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Abstract

This paper studied the radiation hardness of low gain avalanche detector
(LGAD) developed by the Novel Device Laboratory (NDL) in Beijing and the
Institute of High Energy Physics (IHEP) of Chinese Academy of Sciences,
in the context of an upgrade project of the ATLAS detector for the high
luminosity phase of LHC. NDL LGAD sensors with different layouts, epi-
taxial resistivity, doping profile were irradiated up to 1.02 x10'® ne,/cm? by
70 MeV proton at Cyclotron and Radioisotope Center (CYRIC). The tim-
ing resolution of NDL LGAD sensors reached 50 picoseconds (ps) and the
collected charge reached 3 - 4 Femtocoulombs (fC) after irradiation.

Keywords: LGAD, proton irradiation, beta test, timing resolution, HGTD

1. Introduction

Low gain avalanche detector (LGAD) is one kind of ultra-fast silicon de-
tector (UFSD), which is a thin n-on-p silicon sensor with an internal multipli-
cation layer, as shown in Figure 1. Thin LGAD has high signal-to-noise ratio
and short signal rise time. Therefore it has a very good timing resolution.
LGAD could be applied in many aspects. One application of LGAD is the de-
velopment of a high granularity timing detector (HGTD) [1] in the upgrade
of the ATLAS experiment at the High Luminosity Large Hadron Collider
(HL-LHC) [2]. In HGTD project, LGAD is required to reach 70 picoseconds
(ps) timing resolution after an irradiation up to f 2.5 x10* ng,/cm?. The
collected charge of LGAD is also required to be larger than 4 fC to reduce
jitter in readout ASIC chip.

As Ref. [3, 4, 5] reported, the Centro Nacionalde Microelectronica (CNM)
and Fondazione Bruno Kessler (FBK) and Hamamatsu Photonics (HPK)
have achieved the timing resolution below 70 ps before irradiation. However,
due to the high luminosity of the HL-LHC, LGADs will operate in conditions
of very harsh irradiation and the timing resolution of LGADs degraded with
increase of the neutron fluences due to the acceptor removal mechanism [5, 6,
7]. Several groups around the world are working on the improvement of the
radiation hardness of LGAD. The Institute of High Energy Physics (IHEP)
of the Chinese Academy of Science cooperated with Novel Device Laboratory
(NDL) [8] on LGAD sensor development since 2019. Many irradiation studies
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Figure 1: Shematic for the LGAD sensors.

have been performed for the HPK and CNM LGAD sensors [5, 6, 9, 10,
11], but the properties of NDL LGADs haven’t been studied after proton
irradiation. This paper studied the timing resolution and charge collection
of NDL LGAD after proton irradiation up to 1.02 x 10'® n.,/cm? at Cyclotron
and Radioisotope Center (CYRIC) in Japan.

2. Introduction to NDL LGAD sensors

NDL LGAD sensors were designed by the NDL and THEP, and were
produced by a CMOS foundry. The LGAD sensor is fabricated on the p-type
epitaxial layer of silicon substrate. The epitaxial layer is 33 pm thick with
resistivity of 1002 - cm or 3002 - cm. The substrate on which the epitaxial
layer is grown is heavily doped. It acts as an ohmic contact and mechanical
support [8]. Two batches of the NDL LGADs with 2x2 pad array were tested
in this study. NDL BV170 is one of the first batch, while NDL #9 and NDL
#10 belong to the second batch. The thickness of the substrate for the first
(second) batch is 300 (250) pm. BV170 is fabricated with a low-resistivity
(1002 - cm) epitaxial layer, and it has six guard rings, as shown in Figure 2
(a). NDL #9 and NDL #10 are fabricated with high-resistivity (3002 - cm)
epitaxial layer, and they have two guard rings as shown in Figure 2 (b). The
guard rings of BV170 are without probing pad and they can only be floated.
While the guard rings of NDL #9 and NDL #10 are with probing pads, and



Figure 2: (a) Photo of the first batch of NDL LGAD sensor (BV170). There are six guard
rings in this batch. However, the guard rings are without probing pad. (b) Photo of of the
second batch of NDL LGAD sensors (NDL #9 and NDL #10). Two guard rings designed
are used in this batch.

Table 1: Properties of three type of IHEP-NDL LGAD sensors. The sensor breakdown
voltage (Vgp), and depleted voltage (Viepieted), the dimension of one pad, the resistivity
of wafer epitaxial layer (Rcp;) and the gain value are summarized.

Batch Sensor Breakdown Voltage [V] Depleted Voltage [V] Pad Size [mm] Wafer Resistance [ - cm] Gain

I BVIT0 165 100 Ix1 100 30
yt #10 300 40 13x1.3 300 20
#9 250 40 1.3x1.3 300 2

they can be either grounded or floated. The detailed parameters of NDL
sensors are listed in the Table 1.

