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Preparation of the AC-
LGAD test

Hanwen Wang
on behalf of the LGAD team

CEPC Silicon Tracker Group Meeting
2025.08.15
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ILC Workshop on Potential Experiments (ILCX 2021)

Low Gain Avalanche Detectors .

(LGAD) " . |
h‘g g e =R
53%%27 HTJ- fEﬂ ﬁﬁﬁ ’ High resistivity ? —L
HTJ- [ET_l ﬁj\ﬁﬁ_ﬁ?ﬁf& % p-type substrate 1\ -
(ﬁ"%ﬁ>100 ps) Electric Field
For collider physics (GeV particle
detection, not single photon) |
» Keep charge information
 High timing resolution (20-30 APD |
ps) n*-m-p
&ﬁ?&i&%ﬁﬁﬁfﬁ%m EE,}:TS ("‘90—99%) High resistivity —
o , L EBREASES il t
Low gain "APD e T —
‘ BZFRTFHE% (le2~1e3) Electric Field
LGAD SAPD/SiPM HISNR
ITHEFFEEZ L (EEER) 1]
BESINEREFANFILE A LGAD —
5T K le6~1e7 n*+-p*- 0id — oo
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AC-LGAD

LGAD AC-LGAD
AC-signal

DC-signal AC-signal AC-signal

A

1m==r

. JTEn £ JTEn
epitaxial layer - p BaIbele epitaxial layer - p ".' particle
substrate - p** substrate - p**
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Sheet resistance of
N+layer: signal spread
a few 100 ym in a laser
scan.
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AC-coupling

" == T sheet,
resistance

Development of LGAD
for ATLAS HGTD and
CEPC TOF out-tracker
X, FESEN
IR RSN (2024)

4
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Latest Progress on AC-LGAD Sensor From Ml 20

New IHEP AC-LGAD strip sensor prototype: summitted for tap-out in ~ 4cm A%

. ; AC-LG
March 2025. The new layout and design include:
« Strip lengths: 1cm,2cm,and 4 cm
« Strip pitch sizes: 100 ym, 200 um, and 500 pm oem
» Electrode widths: 25 ym, 50 um, and 100 ym AC-LGA
« Optimized isolated structure design and EPI thickness to reduce sensor |
capacitance (correlated with power consumption) 1cm AC-LGAD
« Process design optimization (n+ Iayer dose) for better spatial resolution
Dlelectrlc 4.50
n+ Ia er
L M B op o | |~ 1e18 pact
— 3.50 ~=- 1e18 pad2
Thickness: 50um T é s.00 [T i 3 [ g:::+pad2
o ) = - 2e18 pad2
Introducing isolated structure: Increasing EPI thickness: C =€, * €, *A/ d 1 - - 218 padl+pad2
C= & * & * Al/ d Trench metal S :;:i: ,':::;
Trench —_— [ M  mmm Dielectric ——3e18 padl+pad2
metal
_— M - mmm W Dielectric l
| P-stop 0.70 ~-1e18 padi/(padl+pad2)
g !—stop ITE £ 0.0 ~-1e18 pad2/(pad1+pad2)
_ ITE Thickness: 80/100um P-type EPI layer go% 3e18 bads/{padisads)
Thickness: 50um i Sssesoosnscossacoscas S:S:ig 32355333113333
The sensor test will be launched once we received the latest tap-out. LR S
Y RHEURBRBRUR 5
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LGAD tests |

AC-LGAD

-Vtest & C-Vitest {
NIR TCT for spatial resolution

2025473 4 SRR A

» 9Sr test for time resolution /
°
Beam teSt IHEP-IME AAKE A % R GLPTAC-
AC-LGAD v3 ready LGAD A RAEL Y, ST
/ EN. ARE, RAEFFEFRT.
IHEP-SIMIT & SeFr
Lab start-up / # AC-LGAD v1 ready
2025.6 " 2025.9 5.12 2026.3 2026.6
[ | | [ | [ | [ | [ | [ | [ | >
| | | | | | | | | | | | | | |
IV&CV setup & software | Testing :":{> timeline
Laser setup Debugging Testing*
Sr-90 test setup | Debug | Testing *
: i Beam test preparation Beam test setup | Testing #
Y o / w L
t@ifjﬁ‘éﬁ éfgﬁ;’;ﬁ Other characterizations # 6

