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ARTICLE INFO ABSTRACT
Keywords: A High-Granularity Timing Detector (HGTD) is proposed based on the Low-Gain Avalanche Detector (LGAD)
LGAD for the ATLAS experiment to satisfy the time resolution requirement for the up-coming High Luminosity at

Time resolution
Electron beam
CFD

LHC (HL-LHC). We report on beam test results for two proto-types LGADs (BV60 and BV170) developed for the
HGTD. Such modules were manufactured by the Institute of High Energy Physics (IHEP) of Chinese Academy
of Sciences (CAS) collaborated with Novel Device Laboratory (NDL) of the Beijing Normal University. The

beam tests were performed with 5 GeV electron beam at DESY. The timing performance of the LGADs was
compared to a trigger counter consisting of a quartz bar coupled to a SiPM readout while extracting reference
SiPM by fitting with a Gaussian function. The time resolution was obtained as 41 ps and 63 ps for the BV60

and the BV170, respectively.

1. Introduction

Low-gain avalanche detectors (LGADs) are suggested for applica-
tions at the HL-LHC where the pile-up of multiple proton—proton col-
lisions are estimated for over 200 interaction vertices. To alleviate the
high luminosity induced pile-up, the high-granularity timing detector
(HGTD) is proposed at ATLAS to present the timing information for the
particle tracks and distinguish the originated interaction vertices. The
target average time resolution of the tracking detector is 30 ps. The
low-gain avalanche detector is selected as the key sensor technology
for the HGTD [1-3].

The LGADs are n-on-p silicon detectors containing an additional
highly-doped p-layer under the n-p junction as shown in Fig. 1(a) [2].
It creates a high field resulting in internal amplification. More electron
and hole pairs are generated by crossing the initial carriers through
the amplification layer. The LGADs have been developed by the CERN-
RD50 [4] with detectors fabricated by the CNM Barcelona [2], Hama-
matsu Photonics [5] and FBK Italy [6]. Recently, the Institute of High
Energy Physics (IHEP) cooperated with Novel Device Laboratory (NDL)
of the Beijing Normal University also combined the task force to build
LGADs for the HGTD project.

Two types of NDL LGADs are made with various volume resistivity
for silicon epitaxial layer with 300 Q-cm for BV60 and 100 Q-cm
for BV170, respectively. The detector layout is shown in Fig. 1(b).
It contains 2 x 2 pads implemented in an area of 3.2 x 3.2 mm?
surrounded by six guard rings. The size of each pad is 1.0 x 1.0 mm?
covered with silicon oxide and aluminum lines. The wafer thickness is
300 pm and the thickness of active epitaxial layer is 33 pm. The beam
tests were conducted at DESY to investigate the timing performance
of these LGADs. The signal amplitude and the electronic noise were
the key factors to time resolution, which were compared to the results
conducted with a pico-second laser pulse [7] while obtaining the time
resolution of 10 ps.

2. Properties of NDL detectors

The two types of NDL LGADs were measured for the Current—
Voltage (I-V) and Capacitance-Voltage (C-V) characteristics on a probe
station at room temperature. The results are plotted in Fig. 2. The
curvatures of these plots are used to extract the transition voltage
values for full breakdown and depletion which are listed in Table 1.
The “foot voltage” is also listed, which is the value for the gain layer
being depleted. The foot voltages of the BV60 and the BV170 are similar
indicating the doping concentration of gain layers implemented at the
same level. The different depletion voltages are resultant from various
bulk resistivity in the epitaxial layers.

The time resolution of LGADs can be explained with contributions
of the following [1]:

0,2 2 + 2 (1)

— 2 2 2
- O-Signa[ di:tartian+o-Time wa/k+O-Landau n0i5e+o-Digitizarion noise ¥ O Jitter

where 6;..0/ gisioriion term represents the smearing factor caused by
the non-uniform drift velocity and weighting field according to the
Ramo-Shockley’s theorem [1]. The 6,0 wak t€rm is resultant from the
shift of arrival time among pulses with various signal amplitudes. The
time walk effect is minimized using the Constant Fraction Discriminator
(CFD) method. Since the detector has a lower thickness compared to the
pad size, the contribution from time walk to Landau can be ignored.
The 61 sndau noise 1S caused by the non-uniform energy deposition of the
traversing beam particles. It is the main factor in the resolution, which
is estimated with the results from previous laser measurements. The
O Digirization noise 1S attributed to the noise of the digital oscilloscope for
signal waveform measurements. The o,;,,, accounts for the electronic
noise of the readout. It is approximated as o,;,, = N/(dV/dt) =~
t.ise/(S/N) [1], with a linear dependence on the increasing time of the
signal pulse (7,;,,) and is inversely proportional to the signal to noise
ratio (S/N).

