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Motivation and Technique

The High-Granularity Timing Detector(HGTD) 
for the ATLAS Phrase-II Upgrade

• In the HL-LHC, Pile-up density would get so high that 
track to vertex associa-on would be very hard, especially 
in the forward region


• Having a timing detector in forward region would allow 
us make the matching in “4-D” space.


• A novel technology: LGAD (Low-Gain Avalanche 
Detector), which have promising  and  by 
inducing an internal gain layer.
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LGAD Sensor R&D

HGTD’s requirement on the NIEL fluence

Acceptor density with NIEL fluence 

Structures to avoid premature breakdown

Challenges on LGAD Design
• Radiation Hardness:

• Acceptor removal[1]:  

acceptors could be “neutralized” by the defects created 
by the hadron irradiation. (intensively studied by RD50)


• Solutions: 
• Narrow and deep implantation of boron

• Carbon diffusion


• Premature breakdown:


• Optimization of the peripheral region to improve 
HV tolerance (to ~800V)


• Implementation of the structures commonly used 
in power semiconductor device:  
Guard ring, JTE, Field plate
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➡The I-V and C-V tests are powerful tools to 
obtain these parameters!

https://doi.org/10.1016/j.nima.2020.164611
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• With I-V and C-V:


• We can extract the parameters like:

• leakage current  
• breakdown voltage: VBD 
• depletion voltage: VGL(gain layer),VFD(bulk) 

• doping profile 

• Then we can determined the 

• power consumption  
• operation voltage 
• irradiation influence 
• uniformity of the array

HPK Prototype LGAD Probe

I-V curves of different HPK prototype LGAD

Measured depletion voltages (VGL,VFD) 
of different HPK prototype LGAD C-V curves of different HPK prototype LGAD4
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Instruments and Boards

Digital switcher

New probe system  
(cold, dedicated for HGTD) Customized 5x5 probe card

Room T. probe station HV bias module for LCR

Hamamatsu LGADs with 
different structure and size
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Distribution of the breakdown voltageI-V curves on the full 5x5 array

C-V curves on the full 5x5 array Distribution of the depletion voltage

I-V

C-V

VBD

VGL

Gain layer deple-on

Gain layer deple-on
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VGL Determination Methods

Traditional New

VFD

VGL
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• Traditional: The turning points are determined by extrapolating the adjacent 
segments before and after the transition region and finding the intersections of the 
extrapolations. 


• New: We use the minimum point on the  “Doping density- Bias voltage”(N-V) curve to 
determine the VGL and obtained promising results on HPK-1.2, HPK-3.1 and HPK-3.2

The new method is expected to works beCer in High-resist. wafer and Epi. wafer

VGL
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Uniformity of the Gain Layer 
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Correla-ons between VBD and VGL

 VGL from CV  VGL from IV

Finally, a 0.2% variaYon on the boron implantaYon dose is observed!

Higher gain layer dose 
Lower VBD

Larger gain,  
breakdown earlier

Higher VGLMore bias needed  
to deplete gain layer

Correla-on study!
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• TDR referees have concern about the floating pads influences to the 
whole array during the operation. 


• We invested it by simulate one disconnected pad and compare the 
surrounding pads I-V change. 


• Conclusion: safe, only few extra current is observed. Furthermore, a 
picture of the punch-through with a quantitative model are given.
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Impact of Floating Pad Study

9* Tested on a 15x15 array with 5x5 probe card

(punch-through effect)

All pads grounded Central pad floaYng.
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Punch-through Effect
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Behaves as an sudden change on the IV curve

grounded pad floa-ng pad
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P13 Grounded 
P13 Floating (subtracted)

With these curves, we can extract the 
floaYng pads’ IV by subtracYon

P13 Grounded 
P13 Floating (subtracted) - 25 V

Vdiff 

Then, we can esYmated the real bias on the floaYng 
pads by move the curve horizontally and get Vdiff

➡Vdiff  = 25 V➡ Vpt = 90 V Shift the curve left to 
make the current equal
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Grounded Pad

Picture of the Punch-through in LGAD

Dis.Conn. Pad Biased by Punch-through
Dis.Conn. Pad Not Biased

The final punch through 
occurs at ~200V
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~5 pad distance -> ~215V final punch through
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PredicYon: 

•   Vpt   = 90 V 
•  Vdiff  = 25 V
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GR

Explained the curves’ shape measured 
form 15x15 array with 5x5 probe card

I-Vs of a 15x15 array corner with 5x5 probe card
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Probe Card
Switch board

Probe needles

5x5 array -> 15x15 array 
25 pads -> 225 pads!
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HPK Batch 2 15x15 Array Test
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DistribuYon of the average leakage currentI-V curves