Figure 3 shows the inverse of capacitance square as a function of the bi-
ased voltage of the sensors at room temperature (20°C). The full depletion
voltages for NDL #10, NDL #9 and BV170 are 40 V, 40 V and 100 V, respec-
tively. The punch-through voltages for the multiplication layer of the NDL
#10, NDL #9 and BV170 are about 28V, 28V, and 20 V. The frequency of
LCR meter in the test is 10 kHZ.

As Ref [12, 13] reported, the doping profile could be extracted from the
capacitance-voltage (CV) measurement. The dependence of doping concen-
tration (IV,,) on depth (w) was obtained with the following equations:

2 d 1.,

Ny = _M[W(E)]

(1)
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Figure 3: The inverse of capacitance square as a function of the biased voltage of NDL
LGAD sensors.

with
A
W = €-€0—= (2)

C

where q is the electron charge equal to 1.6 x10'Y fC, e, is the silicon rela-
tive permittivity equal to 11.7, ¢y is the vacuum absolute permittivity equal
to 8.854 x107!* fC/cm, A is the active area of the silicon sensor, C is the
measured capacitance , V is the biased voltage. The Doping profile of NDL
LGAD is shown in Figure 4. The depth of the multiplication layer is about
0.6 pm. The multiplication layer width in the first (second) batch is 0.5 pm
(Inm). The peak of doping concentration in the multiplication layer in the
second batch is about two times lower than that of the first batch.

3. CYRIC irradiation

Three kinds of NDL LGAD sensors, which were BV170, NDL #9 and
NDL #10, were irradiated up to 1.02 x10" ne,/cm? at CYRIC in Japan
with 70 MeV proton. The proton fluence was quoted in 1 MeV equivalent
neutrons per cm?.
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Figure 4: The doping profile of NDL LGAD sensors estimated from CV measurements.

After irradiation, the NDL LGAD sensors were annealed for 80 min at
60°C, which roughly simulate the long-term annealing in the end-of-year
shut-down period during the operation of the HL-LHC. After irradiation,
the NDL LGAD sensors were shipped to other laboratories to be tested.

4. Experiment Setup

The readout board for NDL LGAD sensors was designed by the University
of California Santa Cruz (UCSC), which had low noise and high bandwidth
trans-impedance amplifiers. The readout board has been used in previous
studies. Detailed description is in [3, 5].

Setup for beta test is shown in Figure 5. The detailed description for
the setup is in [3, 5]. The beta tests were done by UCSC.The device under
test (DUT) and the trigger were housed in the climate chamber. This can
guarantee the temperature to be —30°C, which is the operating temperature
at the HL-LHC. The beta source was °Sr. The entire waveform of the DUT
and trigger was recorded by the digital oscilloscope (2.5 GHz-8bit vertical
resolution LeCroy WavePro 725Zi-A). After proton irradiation, the doping
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Figure 5: Beta test setup for the NDL sensors.

concentration of the gain layer decreases. To regain the performance of the
unirradiated sensor, the bias voltage for the irradiated sensor should be in-
creased. However, the bias voltage is tested only up to 500V, since 500V
is a typical safe operating voltage for the LGAD with 33 pm thick epitaxial
layer after irradiation.

4.1. Timing Resolution

The data of the beta test was analyzed offline according to [14]. The
timing resolution #; can be evaluated as the following equation:
07 = 0%ister + OLandaunoise + Ipistortion + Oimewatt (3)
The 62,,,., depends on the signal to noise rate and the rising speed of the
signal pulse. For NDL LGAD the epitaxial layer was thinned to 33 um for
reducing the signal rise time, the §%,,,.. and the 62 . . . . A moderate gain
value (20 - 30) is chosen for increasing the signal to noise ratio while keeping
a low shot noise. 67 . . . is the fluctuations of the charge deposition in
the LGAD. 6%,.,,.+i.n, 15 caused by the distortion of the electric field. The
surface of NDL LGAD is covered by several Aluminum strips as shown in
Figure 2. This layout of NDL LGAD sensor can generate a uniform electric
field and also keep its sensitivity to light. 62, .. is caused by time walk
effect, in which small signal and large signal have different arrival time. The
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Figure 6: (a) Time resolution as a function of bias voltage for NDL #9 and BV170 before
irradiation. (b) Time resolution as a function of bias voltage for NDL #10, NDL #9,
BV170 after 1.02 x 10*°n,,/cm? irradiation at -30 °C.

time walk effect could be reduced by using the constant fraction discriminator
(CFD) method in frontend electronics and in data analysis. In CFD method,
the arrival time of the particle of the CFD is taken to be the time when the
pulse passes a specific fraction of the maximum pulse amplitude. The detailed
calculation for timing resolution was described in [3]. The CFD fraction for
this analysis is chosen to be 50%.

