector
- Gain layer uniformity
• Builds upon CMS/ATLAS R&D, but not solved universally, and requires new QA strategy.

- Optimization of signal sharing in resistive layer
- Readout of large electrodes & interface with electronics
- Sensor active thickness
- High yield production demonstration
• Need to approach questions from multiple foundries.

10

https://arxiv.org/abs/2211.09698
https://arxiv.org/abs/2201.07772
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Gain uniformity, BNL 500 um strips
• Very large active area: sensitivity to non-uniformity in gain layer
- Stripe patterns of high gain observed in most sensors of this production
- High gain regions limit operating voltage → other regions remain underbiased  

11

• Expect improved uniformity in next prototypes
- Uniform 2x2 cm2 LGADs for ATLAS/CMS already demonstrated
- Still extract useful lessons despite non-uniformity!

1 cm strips, 100 um metal width1 cm strips, 200 um metal width
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Optimizing signal sharing
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Performance for 1 cm strips, 500 um pitch w/100 um metal
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• Need two-strip clusters for best performance.
- Spatial reconstruction— interpolate position with ~ 20 um resolution
- Time resolution — reduce impact of noise, self-correct delays

Tune electrode geometry and n++ to maximize 2 strip coverage
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Pulse shapes for precision timing
• Longer strips associated with slower rising edge
- Likely due to extra capacitance, and transmission line reflection effects
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risetime, it seems possible to design AC-LGAD detector systems with electrode lengths greater
than 2 cm that maintain the fast signal shapes seen in smaller devices.
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Figure 7: Risetime (top left), ratio of signal amplitude to charge (top right), ratio of slew rate to
charge (bottom left), and expected jitter at 10 fC (bottom right) for di�erent length sensors with
200 µm electrode width. The uncertainty bands represent variation observed across di�erent regions
of each sensor.

5 Position reconstruction

In this section we discuss the reconstruction of the proton impact location, highlighting aspects
a�ected by the large size of these sensors relative to previous measurements. By exploiting the
signal sharing properties of the AC contacts, the impact parameter between strips, x, can be inferred
with resolution much finer than the pitch. This reconstruction is presented in Sec. 5.1 and is similar
to the previous analysis [13].

Because adjacent strips are read from alternating ends and the signals propagate with a finite
velocity, the time di�erence between adjacent channels can be used to infer the impact parameter,
y, along the length of the strip with O(mm) precision. This analysis is described in Sec. 5.2.

– 9 –

10 mm

Expected jitter for operation at moderate gain

• 1 cm strips: already work well!
• > 2 cm: trying few ideas to improve in next beam test.

Averaged pulse shapes
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Conclusions
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• CMS ETL experience—
- Significant LGAD development undertaken within project
- Vast benefits to involvement of multiple vendors along the way
• Push vendors to compete and innovate in R&D phase
• Safer and cheaper portfolio of suppliers for production

• ePIC ToF is a very promising and exciting detector, but still some work ahead 
in sensor development.
- With schedule pressure, should pursue R&D with multiple foundries in parallel
- Advantageous to maintain relationship with multiple vendors for final sensor procurement.


