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ATLAS HGTD project 

Å[I/ ό[ŀǊƎŜ IŀŘǊƻƴ /ƻƭƭƛŘŜǊύ Ҧ I[-LHC (high-
luminosity phase of LHC) in нлну Ҧ pileup vertex 
densities ҧ

ÅATLAS (one of the 4 major experiments at the LHC 
at CERNύ Ҧ upgrade its detectors

ÅThe HGTD (High-Granularity Timing Detector) is 
chosen for the ATLAS Phase II upgrade.

ÅThe time information be used as another 
dimension for identifying the hard-scattering 
vertex at the HL-LHC.

ÅHGTD should withstand the non ionizing radiation 
levels throughout the HL-LHC operations. 

ÅThis determines lifetime

ÅBecause of its good timing performance and 
radiation hardness, LGAD (Low Gain Avalanche 
Detector) has been chosen as the sensor.

33

Run-2

HL-LHC

Local pileup vertex densities 
at generator level 

truth interactions in a single 
bunch crossing in the zςt plane 

Position of the HGTD within ATLASATLAS Detector in LHC
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Low Gain Avalanche Detector
ÅLGADs are n-in-p silicon detectors containing an extra 

highly-doped p-layer (gain layer) below the n-p junction.

ÅThe high electric field in gain layer region will accelerate 
the drifting electrons and generate avalanches.

ÅWith a proper design of gain layer, the LGAD can achieve 
promising S/N and time resolution.

ÅDesigned parameters:
ÅActive thickness: 50 ˃ Ƴ

ÅPad size: 1.3 x 1.3 ÍÍ

ÅCollected charge (most probable value): > 4 fC

ÅTime resolution: 40 ps(start), 70 ps(end of lifetime)

ÅHit efficiency: > 95%

ÅRadiation tolerance: 2.5e15 Î ÃÍ , 1.5 MGy

4

1 LGAD pad

15x15 LGAD sensor
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Low Gain Avalanche Detector (LGAD) R&D

ÅThe reduction of effective doping ƛƴ ǘƘŜ Ǝŀƛƴ ƭŀȅŜǊ ƛǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ άacceptor removalέ ǇǊƻŎŜǎǎ Ҧ [D!5ǎΩ Ǝŀƛƴ 
reduces

ÅExplored use of different designs, doping materialsand C-enriched substrates Ҧ .ƻǊƻƴ Ҍ /ŀǊōƻƴ ǎƘƻǿǎ ƭŀǊƎŜǎǘ 
gain after irradiation (# /ᴼ#/ competes with " /ᴼ"/)
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Acceptor (") removal in the gain layer after irradiation

M. Moll, VERTEX2019

G.Paternoster, TREDI 2019
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https://indico.cern.ch/event/806731/contributions/3516709/
https://indico.cern.ch/event/777112/contributions/3314805/attachments/1802242/2939922/TREDI_19_paternoster.pdf


Quality Control Test Structure (QC-TS)

Gated
diodes

VDP 
structure

MOS Capacitor PIN

1 1 LGAD 1 2 LGAD

Å QC-TS will be used by CERN to monitor the production process and perform quality assurance measurements 
on the supply for LGAD

Å LGAD test sensors with the same gain layer design properties as the sensors organized as:
Å 1x1 LGAD, 1x2 LGAD 

Å Process control test structure that will provide diagnostic capability for the nearby main sensor. It shall be 
composed of: 
Å PIN diode, MOS capacitor, 2 Gated diodes, 3 Van der Pauwstructures
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USTC-1.0 USTC-1.1 USTC-2.0 USTC-2.1 USTC-pre

Propose First attempt Improvedthe process 
technology, same layout 
as 1.0

New layout, mainly for yield 
study and issues fix

Same layout as 2.0, fast 
iteration

New layout, basedon USTC-2.1-W17, 
in-kind/tendering preproduction. (10% 
of total supply ~2100)

Performance Fewsensors can 
work (VBD ~250V, 
VGL 40V)

~30% can work (VBD 
~300V)

> 99% smallsensors and ~35% 
15x15 sensors can work, GR 
leakage disappeared. VBD 
lowered (~100-170V).