Figure 6 shows the timing resolution as a function of bias voltage for NDL
LGAD sensors before and after 1.02 x10'® n.,/cm? irradiation at —30°C.



The timing resolution of the BV170 after irradiation is 80 ps at -30 °C which
is a factor of 2.8 times worse compared with the resolution before irradiation
(29 ps). The timing resolution of NDL #9 (#10) after irradiation at -30 °C is
45 (50) ps, which has the potential to satisfy the ATLAS physics requirement
in HGTD project. The timing resolution for NDL #9 increased about 2.3
times compared with the best timing resolution before irradiation (20 ps).
There’s no timing resolution data of NDL #10 before irradiation.

From the results above, the NDL #9 and NDL #10 have a better timing
performance than BV170 after irradiation. The doping concentration of the
gain layer in NDL #9 and NDL #10 are lower than those of the BV170.
NDL #9 and NDL #10 have a higher break down voltage than BV170 as
shown in Table 1, and can operate with moderate gain.

4.2. Collected charge

The collected charge for each signal is calculated by dividing the inte-
gration of the voltage pulse by the charge-voltage transimpedance of the
amplifier. The distribution of the charge collection is fit with Landau dis-
tribution to get the charge most probability value (MPV) for a certain bias.
We took the MPV to be the collected charge by the NDL LGAD sensors.

Figure 7 shows the collected charges as a function of the bias voltage
before and after irradiation up to fluence of 1.02 x 10" ng,/cm? at —30°C.
All NDL LGAD sensors have a collected charge larger than 13 fC before
irradiation. The collected charge of BV170 at —30°C after irradiation is
about 4.2 fC, which has the potential to satisfy the requirement of the ATLAS
HGTD project (4fC). The collected charge of BV170 decreases about 3.1
times than the collected charge before irradiation at 20°C. The collected
charge of NDL #9 (#10) after irradiation is about 3 (2) fC, which is slightly
lower than the HGTD ASIC requirement. As shown in Figure 4, the total
boron dose of the gain layer is similar for BV170 and NDL #9 and NDL
#10. However, NDL #9 and NDL #10 have a much wider gain layer, and
the peak of doping concentration in the gain layer is about two times lower
than BV170. Therefore NDL #9 and #10 are more affected by the acceptor
removal effect and have a lower amount of collected charge after irradiation.

In the next prototype run, IHEP and NDL will increase the doping con-
centration of the gain layer to improve the performance of charge collection
after irradiation. While the guard ring design and layout of NDL LGAD
prototype will be re-optimized to avoid early breakdown. A thicker epitaxial
layer (50 pm) will be used in the next NDL LGAD runs to increase its break
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Figure 7: (a) Collected charge as a function of bias voltage for NDL #9 and BV170 before

irradiation. (b) Collected charge as a function of bias voltage for NDL #10, NDL #9,
BV170 after 1.02 x 10*°n,,/cm? irradiation at -30 °C.

down voltage after irradiation. A complete summary of the test results is
presented in Table 2.

5. Conclusion

A new LGAD sensor developed by NDL and ITHEP, in the context of
the HGTD upgrade project of the ATLAS detector for the HL-LHC, has
been presented, as well as the results of the radiation hardness of LGAD
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Table 2: The timing resolution and collected charge of NDL LGAD sensors before and
after irradiated up to fluence of 1.02 x10'5 ngy/cm?.

Sensor 1.02 x10% neq/cm? (—30°C) Before irradiation
Timing resolution [ps] ~Collected Charge [fC] Timing resolution [ps] Collected Charge [fC]
NDL #9 15 3 20 (20°C) 13 (20°C)
NDL #10 50 2 - -
- “ . 29 (20°C) 13 (20°C)
20 (~30°C) 17 (~30°C)

sensor after proton irradiation. All NDL LGAD sensors have excellent timing
resolution 20 — 30 ps and collected charge 13 —18 fC before irradiation. After
proton irradiation with a fluence of 1.02 x 10 neq/cm?, the NDL BV170 kept
a relatively high collected charge (4.2fC) after irradiation, and its timing
resolution is 80ps; The NDL #9 (#10) obtains a good timing resolution
45 (50) ps, while its collected charge is 3 (2) fC, which is slightly lower than
the ATLAS HGTD project requirement. In the next prototype run, IHEP
and NDL will increase the doping concentration of the gain layer to improve
the performance of charge collection after irradiation. An optimized LGAD
layout and guard ring design, as well as a thicker epitaxial layer (50 pm) are
also expected in the next runs to increase the breakdown voltage.
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