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e The low gain avalanche detector (LGAD) is the state-of-the-art technology in time
measurement for charge particles, with the following features:

o A highly doped p+ avalanche region is implanted under the n+ layer.

o Provide moderate internal gain of 5 to 50 = can be used for small signal detector
(low energy X-rays).

o  Active thickness of 20 to 50 um = fast collection time, high frame rate capability.

o Exceptional timing resolution (20 ps or better) before high dose irradiation for
MIPs.
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The SSRL Testbeam Setup




SR

SANTA CRUZ INSTITUTE
FOR PARTICLE PHYSICS

UG SANTA CRURZ
Tested 1 PiN device, 3 LGAD types.
All Devices are single pad with active area of 1.3x1.3 mm?2.
Two implant depths of the gain layer: shallow ~1um, deep ~2um.
Device Active Thickness [um] Gain Layer Breakdown [V]
HPK LGAD type 3.1 50 shallow ~230
HPK LGAD type 3.2 50 deep ~130
HPK PiN 50 No gain ~400
BNL LGAD 20 shallow ~100
HPK BNL
Device Device
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e The Stanford Synchrotron Radiation Lightsource (SSRL) 11-2 beamline:
o X-rays energy:
m 5to70keV
m Energy resolution of AE/E =10
m Monochromator to filter harmonics
O Beam structure:
m Spotsize 25mm x Imm
m 4 groups of 70 bunches
® 10 ps length (RMS)
® Separated by 2.1 ns
e All measurements were performed at room temperature.



e Data acquisition:
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® The signal maximum (peak) is used as estimator for X-rays energy.
o Baseline correction from [1] is applied to reduce fluctuation from amplification circuit.
o Signal peak at least >70__

Ise

o Time separation between adjacent peaks at least 2.1 ns
e Using mean(u) and width(o) of the Gaussian fit to the peaks distribution:
© Energy:u

o Resolution: o/u Example distribution for 30 keV X-rays
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X-rays Energy Linearity

e The u is extracted for each energy, bias voltage, and sensor type.
e The relation of u to X-rays energy is shown below:
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e The energy resolution (0/u) of LGADs for each of the tested X-rays energies
are shown:

o The energy resolution is approximately constant over the energy range.
o The energy resolution degrades at higher gains.
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e The major timewalk effect from photon absorption at different depth inside the
sensor contributes to the time resolution.

e Constant fraction discriminator (CFD) at 20% is used for timing.
o The fast rising edge of the initial carrier drift is more stable and precise.

X-rays absorption front vs back

-\

Time walk due
to the delay of >

avalanche
process °
v
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e The major timewalk effect from photon absorption at different depth inside the
sensor contributes to the time resolution.
e Constant fraction discriminator (CFD) at 20% is used for timing.
o The fast rising edge of the initial carrier drift is more stable and precise.

TCAD Simulation of PiN and LGAD Signal for different absorption depth. E = 20keV
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e The major timewalk effect from photon absorption at different depth inside the
sensor contributes to the time resolution.
e Constant fraction discriminator (CFD) at 20% is used for timing.
o The fast rising edge of the initial carrier drift is more stable and precise.

® Time difference with respect to the reference time is calculated for each bunch
o  The bunch separation of 2.1 ns is accounted.
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® LGAD bulk E-field is usually high enough to saturated the carrier drift velocity
(1x107 cm/s).
e Assuming photon absorption is approximately equally probable, the time
resolution due to timewalk is :
o  50umis ~125 ps, 20um is ~50 ps
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The LGAD charge collection time is extremely fast due to thick active
thickness and saturated carrier drift velocity.
resolve 500 MHz repetition rate (with capability up to 1GHz).
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e The gain of LGAD for conventional MiP like charge particles is different in the case
of X-rays.

e The gain of LGAD is measured in reference to the PiN device in the laboratory.

TCAD simulation is used to study the MiP-like vs X-rays-like deposition.

e Same device and operation voltage is used.

