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Abstract This paper describes the new concept of the double LGAD (low-gain avalanche diodes). The goal was to increase the
charge at the input of the electronics, keeping a time resolution equal to or better than a standard (single) LGAD; this has been
realized by adding the charges of two coupled LGADs while still using a single front-end electronics. The study here reported has
been done starting from single LGAD with a thickness of 25 pwm, 35 pm and 50 pm.

1 Introduction

Low-gain avalanche diodes (LGADs) [1], also known as ultra-fast silicon detectors (UFSDs) [2] when optimized for timing, are
n-on-p diodes with an additional highly doped p*-type layer (gain layer) underneath the n-contact, which is responsible for the
charge multiplication mechanism (in reverse bias regime). It has been proven that LGADs with a thickness of 35 pm combined with
a gain G ~ 30 can provide a time resolution around 22 ps [3].

Thanks to the excellent timing performance, this technology is already envisioned or proposed for several detector upgrades and
applications [4-6].

It has already been demonstrated that the time resolution of LGADs improves with thinner designs. Nevertheless, a thinner design
also implies a smaller charge at the input of the amplifier which, because of the worse S/N, might worsen the performance of the
amplifier and/or its power consumption. This need gave rise to the idea of the double LGAD.

2 The double LGAD

The concept of the double LGAD (d-LGAD) is inspired by the multigap resistive plate chambers (MRPC) [7]. Essentially, the idea
is to sum up the signal taken from a double layer of LGADs, still using a unique front-end amplifier.

As a first step, the signals from two different LGADs have been summed using a specific PCB design (more details in Sect. 3.2)
and the output has been sent to a single and common amplifier. In Fig. 1, a schematic of a d-LGAD is reported. This is currently
just a proof of concept, but the natural next step would be a better integration of such a concept either in the board containing
the electronics or in the detector itself (in a truly d-LGAD or e.g. using through-silicon via (TSV) technique). The possibility to
implement the d-LGAD in the detector could allow an easy extension to multi-channel LGADs, although an ad hoc study and
simulation in collaboration with the producer would be required.

In the proposed scheme, given by the sum of two LGADs each with a certain thickness t, the charge of the d-LGAD is expected
to be double if compared with a single LGAD of same thickness t. The time resolution of such a d-LGAD is expected to be largely
better than that of an equivalent single LGAD of thickness 2t [2]. Similar to MRPC [8], the time resolution of a d-LGAD is foreseen
to improve also with respect to a single LGAD of thickness t; however, due to different signal amplitudes in the two d-LGADs, this
improvement is less of what expected from simple scaling (i.e. a factor of «/f). As stated in [8], the time resolution will be dominated
by the d-LGAD with the largest signal. The largest signal gives the earliest threshold crossing time, so the timing of the d-LGAD
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Fig. 1 Schematic of the single (standard) LGAD double-LGAD (this study)
single-LGAD (standard) and
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HPK50-F 13x 13 50 224.6 0.2 170-220 24-63
HPK50-B 13 x 13 50 237.4 40.2 170-220 25-64

is approximately given by the earliest LGAD. In other words, in d-LGAD, the LGAD with the largest signal always dominates the
time resolution.

3 Experimental set-up
3.1 Detectors

The tested LGADs came from two manufacturers, namely Hamamatsu Photonics K.K. (HPK, Japan) and Fondazione Bruno Kessler
(FBK, Italy), and have a different area (A). The sensors from HPK have a nominal thickness (T')' of 50 jm, appertaining to a very
uniform wafer (if compared to FBK sensors, as evident from the gain reported in Table 1 for same thickness sensors). The FBK
LGADs? have a nominal thickness of 25 pm and 35 wm, respectively. More details about the FBK LGADs characteristics and
performances can be found in [3].

All the tested detectors have been previously completely characterized at the INFN Bologna laboratories. The methods to measure
the breakdown voltage (Vpg) gain are explained in [3]. The main characteristics of the sensors are reported in Table 1.

3.2 Beam test set-up and electronics

The time resolution of the UFSDs has been studied at the T10 beamline at PS-CERN in July and November 2022. The beam was
mainly composed of protons and pions with a momentum of +10 GeV/c. For each data acquisition, up to four carrier boards mounted
on micro-mover stages were aligned to the beam in a telescope frame at a relative distance of 24 cm, and the whole set-up was
enclosed in a dark environment box at room temperature.

All the LGADs tested have been mounted on a board V1.4-SCIPP-08/18, containing a wide-bandwidth (2 GHz) and low-noise
inverting amplifier with a measured amplification of factor 6. The board has been modified in order to place one LGAD on each
side of the board and, thanks to a via in the printed circuit board (PCB) itself, connect the output of the two LGADs together and
send the signal to the amplifier described above, realizing a first prototype of d-LGAD. The output of the board was followed by a
second amplification stage, with a gain factor of around 13 and 14, respectively, for the HPK50 and FBK sensors.>

Up to four amplified signals were sent to a LeCroy WaveRunner 9404 M-MS oscilloscope,* with 20 Gs/s sampling rate, 4 GHz
of analogue bandwidth and 8-bit vertical resolution. The contribution of the oscilloscope time resolution to the measured one was
negligible.

For the trigger of the data acquisition, a threshold has been set for each channel and the coincidence of the four sensors has been
used.

1 Usually, the active thickness is around 2-3 pm less than the nominal.
2 This UFSD production is called EXFLUO [9].

3 The second amplifier used for the HPKS50 and that used for the FBK sensors were the minicircuit LEE39+ (LEE39+datasheet) and Gali52+
(GALI52+datasheet), respectively.