>99% smallsensors and ~35% 
15x15 sensors can work. Better 
uniformity, VBDs in ideal range 
(~150-240V).

Under test

Problem Almost all sensors
have large current 
(VBD < 10V)

Almost all sensors have
large GR current

Toolow VBD for some wafers.

15*15

QC-TS

USTC-pre

Deliver: 2023.6
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Å27 wafers have been 
produced without UBM, 
thinning and metallization 
on backside 

Å3 extra wafers are used 
for fine tuning of the 
carbon dose for future 
improvement

ÅThe baseline wafer of 
USTC-IME pre-production 
is USTC-IME-v2.1-W17. 

Reticle

Main sensor
(15x15)

Qualification Control Test Structure (QC- TS)

Gated
diodes

VDP 
structure

MOS Capacitor PIN

1 1 LGAD 1 2 LGAD

USTC-IME Pre-production sensor for HGTD

W1

W15

W16

W27Box1 Box2
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Performance of USTC-IME-v2.1 W17
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[Paper link]

ÅFor USTC-IME-v2.1, W17 shows the best performance after irradiation (fluencesup to 2.5e15Î ÃÍ ) at 
safe bias (< 550V).
Å Collected charge > 4fC, time resolution < 70 ps, efficiency > 95%.

ÅUSTC-IME-v2.1 W17 is chosen as the baseline wafer of USTC-IME pre-production.

https://iopscience.iop.org/article/10.1088/1748-0221/18/05/P05005/meta


Overview of USTC-IME Preproduction
Production

version

Wafer No. GL.Dose Implantation LGADs VBD mean Labelled Thinned Backside (Al) UBMed Diced Yield Quality