A 30keV phot
. 5, eV photon } Measured
-~ ® MIP from Sr90
o - — Localized deposition TCAD
- Continuous track of deposition simulation
20¢
15}
10}
5}
T L I

Total number of generated e-h pairs
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® One possible explanation to this is related to the generated e-h density and the
gain layer E-field relaxation process.

Charge cloud drift toward

gain layer. Shape expand due
Initial Deposition from X-rays ¢ diffusion

® Avalanche process starts

the first portion of the che
cloud.
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® One possible explanation to this is related to the generated e-h density and the
gain layer E-field relaxation process.

e This variation of E-field depends on the generated e-h paris density per unit
distance.

e MiP generates less e-h paris per unit distance comparing to point-like X-rays
deposition.
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® The SSRL testbeam results for LGADs were shown:
o Energy resolution is between 6% to 20%, and out performing

conventional PiN devices (and better SNR).
o Time resolution is between 50 to 200 ps. (depends on thickness)
o Easily resolve 500 MHz repetition rate of the X-rays beam line.
e The gain of LGADs depends on the type of energy deposition. The gain is
lower for X-rays in comparison to MiP.

35 keV X-rays

HPK PIN HPK3.1 HPK3.2 BNL 20um
Bias V 200V 150V 230V 80V 130V 50V 100V
Energy Resolution 14 % 6 % 17 % 10 % 20 % 6 % 16 %
Energy Response I9mV | 75mV 18 mV | 68mV 211mV | 66 mV 147mV
o CFD 78 ps 141ps 123ps | 371ps 171ps 69 ps 65 ps

24
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e Standard LGAD has several known limitations, one of which is the
granularity which is limited to mm scale.
e X-rays imaging application requires um level spatial resolution.

aluminum

G —

U=l gain layer - p*
n

Dead Volume I

Epitaxial layer — p Active Volume 4

substrate —

Possible solution with improved LGAD design:

AC-coupled (RSD) LGAD Deep junction LGAD (DJ-LGAD)

AC‘padS Electrode
. . I — 0 e i T
dle|eCtrIC ( l 1 ~3 um N Implant P-stop
n*
(b)
JTE
n 20-50 um P
Epitaxial layer — p
9: Substrate _ p++ Q: Ohmic contact

Ground plane
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W % Reference SCPP

e [1] S.-J. Baek, A. Park, Y.-J. Ahn and J. Choo, Baseline correction
using asymmetrically reweighted penalized least squares smoothing,
Analyst 140 (2015) 250-257.
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e Frame rate capability is lower for thicker LGAD (50um)
e It’s still capable to fully resolve 500MHz frame rate.
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e GEANT4 simulation of the X-rays absorption location.
_—LGAD (2.5x2.5mm?)
»—PCB Base (10x10mm?)
LGAD layer Thickness (um)
X-Ray beam 1| Al cathode Contact 03
direction
2 | n++ 1.0
3 | gain (p+) 1.0
4 | bulk active 45.0
5 | p++ substrate 150.0
1 Slmulatlon
6 | Al anode contact 0.3 =
E — 5kev
PCB Base layer Thickness (um) : 15 keV
7 - Copper Laminate 100 10_1 | — 35 keV
8 | FR4 1600 2 5 : | |
107
. s M
10°
Lo —
= i i i i

; F
Qo+ 9ain  buk bty 00 Coppe, R4
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® One possible explanation to this is related to the generated e-h density and the
gain layer E-field relaxation process.

e This variation of E-field depends on the generated e-h paris density per unit
distance.

e MiP generates less e-h paris per unit distance comparing to point-like X-rays

deposition.
Time [ps]

1) charge arrived at the

= 90
o . (3]
gain layer at later time see & Al
. : =
a relatlvely.lowe'r field due 3 5| [
to the previous impact s | I Note: same e-h
L
ionization process. s .ol I density per unit ¢ Track
- galn Suppress|on 11} | dlstance IS used
53k I forlocalized and
2) Faster recovery time 15} track deposition.
should reduce the gain 17} \
suppression effects. -19¢
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e Correlation plots of the Tmax vs Pmax
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