Chinese Academy of Sciences



-V & C-V tests



|-V test

Temperature: 20°C

« Standard method to evaluate 0 =
semiconductor electrical Lgs| T CM-PIN
—— HPK-LGAD
performance < —— CNM-LGAD
« Result: I-V curve (voltage vs. c 10
current) 3 a0 -
* Reveals key parameters: s
breakdown voltage, leakage 10-11
current, on-resistance
10_120 20 40 60 80 100 120 140 160 180
Voltage, V
https://cds.cern.ch/record/2776521/plots
YRHAERD RO UR 3

““uf?/ Institute of High Energy Physics
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https://cds.cern.ch/record/2776521/plots

Guard Ring

|-V test schematic
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Prober station & LGAD
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|-V test equipment

USSTMC/ defbuflet ) Noscipt  DIEe A
MEASURE CURRENT 2-WIRE

+00.0016 nA

SEER (i)
Keithley 2470 (+ 1000V),
Keithley 6487 (+ 500V)

RZF%R
keithley 6487,
keithley 6485

6487 PICOAMMETER / VOLTAGE SOURCE

Y AHERB R B i

Institute of High Energy Physics
Chinese Academy of Sciences

10




Script control & debugging _

—

I -000926mv

i A
| | EBEREESNESRETEAERNE |

A 00 0029 RA.,

’s‘

\! +029 999 v

B Y TR - ST

Keithley 2470 HV output test Keithley 6487 HV output test
w  TRASRARERUR fy 11

Institute of High Energy Physics
Chinese Academy of Sciences




C-V test

NIM A.2024.169203

r[ LI I 1T 177 l L l L I L I L I T
* Also a standard semiconductor test i oty |
3 ’ —
« C-V curve reveals key parameters: 1 g
+ V,=21.5V Gain Layer Depletion: onsetof gain 2 | 1
layer depletion; capacitance drops rapidly 2 : -
. V4= 34.8V Full Depletion Voltage g E
. . - Vig: 348V 3
 Plateau capacitance = 28.9 pF: minimum I ]
junction capacitance . 289pF """"""""""""""""""""""""""" .
« Further extraction: depletion depth, etc. 1] N RN TR PAATET IPTRTATS AR M=

0 10 20 30 40 50 60

Bias Voltage [V]
YRHERB RGBT UR H 12

“‘gf}/ Institute of High Energy Physics
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https://doi.org/10.1016/j.nima.2024.169203

C-V test equipment

LCR meter Bias-tee box
= Ny - ' 25 =
Y AHERD kPR UL f EMERIEE (Bias) 5XR/NMES (,?3?)

Institute of High Energy Physics
Chinese Academy of Sciences



4 terminal 3LCR3F

Bias-tee schematic

o .

HPOT HCUR

w 3
o
’a

o

Lot

" High Voltage Bias Isolation Box
Designed by Ben Crick, April 2021
Original design from CNM Barcelond

(M \

LDUT

i 7
Y RHEND RO U A
Institute of High Energy Physics
Chinese Academy of Sciences
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3D printed box & Soldering

YRHERB RO UL i 15
Institute of High Energy Physics
Chinese Academy of Sciences




Realtime Temp. & Humi. .
LGAD |-V & C-V Measurement monitored with SHT35 sensor Ded |Cated U I
Stop Measurement L}ature: 26.0°C | Humidity: 62.6 %

for monitoring
Isition

No data yet. Click 'Start Measurement' to begin.

Config parameters,
Start me' Surement ctart vnltanin cton
CvVOItdgtC, StC,

SLaAUl

time length, etc.

Meters (HV|source,
picoammeter, etc.) are
driven by a Linux system on
Raspberry Ri 5, offering
broad driver support for

diverse devices and a

remotely accessible web Ul.