USTC-IME 

Pre-production

W1 Medium B+1C 15x15 ~ 182.8 V Done 17/52 ~ 33 %

W2 Medium B+1C 15x15 ~ 186.5 V Done Done Done Done 2/52 ~ 4%

W3 Medium B+1C 15x15 ~ 193.7 V Done Done Done Ready
26/52 ~ 50%

Good

W4 Medium B+1C 15x15 ~ 190.8 V Done Done Done Ready
24/52 ~ 46%

Good

W5 Medium B+1C 15x15 ~ 191.7 V Done Done Done Ready
24/52 ~ 46%

Good

W6 Medium B+1C 15x15 ~ 188.5 V Done Done Done Ready
22/52 ~ 42%

Good

W7 Medium B+1C 15x15 ~ 184.9 V Done Done Done Ready
22/52 ~ 42%

Good

W8 Medium B+1C 15x15 ~ 186.2 V Done Done Done Ready
22/52 ~ 42%

Good

W9 Medium B+1C 15x15 ~ 195.6 V Done 13/52 ~ 25%

W10 Medium B+1C 15x15 ~ 193.6 V Done 16/52 ~ 31%

W11 Medium B+1C 15x15 ~ 192.3 V Done Done Done Ready
26/52 ~ 50 %

Good

W12 Medium B+1C 15x15 ~ 193.1 V Done Done Done Done 13/52 ~ 25%

W13 Medium B+1C 15x15 ~ 188.8 V Done Done Done Ready
21/52 ~ 40%

Good

W14 Medium B+1C 15x15 ~ 191.6 V Done Done Done Ready
18/52 ~ 35%

Good

W15 Medium B+1C 15x15 ~ 193.0 V Done 12/52 ~ 23%

W16 Medium B+1C 15x15 ~ 152.4 V Done 23/52 ~ 44%

W17 Medium B+1C 15x15 ~ 150.4 V Done 27/52 ~ 52%

W18 Medium B+1C 15x15 ~ 137.7 V Done 25/52 ~ 48%

W19 Medium B+1C 15x15 ~ 146.5 V Done 26/52 ~ 50%

W20 Medium B+1C 15x15 ~ 138.9 V Done 20/52 ~ 36%

W21 Medium B+1C 15x15 ~ 127.5 V Done 17/52 ~ 33%

W22 Medium B+1C 15x15 ~ 143.6 V Done 18/52 ~ 35%

W23 Medium B+1C 15x15 ~ 130.6 V Done 15/52 ~ 29%

W24 Medium B+1C 15x15 ~ 151.8 V Done Done Done Done 9/52 ~ 17%

W25 Medium B+1.3C 15x15 ~ 116.9 V Done Done Done Done 27/52 ~ 52%

W26 Medium B+1.5C 15x15 ~ 111.8 V Done Done Done Done 12/52 ~ 23%

W27 Medium B+0.7C 15x15 ~ 158.1 V Done Done Done Done 25/52 ~ 48%

Normal 
VBD

in box1

Low 
VBD

in box2

VBD: the voltage where 
ǘƘŜ ǇŀŘΩǎ ƭŜŀƪŀƎŜ ŎǳǊǊŜƴǘ 
reaches 500 nA.

The άDƻƻŘέ ǉǳŀƭƛǘȅ ƳŜŀƴǎ 
the yield is more than 
18/52 (~35%) 
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Probe station testing systems at USTC

Keysight B1500

Monitor for 
probing

Microscope

Probe station
(R.T.)

Probe needles

PC for data 
acquisition and 

chuck movement

PC

15x15 probe card and digital switcher 

QC-TS probe card

Semi-Automatic probe station (R.T.)

Å Vender testing 

Manual probe station 
(Generally, chuck at 20 ᴈ)

Å Cross-check vender testing 
results 

Å Test the sensors by probe 
card and compare results 
with three probe needles

Xiangxuan Zheng 43rd RD50 workshop 11



VBD Histogram (USTC-IME-pre W3)

Vth > 150 V to cut early breakdown pads,
for calculation of mean per wafer. 

Å VBD = VMAX (VMAX < 150 V) due to the limit of compliance

Good sensors:
No early breakdown for 
all 225 pads and GR
Å Ith = 500 nAfor pads
Å Ith = 1 uAfor GR

0

Main (15 15) LGAD

QC-TS-1 1 LGAD

QC-TS-1 2 LGAD
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Yield estimation (USTC-IME-pre W3)
VBD RMS[%] VBD Mean (V)

Good/Total: 26/52ͯ50 %

With limits both on RMS and 
average breakdown voltage, 

combined results: 
yield ͯ 50 %

[178.20, 209.20] (V)

Good/Total: 26/52ͯ50 %
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LGAD sensors on QC-TS

Å The pads of PIN, 1x1 LGAD and 1x2 LGAD have the same area with pads of main sensor.

Å The 1x1 LGAD and 1x2 LGAD have the same doping with the main sensor.

Å The parameters extracted from the test structure can be used to estimate the nearby 15x15 main sensor.
Å Acceptor removal constant, collected charge, time resolution, efficiency etc.

Xiangxuan Zheng 43rd RD50 workshop 14

W2 single LGAD IV W2 1x2 LGAD IV W2 PIN IV 



Evaluation of radiation hardness

Å Sensors were exposed to fluenceup to 4e14, 8e14, 1.5e15 Î ÃÍ at the TRIGA reactor in Ljubljana, 
Slovenia with neutrons

Å Acceptor removal constant (c-factor) is extracted from the gain layer depletion voltages obtained from CV 
curves:

Å The c-factor of USTC-IME Preproduction W2-LGADs (1.21e-16ÃÍ) is similar to USTC-IME v2.1 W17-LGADs 
(1.23e-16 ÃÍ) , which means the gain layer is radiation tolerant.

Sensor ID
VBD(V), unirradiated Fluence 

(neq/cm 2)
1x2 Left_pad 1x2 Right pad

W2_P39 190 190 0

W2_P29 194 194 4E14

W2_P24 184 184 8E14

W2_P37 194 196 1.5E15

W24_P39 146 148 0

W24_P29 152 152 4E14

W24_P41 150 150 8E14

W24_P23 146 148 1.5E15

Measured by JSI

6 ɮ

6 π
Å ɇ
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Collected charge and timing resolution ςirradiated
Beta-scope (90Sr) @ -30 oC

The collected charge can be > 4 fC

and timing resolution can be< 70 

psafter irradiation (fluences up to 

1.5e15 Î ÃÍ ) at safe bias 

( <550V )

Xiangxuan Zheng 43rd RD50 workshop 16

Measured by JSI



Other Results of QC-TS at USTC (by needle)

Å Max depleted capacitance from CV of MOS capacitor can be used to get thickness of oxide. (0.91 ς0.96 ˃ Ƴ)

Å From VDP structure, resistance of different structures in LGAD can be extracted.
Å For N+ layer, ~38 ʍ

Å For P-stop, ~34 ʍ

Xiangxuan Zheng 43rd RD50 workshop 17



Summary
ÅThe USTC-IME preproduction sensors have been produced based on USTC-IME-

v2.1 W17.