3. Experimental set-up

The NDL LGADs were tested at DESY with 5 GeV electrons in a
test beam facility [8]. Each LGAD test sample was wire bonded on a ~
10x 10 cm? read-out circuit board as shown in Fig. 3. The circuit board
established by the UCSC group [9] consists of a silicon-germanium
bipolar transistor coupled to a 2 GHz amplifier. The test beam facility
is equipped with the EUDET-type beam telescope [10] measuring the
electron tracks traversing the “devices under test” (DUTs) as shown
in Fig. 4. The beam telescope includes six-pixel detector planes using
multi-input multi-output silicon accelerator (MIMOSA) sensors. The
Trigger Logic Unit (TLU) possesses an FE-14 based pixel sensor mod-
ule [11] in coincidence the MIMOSA outputs. An oscilloscope (10 GS/s
sample rate) triggered by the TLU is used to measure the waveforms of
LGAD signals. The MIMOSA readouts for each trigger are recorded by
the data acquisition system instrumented in a PXIe crate. As a timing
reference, a fast Cherenkov counter made of quartz bar is situated in
the beam line. The timing performance of the LGADs is assessed with
three various bias voltages during the beam tests. The corresponding
depletion and breakdown voltages are different, for which the results
are compared to optimize the values selected in normal operation.

4. Results
4.1. Data analysis

The LGADs signal waveforms as shown in Fig. 5 recorded during
the beam tests with 5 GeV electrons were analyzed for the increasing
time and amplitude. The analysis framework of PyAna is used for event
reconstruction.

The oscilloscope records all the waveforms created during the run
period including the time and amplitude information of DUTs. The
noise is defined as the root mean square value of the amplitude distribu-
tion of the first point in each waveform. The signal charge is determined
by the product of current and time as Q = Z;’(I,- X At) where At is a
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(a) Schematic of LGAD

Cathode
Ring

Avalanche
Region

N
|
*on
Depletion

Region v

Anode
Ring

I

Nuclear Inst. and Methods in Physics Research, A 989 (2021) 164956

(b) Design schematic of LGAD
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Fig. 1. (a) The schematic of an n-on-p LGAD [2]. An additional highly-doped p-layer is under the n-p junction where there is a high electric field. (b) The design schematic of
the NDL LGAD sensor. 2 x 2 pads are made with six guard rings. The whole size of the detector is 3.2 x 3.2 mm? while the size of each pad is 1.0 x 1.0 mm? covered with black

silicon oxide and white aluminum lines.
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Fig. 2. The IV curve of NDL LGADs and C~2? vs. bias voltage for NDL LGADs [7].

2 2 »

Fig. 3. Photo of the NDL LGAD wire-bonded to UCSC read-out board with trans-
impedance first stage amplifier [7,12]. A 5 GHz silicon-germanium bipolar transistor is
coupled to a 2 GHz amplifier.

constant time interval extracted from sampling rate. The CFD method is
applied to locate the timing point at the selected fraction of the signal
waveform. The time resolution of the LGADs is assessed for the CFD
values of 20, 50 and 70.

The LGAD signals are the ionization charges collected from beam
electrons traversing through the silicon wafer. The pulse height distri-
bution follows Landau distribution. The pulse height and signal charges
are fitted with a Landau function convoluted with a Gaussian function.
A Gaussian function is utilized to describe the noise distribution. The
S/N is calculated using amplitude over the noise. S denotes the Landau
most probable value and N is the Gaussian width. The waveforms of

SiPM| FEI4 M5 M4 M3 DUTs M2 M1 MO
‘ Beam

Quartz bar

TLU Oscilloscope NI Crate

Fig. 4. The test beam passes through MIMOSA sensors (MO to M5), LGADs under
test (DUTs), FE-I4, and the reference SiPM. MIMOSA planes are used to offer the
information for tracking while FE-I14 and TLU are utilized for triggering. The data from
the LGADs and SiPM are collected by the oscilloscope while saving the beam telescope
and FE-14 data in the NI crate.

the LGADs gathered in the beam tests are examined for the signal
amplitude, noise, their ratio (S/N) and the integrated total charge are
plotted in Fig. 6. The results indicate that the higher bias voltage to
LGADs leads to the higher pulse height and more signal charges. It is
found that the noise is independent of the bias voltage as a result of the
low leakage current compared to the electronic noise. The BV60 collects
more charges than 4 fC which is required by ATLAS HGTD TDR [13],
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Fig. 5. A typical LGAD waveform recorded in beam tests through Teledyne LeCroy
WaveRunner 8104 at 10 GS/s.