STrCCEe oy STy
Chinese Academy of Sciences



LGAD I-V & C-V Measurement

‘ Start Measurement | Stop Measurement ‘[ Config Parameters ] Plot IV Curve I Plot CV Curve

Measurement Configuration

Start Voltage: -332 | 7
Stop Voltage:[-355

Step Voltage: 2

Measurement Duration (s):[20 ‘ — For |_V

Sample Interval (s):lO.S l
Stabilization Time (s)] 12 |
Maximum Current (|.1A):|50
AC Voltage (mV):l 100

AC Frequency (kHz):l 10

|

‘ Confirm | | Cancel |

Temperature: 26.4 °C

Humidity: 62.0 %

Config parameters,
start voltage, step,
time length, etc.

| | :l- Preserved for C-V test

No data yet. Click 'Start Measurement' to begin.

Institute of High Energy Physics

‘“”\ T AT L & @R F
74 Chinese Academy of Sciences
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LGAD |-V & C-V Measurement

Start Measurement | Stop Measurement | Config Parameters | Plot IV Curve Jj Plot CV Curve

No data yet. Click 'Start Measurement' to begin.

Select IV result folder
outputs/iv_results_combined_3
outputs/iv_results_combined_2
outputs/iv_results_combined_1
outputs/iv_results_06051008
outputs/iv_results_06051007

outputs/iv_results 06050940

Temperature: 26.0°C | Humidity: 62.7 %

Plotting

ey iy gy iy
Chinese Academy of Sciences




Laser test

NIR TCT for spatial resolution study

19



Laser test & spatial resolution

- 3D platform

Synchronous pulse
y P Focuser

Pre-amplifier

. L AC-LGAD Stri
Slgnal s] ong AC-LGAD Strip

Readout board

§7 Second Amplifier

t
Oscilloscope  — Data analysis
ty, trigger

Picosecond laser (1064 nm) & x-y scanning system with step accuracy < 1um

L TRASUD KGR T fi o0
B g Institute of High Energy Physics
. Chinese Academy of Sciences




Ratio R

0.6
0.58
0.56
054
0.52

0s
0.48
0.46
0.44
042

04

Laser test & spatial resolution

Amplitude information

T v v Y v v Y v v Y

¢ Amp 2(Amp 1+Amp 2)

i Strip 1 Serip 2 E
E L A ™ A A e e A A A . A X A A A A E
0 40 S0 120 160 200
Position [uml
Position reconstruction
® 9 00 S0 0 S OO OO L BB B B B B
Laser Position
® Reconstruction
" l ' " s l 'S e '’s J 'S v s l s e . J '. a s J e " 'S l . e ' J
40 60 80 100 120 140 160 180

Y RHERD C QUL f

Institute of High Energy Physics
Chinese Academy of Sciences
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0.05

0.04

0.03

0.02

Normalized Count

0.01

IIIIIITIIIIIIIIIIIIIIIIIIL

0

10.9 un

llALLlll

—
.
q

p—
~
~

—
P
.

—
—~
A
.

b

Gap 1 1% jm Sigma: 128 um
« Gap 2190 um Sigma: 109 um

A% e Gap 3 4 pm Sigma; 8.3 im

dllllllllllllllllllllllll

ALJlLAlJlAAlLlA‘Jlllljllllll

~40 ~-30 -20

-10 0 10 20 30 40
Recon-Laser [im]

Position reconstructed by amplitude ratio among

different channels.

Spatial resolution of a certain laser point is derived with
statistical methods (1D / 2D gaussian distribution).

21



NIR Picosecond Laser

Center wavelength: 1064 nm
Pulse width: < 8 ps

Pulse energy: 0.5 -3 nJ

Average power: 6 — 200 mW a [
Peak power consumption: > 350 W 7
Spectral width: < 0.5 nm

Repetition rate: 20 MHz

Polarization extinction ratio: > 100 : 1
Power stability: <1 % RMS @ 3 h
Beam quality: TEMg,, M? < 1.1
Output: Polarization-maintaining fiber
Cooling: Air cooling

3d)

S1858)

e RO
1064-8-5

YRALURD BB UR f 22
Institute of High Energy Physics
Chinese Academy of Sciences




4-ch Readout board

« 2-stage fast amplification
(Gain~70)

« Chip mounted through electrically
conductive glue (substrate) &
wire bonding (top pad)

IHEP_NCU LGAD readout board 8 s gz ¢

« Single channel gain can be
calibrated

. =50 “hi
\ ( tﬂzﬁti}?f?ﬁ E %)gf é’?i;; ﬁ( 23
“2E% se_Academy of Scie




FINIEIRME eIk FF &
DRN24-12 2400 x 1200 x 800

Optical Setup f

GBE15-B - 15X
HEZEMIARSY R AR

REhgad I ] ZFEE ?