4 Lecroy WaveRunner datasheet.
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Fig. 2 RMS of the noise and S/N ratio for all the tested LGADs 25 (a), 35 (b) and 50 (¢) pm
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Fig. 3 Charge distributions for all the DUTs at a gain of 15, 12 and 27 for the FBK25 (a), FBK35 (b) and HPKS50 (¢) couples, respectively. The distributions
are fitted with a convolution of a Gaussian function and a Landau function

For all the measurements reported in this paper, the double LGAD has always been compared with the performances of the single
LGAD composing the d-LGAD under test.> Therefore, every LGAD thickness will always have three different measurements: two
coming from each of the LGAD composing the d-LGAD and one from the d-LGAD itself.

The root mean square (RMS) of the noise (see [3] for more details) and the signal-to-noise ratio (S/N) have been evaluated for
each sensor and voltage. In Fig. 2, they are reported as a function of the applied voltage. As can be seen, the noise between single
and double sensors is compatible for all thicknesses. The S/N instead is always higher for the d-LGAD, giving already some insight
into the better performances reported later in the paper.

4 Results

The data analysis was performed following similar procedures to those reported in [3, 10]. In particular, thanks to the oscilloscope
readout, the full signal waveforms were recorded and analysed. It was then possible to use the constant fraction discriminator (CFD)
method to extract the detector under test (DUT) time resolutions. Moreover, to filter out the high-frequency noise, a smoothing of
the LGAD signal was applied with a four-point moving average.

To extract the time resolution of a single DUT (single or double LGAD), a system with three sensors and three differences
between the arrival time of each pair of detectors has been considered. The sigma extracted from the fit has then been used to obtain
the final time resolution of the three LGADs at a given voltage and CFD.

5 First, we tested always the d-LGAD. Then, we un-bonded the bottom LGAD in order to test the top one. Lastly, we un-bonded the top LGAD, bonding

and testing the bottom one.
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Fig. 4 Measured time resolution results from the beam test as a function of the voltage applied for all the LGADs tested 25 (a), 35 (b) and 50 (¢) pwm for
a CFD of 50%, 30% and 30%, respectively. The errors for the measured time resolution have been estimated as 10% of the value. The lines are included to
guide the eye

In Fig. 3, the measured charge distributions are shown. Notice that the comparisons between single and the double LGADs
have been made at a fixed gain. As can be observed, the d-LGAD always showed a most probable value (MPV) of charge which
was double that of the single one, as naively expected, demonstrating the success of a so-built detector and, as a consequence, the
potentially less demanding electronic front end that can be realized, thanks to the larger charge in input.

In Figs. 4 and 5, the measured time resolution for a fixed CFD (more details in [3, 10]) is always considered. In Fig. 4, the time
resolution as a function of the applied voltage is reported.

First of all, if compared with [3], the results for all thicknesses are compatible. It can be noticed that the resolutions of the single
LGADs are very nicely uniform only for the 50 wm couple, owing to the more uniform sensor wafer (and specifically to the more
similar gains for the two sensors). Nevertheless, for all three thicknesses, for a fixed voltage an improvement in the time resolution
has been observed with the d-LGADs. A final time resolution of ~ 20 ps has been obtained for all three thicknesses. For the future,
new 25 and 35 wm production with increased uniformity could potentially improve the time resolution of d-LGAD, bringing time
resolution below 20 ps.
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Fig. 5 Measured time resolution results from the beam test as a function of the charge collected for all the LGADs tested, 25 (a), 35 (b) and 50 (¢) pm for
a CFD of 50%, 30% and 30%, respectively. The errors for the measured time resolution have been estimated as 10% of the value. The lines are included to
guide the eye

In Fig. 5, the time resolution as a function of the charge is then reported. The plot would be totally similar if plotted vs gain.
As expected, the d-LGADs show higher charge with respect to single LGADs at the input of electronics, in particular for uniform
wafers and couples, as in the case of the 50 wm thickness.

In Table 2, the best time resolutions reached for the three detectors tested are summarized.

5 Conclusions
The study presented in this paper describes a new concept for improving time resolution by coupling two LGADs connected to the
same amplifier. All the results have been obtained using a 10 GeV/c beam at CERN-PS. For three different thicknesses of sensors,

the performance of the d-LGAD has been compared with that of the single LGADs composing it. The d-LGAD concept shows clear
advantages over the standard single LGAD, resulting in better time resolution with the added benefit of a higher charge provided at the
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Table 2 Time resolution for 25, Voltage applied (V) Gain Time resolution

35 and 50 for a given voltage (or

gain) obtained in a beam test FBK25 front 120 24 +2 (23 +2) ps

set-up at room temperature FBK25 back 120 43 +4 (28 £ 3) ps
d-FBK25 120 35 +4 (20 £2) ps
FBK35 front 240 17 +£2 (30 £ 3) ps
FBK35 back 240 27 £3 (25 £2)ps
d-FBK35 240 15 +2 (23 +£2) ps
HPKS50 front 220 63 £6 (28 £3) ps
HPK50 back 220 64 +6 (28 +3) ps
d-HPK50 220 59 +6 (22 +2) ps

input of the amplifier. In particular, the results demonstrate a consistent improvement in time resolution for the d-LGAD compared to
the single LGADs, reaching a time resolution of ~ 20 ps for all three thicknesses. Additionally, for all the couples, the charge MPV
generated by the d-LGAD is doubled compared to both single sensors, as expected, resulting in a clear advantage for the electronics.
At the moment, this stands only as a proof of concept; however, the logical progression would involve a more straightforward
integration of this concept, either within the electronics board or directly within the detector itself, potentially utilizing techniques
such as through-silicon via (TSV). Overall, this concept presents a promising development for LGAD’s performance and paves the
way for future implementation of such sensors.
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