Table 1
The foot voltages, depletion voltages and breakdown voltages of BV60 and BV170
extracted from Fig. 2.

Items BV60 [V] BV170 [V]
Foot voltage 24 21
Depletion voltage 50 110
Breakdown voltage 110 160

however, the charges BV170 collects is less than 4 fC due to its low
volume resistivity in epitaxial layer.

4.2. Time resolution

The beam test setup includes a quartz bar where the Cherenkov
light generated by traversing electrons is collected by a SiPM readout,
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Fig. 7. Gaussian function is utilized to fit the time difference of reference SiPM and
BV60 at 50 V (CFD20). o of this Gaussian distribution is taken as the time resolution
of this system.

which is taken as the reference detector to assess the time resolutions
of LGADs. It detects the Cherenkov photons generated by electrons in
quartz, 3 x 3 x 10 mm?, 6 side-polished. Then, the signals from SiPM
are boosted by an amplifier with a gain of 10. The signal rise times
of the BV60, BV170, and the reference SiPM readout are analyzed
using the CFD technique applying three different thresholds. Each of
the time resolutions of BV60, BV170, and SiPM can be combined into
three various pairs. The time difference of each pair with different CFD
values can be explained with a Gaussian function [9]. The sigma of the
fitted Gaussian function is the time resolution for each pair as shown
in Fig. 7. Assuming that there is no correlation in each pair, the time
resolutions of reference SiPM and LGADs can be calculated with the
time resolutions of each pair and the error propagation. To illustrate
the calculation, the pair of BV60 and SiPM is taken as an example. The
time resolution of BV60 can be determined as

UéiPM 2

_ [2 _
OBVe0 = \/U(BVGO,SiPM)

(b) Noise of NDL Detectors
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(d) Collected Charge of NDL Detectors
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Fig. 6. The performance of NDL LGADs BV60 and BV170. (a) Amplitude increases by increasing the voltage. (b) Noise distribution is voltage independent. (c) S/N distribution
for BV60 and BV170, determined by amplitude over noise. (d) Collected charge. BV60 collects more charges than 4 fC.
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Timing Resolution of NDL Detectors
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Fig. 8. Time resolution for BV60 and BV170 as function of bias voltage. The time
resolutions of these two detectors are getting better as bias voltage goes up. The CFD50
leads to smaller time resolutions than CFD20 and CFD70.

with uncertainty

[U(Bveo,SiPM)5(BV60,51'PM>]2 + (0sipm 5SiPM)2

Spveo = 3 3 3
%Bveo,sipm) ~ CsiPM

The reference Quartz counter with SiPM readout was utilized in
several beam tests at CERN and DESY. Long-term exposure to beam
particles results in a degraded performance as 70 + 1 ps (statistical
uncertainty only) at 26.5 V. Shown in Fig. 8 are the distributions
obtained for the time resolutions of BV60 and BV170. The signal rise
times decrease by the higher bias voltage. The differences with different
CFD values are also plotted. CFD at 50 leads to better time resolutions
than CFD 20 and 70. The best time resolution obtained with BV60 is
41+1ps at 90 V, and BV170 is 63+ 1ps at 130 V (statistical uncertainties
only), respectively.

5. Conclusion

The beam test was conducted on two types of NDL LGADs BV60 and
BV170. BV60 gathered more charges than 4 fC to fulfill the requirement
of ATLAS HGTD. However, the charges collected by BV170 are less
than 4 fC due to its low epitaxial volume resistivity. With a CFD at
50, the best time resolutions of BV60 and BV170 are 41 ps and 63 ps,

Nuclear Inst. and Methods in Physics Research, A 989 (2021) 164956

respectively. For further development of NDL LGADs, the thickness of
the epitaxial layer is extended to 50 pm as the baseline of HGTD.
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