ÅThe vender testing results shows that very good yield of around 40-50% is 
reached and 9 wafers with at least 18 good sensors are selected.

ÅThe acceptor removal constant of W2 is 1.21e-16 ╬□, which means the gain 
layer is radiation tolerant.

ÅThe charge collection can > 4 fCand timing resolution can be < 70 psafter 
irradiation (fluencesup to 1.5e15 Î ÃÍ ) at safe bias (< 550V).

ÅQC-TS will provide diagnostic capability to production process and perform 
quality assurance measurements for LGAD.
ÅBy now, most of the test results are in our expected range but some result still needs to be 

understood 
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Thank you RD50!
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The USTC team acknowledges the strong support from 
the RD50 collaboration during the entire course of the 
LGAD RD!

Report Meeting

Preliminary USTC-1 LGAD Results and Large Array Characterization 
for HGTD

37th RD50 Workshop

Characterization on the radiation hardness of USTC-1.1 LGADs 38th RD50 Workshop

Recent results of the carbonated USTC-IME LGADs and fabrication 
of the AC-LGADs at USTC NRFC

40th RD50 Workshop

USTC-IME LGAD pre-production for HGTD 43rd RD50 Workshop

Thank you for your attention!!

https://indico.cern.ch/event/896954/contributions/4106305/attachments/2146338/3617806/XYang-37thRD50-USTC.pdf
https://indico.cern.ch/event/1029124/contributions/4411273/attachments/2268558/3852165/Characterization_on_the_radiation_hardness_of_USTC-1.1_LGADs.pdf
https://indico.cern.ch/event/1157463/contributions/4922750/attachments/2467985/4232954/XYang_40th_RD50_220622.pdf
https://indico.cern.ch/event/1334364


Back up
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W19 ςVBDHistogram

Xiangxuan Zheng 43rd RD50 workshop 21

Good sensors:
No premature breakdown 
for all 225 pads and GR
Å Ith = 500 nAfor pads
Å Ith = 1 uAfor GR

0 Å VBD = VMAX (VMAX < 120 V) due to limit of compliance

QC-TS-1 1 
LGADQC-TS-1 2 
LGAD

QC-TS-1 1 
LGADQC-TS-1 2 
LGAD

Main (15 15) LGADMain (15 15) LGAD

ÅVth > 120 V to cut early breakdown pads



W19 ςVBDRMS and Mean
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Good/Total: 29/52ͯ56 %

[134.78, 158.22] (V)

Good/Total: 26/52ͯ52 %

Å Combined results: yield ͯ 52 %

VBD RMS[%] VBD Mean (V)



Label of sensors
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0 1 0 1 0 1 0 1 0 0 0 0 0 1 0 0
Row 5 Column 5 W4

P31

Å The label is done by a unique binary-coded.
Å T
Å The value of non-

Row Column ²ŀŦŜǊΩǎ L5 

Raw
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n

1 2 3 4 5 6 7 8
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P1 P2 P3 P4

P5
P6

P7P8P9
P10

P11 P12
P13

P14
P15 P16

P17 P18

P26
P25

P24
P23

P22
P21

P20
P19

P27
P28

P2
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P30
P31

P32
P33

P34

P42
P41

P40
P39

P38
P37

P36
P35

P43
P44

P45
P46

P47
P48

P52
P51

P50
P49

Notch



Checking of cutting edge
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QC-TS:



aŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǎŜƴǎƻǊǎΩ ǘƘƛŎƪƴŜǎǎ όProfiler)
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Version Sensors Size Ground Top Bottom Left Right