0.5

T LAl 7IN2JL
EEEH

(R

B2 30mm EZERRE

FIRPOHEATER SM1(1.035 " -40) KBS
AIREH SM1 BYNEBEHFTH

AT RE A REN

i B ‘\ »
L X0 .
Jo not fall

. A A

4 BERFRE passwssro
A RE M6-M21 822 IS

AR AR = =

TAT 1 REEFRS LR NER R

f EE,*)H_L z/

T
op

VEED

o
i
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\}

7

=M PLAN APO
NIR 20X £L 5 158
@ ¢ @44 m ko uR f
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Focusing & Alignment
Obj 1 2 3 4 5
lens sed ed
® ¢ 0

» Scan direction

=
iﬂ- 2
z
: : : : : g+
large signal small signal no signal small signal large signal £16000 RO
g
-
014000

increasing or decresing z - movement of the optical svstem

8000 —

Two different methods for focusing adjustment i

6000—

:l 111 l 11 1 l 1111 l 1111 l 1111 l 111 1 L1l l 111 1 l 1 1
50 60 70
scanning distance [um]

e YO ASED R UE 29

Institute of High Energy Physics
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Focusing & Alignment

* The chip mounted on the board is
prone to rotation in the x—y plane.

« Matching of the original point (or
absolute position) is also required.

 Reconstruction & calibration
methods are needed for such
purposes

Cf ﬂtfm_yf



DAQ

» Baseline: Oscilloscope
* 5~10Gsps sampling rate,
« >1.5GHz bandwidth

- Option: FPGA + ADC
« ADC12DJ3200 6.4Gsps FMC AD¥— (1-ch 6.4 / 2-ch 3.2)
« AD9695 1.25Gsps FMC AD¥F (4-ch 1.25)
« AD6688 / AD9208 3.0Gsps FMC AD-¥—+ (2-ch 3.0)
* DC couple up to 900MHz bandwidth
* AC couple 50M ~ 1GHz to 6GHz (Balun transformer)
 Further study is also performed for bandwidth & sampling rate requirement

* Option: FPGA + customized TDC

' “Hi
e )7 {{; I(/l #* f?gl[;bf £ %HS Z%’ f

Chinese Academy of Sc
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4-ch ADC for waveform

recording

IR - 11 C AD-0695D2 el
B i i 3c JEsoz0:a

/Y = E‘"
Y v
St

12V+Vadj
DC-DC+LDO

TRIG 10 BB (1.8v-3.3vi T
- AD9258 : ASP-
PLLAE 05> BC 8% "1 132488
-01
g AD96:5-1300 = g*;gs
e 4ch ADC based on two AD9695 chips and AD9528 Anoses-1300 (S
(1250 Msps), bandwidth 400k~500MHz (AC-coupled) .
YRAAEUAL B UR i
Institute of High Energy Physics

Chinese Academy of Sciences
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ADC test

e Signal injection with Rigol DG4162
e Sine 160MHz, Pulse 40MHz (6.2 ns
rising edge), Ramp, Square, user-

defined, etc.
e [LAtriggered & monitored

Waveform - hw_ila_1

o + e > » B B e o i o I« H e o

ILA Status: Idle

A
Name Value )
0 5 5 2 5 3 5 4 5 5 55 6 5 ) 5 85

> miw_adc_sam...ch1[13:0] -22

> ®w_adc_sam...ch3[13:0f 1188

> ®w_adc_sam...ch4[13:0] -

go_rx_sync_a_1 1 ‘
a 2 h = i I
h‘gfz/ Institute of High Energy < > <

“EERET Chinese Academy of Sciences



Signal Shape Analysis for ADC
requirement study

Measured
—— Gaussian-Exponential Fit

A typical pulse shape of LGAD signal 100
Rise time ~ 700 ps
Pulse width ~ 2.5 ns
80
Fit function: E
Gaussian-Exponential Convolution § 60
%-
Parameters: g 40
« A=137.97 mV
« B=1.69mV 20
e t,=25.13ns
« 0=0.320ns -
« T =0.48 ns (max to 1/e) 0 '
22 24