• All channels have good connec-on and noises are controlled below ~10 pA 

• The varia-on is clearly shown on the leakage current distribu-on

Guard Ring
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* The variation on column you may find is due to few abnormal 
chips on the board, it have been identified and fixed later
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Wafer Designed VBD [V] GL.Energy GL.Dose Implantation

W1 165 Medium Medium B

W2 165 Medium Medium B

W3 150 Low High B

W4 180 High Low B

W5 265 Medium Low B

W6 165 Medium Medium B+C

1x1

2x2

15x15

5x5

8 inch wafer, with 50 μm Epi. layer. 
Stepper size: 40 mm ⨉ 40 mm,

Designed by: USTC 
Fabricated by: IME,CAS 

Lot of simula-on work are done with TCAD 
Deep gain layer: W3 
Carbon diffusion: W6

single pad: 20 x 4 = 80 pics 
2x2 arrays: 9 x 3 = 18 pics 
5x5 arrays: 2 x 2 = 4 pics  
15x15 arrays: 1 

USTC First Version LGAD Wafers (USTC-1)

http://www.ime.cas.cn/
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Wafe
r

Designed VBD 
[V]

GL.Energy GL.Dose Implantation VBD [V] VGL [V] VFD [V]

W1 165 Medium Medium B 154 45 65
W2 165 Medium Medium B 150 46 54
W3 150 Low High B 110 34 >70
W4 180 High Low B 148 75 100
W5 265 Medium Low B 264 45 80
W6 165 Medium Medium B+C 84 48 >65

Summary of the USTC-1 I-V and C-V
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I-V C-V

• For the majority of wafers (W1,W2,W4,W5), the measured VBD and VGL agree with the design well. 
• The -ming performance would be shown in Tao’s talk (next) 

✴GL.Energy/Dose: Gain layer implantation energy/dose
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I. Characterized the first batch of HPK Prototype with USTC plahorm, serval 
results are put in the TDR and the collaboraYon paper. 

II. Proposed new method for precise depleYon voltage (VGL) determinaYon 

With the new N-V method, we studied gain layer varia-on on the ~0.2% level precision. 

III.  Built up the punch-through model to describe the floaYng pad’s impact 

IV.  Overcome the large scale connecYon and readout challenges to test large 
arrays (5x5 and 15x15), results are stable and accurate. 

V. Designed and fabricated USTC-1 LGAD, the preliminary test result show I-V 
and C-V of serval wafers meet the expecta-on.

Summary
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(i) HGTD TDR: https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf 

(ii)Layout and performance of HPK prototype LGAD sensors for the High-Granularity Timing Detector,NIMA,Volume 980, 11 November 2020 
https://doi.org/10.1016/j.nima.2020.164379

https://www.sciencedirect.com/science/journal/01689002/980/supp/C
https://doi.org/10.1016/j.nima.2020.164379
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Backup
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But, the current growth reach maximum at 
~5 pads punch through



X. Yang, X. Zheng, USTC, The 6th China LHC Physics Workshop 

USTC-LGAD Design with TCAD

• TCAD structure based on process simula-on 

• Lots of op-miza-on work done 

• Major radia-on damage model included

Designed Mask 
    (2x2 array) Wafer under fabrication 19

➡RecommendaYon: 
• High resist. substrate: >1kOhm*cm 
• High energy boron implanta-on: at least ~1MeV  
• Carbon diffusion on one wafer

SimulaYon • Layout Mask
• Fab. Process FuncYonal LGAD (USTC-1)

E-field

PotenYal
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HPK Batch 2 15x15 Array Test
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DistribuYon of the average leakage current

W8

W16

I-V curves
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Beta-TCT result
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CV circuit
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Depletion process

C-V principle
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I-V

Setup of I-V measurements 
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Results from 15x15 sensor with 5x5 probe card
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The final punch through occurs at ~180-200V
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Single pad PIN
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LGAD Charge collection and JTE
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LGAD Signal
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LGAD Challenge

• Radiation damage is a main 
concern:  2.5E15 n_eq/cm2
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Radiation Damage
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 “c” relies on “⍴(0)”

Acceptor removal effect

 c: “speed of the removal”
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Why Low gain: short noise!

shot noise arises when charge carriers cross a potential barrier, as 
it happens in silicon sensors, and is due to the finite fixed charge of 
each electron excess noise factor (ENF). 
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Time Resolutions Rank

Thickness:

Bias:
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Measurement of the Jitter contribution
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Track to vertex association with time info. 
(4-D space)
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Sensor Requirements
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HGTD Requirements
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HGTD Irradiation fluence
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