USTS- IME 
Preproduction

W2_P4 15x15

Wafer level

302.32 um 304.39 um 307.01 um 306.40 um

W24_P4 15x15 305.56um 305.40um 305.39um 305.68um

W12_P1 15x15 301.83 um 301.60 um 304.44 um 302.16 um

W12_P49 15x15 303.14 um 302.74 um 302.09 um 302.20 um

W25_P1 15x15 301.18 um 300.80 um 303.43 um 302.45 um

Top

Botto
m

Left Right

LGAD

Probes

Tracking 

Measured value: 302.20 um 
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(After thinning, metallization on backside and 
dicing)

(Wafer level, no metallization on 
backside)

Å $ÅÌÔÁ6"$ÔÅÓÔÅÄÂÙÐÒÏÂÅÎÅÅÄÌÅÓ 6"$ἷἶἿἩἮἭἺἴἭἾἭἴ6"$ἩἮἼἭἺἼἰἱἶἶἱἶἯȟἬἱἫἱἶἯȣ 6
Å The uniformity of 15 15 sensor is consistentand the difference of VBD (Delta VBD)is within ς6, which means the 

processes (thinning, metallization on backside and dicing)are reliable.

Check the effect of thinning, metallization on backside and dicing 

W24_P17

VBD distribution

The difference of VBD
(Delta VBD)

2D distribution 1D distribution
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Max/Min(I@0.8VBD) = 2.03 (<3)

Å Tested by probe needles while other pads and GR are floating, R.T.

Å Tested by probe card while other pads are grounded and GR is floating, chuck at 20 oC

500 nA

500 nA

ITotal

Cross-check of 15 15 sensors by 15 15 probe card

W24_P45
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Å The difference of VBD (ɝVBD) is in order of 10 Vand the 2ÁÔÉÏÏÆ)ͽπȢψ6"$for inner pads is in the range of 1.7-
2.6, which is mainly related to the temperature of the chuck.

Å ЎἤἌἎ 6"$ÔÅÓÔÅÄÏÎ×ÁÆÅÒÌÅÖÅÌÂÙἸἺἷἪἭἶἭἭἬἴἭἻ6"$ÔÅÓÔÂÙἸἺἷἪἭἫἩἺἬÁÆÔÅÒÔÈÉÎÎÉÎÇȟÄÉÃÉÎÇȣ 6

Å ἠἩἼἱἷἷἮἓͽȢ ἤἌἎ
ἓͽȢἤἌἎ ἸἺἷἪἭἶἭἭἬἴἭἻȟἠȢἢȢ

ἓͽȢἤἌἎ ἸἺἷἪἭἫἩἺἬ ȟ ỄȟἫἰἽἫἳͽ

The 1D and 2D distribution of ЎVBD and ratio of I@0.8VBD



IV results VBD

distribution
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Cross-check of 15 15 sensors by 15 15 probe card

Å Tested by one probe needle while other pads and GR are floating, R.T.

Å Tested by probe card while other pads and GR are grounded, chuck at 20 oC

USTC-IME-v2.1-W20_P46

Å The difference of VBD (ɝVBD) is also in order of 10 for USTC-IME-v2.1 sensors



Comparison of single LGADs (IV)
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Å Repeated testing on Cascade probe station at R.T.(vender test) 

Å Testing on Apollowaveprobe station at different temperature of chuck (cross-check) 

Å The repeated vender test and 
cross check results is steady, 
respectively

Å The difference of VBD is also in 
order of 10 V, which is related to 
the temperature of the chuck

Å The ratio of I@0.8VBD is about  
1.73

Chuck @25 
oC
Chuck @28 
oC

Chuck @25 
oC
Chuck @28 
oC



Comparison of single LGADs (CV)

Xiangxuan Zheng
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.ȡÅÆÆÅÃÔÉÖÅÄÏÐÉÎÇÃÏÎÃÅÎÔÒÁÔÉÏÎ
×ȡÄÅÐÔÈ

!ȡÁÃÔÉÖÅÁÒÅÁπȢςςρωτφπȢπχπτÃÍ

Å The depletion voltage of 
gain layer is consistent

Å ͯ1.5% variation on gain 
layer dose O ͯ22.5 V 
variation the VBD

Å The true VBD difference 
between W2 and W24 is 
about 36 V, maybe the 
difference between 

by the dose variation