rise time (10% to 90% ) t;ise = 2.355 0= 0.75 ns

?ﬂﬁ%%@%%ﬂm@ﬂ

Institute f?fgff gylfy
Chinese Academy of Sc

G ’/)

b 7
oo
TR~

V(t)=A-exp (02 =l _t°)> - [1 + erf (

26

28 30
Time (ns)

t—t0—0'2/7')] +B

V20




Distortion from insufficient bandwidth

101 —— Original
0 100 —— 300 MHz Low-pass
—— 500 MHz Low-pass
1072
—50 1000 MHz Low-pass
80
g 10°° ~100 _ 8
() 'Q/ ()} 60
S c S
%_ 108 _150-(‘:_8 %_
£ E 40
< 200
101
20
—250
10—14 —e
—300 0
0 1000 2000 3000 4000 5000 20.0 225 250 275 30.0 325 350 375 40.0
Frequency (MHz) Time (ns)
YRHAERD RO UR Bandwidth >= 1 GHz is preferable! 31
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Uncertainty from insufficient sampling rate

150
—— Ground Truth
125 e 1.25 GHz samples
------ 1.25 GHz
100 \ e 2.00 GHz samples
_ N - 2.00 GHz
IR
z \t 3.00 GHz samples
Py % 3.00 GHz
S 50 it
E \‘\
3 \
g 25 : N
0 SzETTe :r_,-iif: ] e K. P-K - B K- B < SE D
—-25
—50755 24 26 o8 30 32
Time (ns)
; RAS%H kG MR
Quﬁz {fln.:}ijjtif f;{zgﬁ T!??rgy (I’?i;;'c{'(

Chinese Academy of Sciences

150
------ Ground Truth
125 0 1.25GHz +10
— 1.25 GHz Mean
100 2.00 GHz +1¢o
- —— 2.00 GHz Mean
z 7 3.00 GHz +10
> 3.00 GHz Mean
S 50
%_
E o5
0 I I
-25
=055 24 26 o8 30 32
Time (ns)

Sampling rate >= 3 Gsps is preferable!




TDC scheme & test

| total time specturm |

Entries 20000

Moan 989 5

S 12.38

I nat 2411137

Prob 0

Constant 1271+ 123

Mean 988.5+ 0.1

Sigma 11,05+ 0.07
N
=}
°Q
sy =}
o
o |

- — . i | N SO . I
940 960 980 1000 1020 1040 1060

s R ~ TDCHITMIRE R, TOAKEE~11 ps
© 4i@iE SMA%IH - 163®iE FMCiE O ’ RE~11p

YA A DB MR f o Xilinx KTH & HRIGEHTDCHRIR

Institute of High Energy Physics 33
Chinese Academy of Sciences




Beta source & Beam test



0Sr test & time resolution

/ Chamber
Room temperature 905!‘ i
Pre-a%ufiers : Strip AC-LGAD
Signal Readout board '
< ___ Trigger LGAD

Normalized Event Count

Y\

7Main amplifiers

b

0.21F

0.15:
0.12-
0.09"
0.06"

0.03[

Tjtrigger -

Oscilloscope — Data analysis

TaiT;

Ta?

2 _ 2 2 2 2 2
Ot = OTimeWalk + OLandau + Ujitter + OTDC + ODistortion

« Time walk effect orimewiar, STESEEDH. HARMNEES X
Landau effect 0qnaqu HREEINAR (Zi8]. BHE]) AHEME[E

. N S o —— ST S —
Jitter effect Ojitter = av/dt X trise/ﬁ, HBRES EHERERERE

orpc =At/v12 (At:TDC bin %8, Bl a3 5T)
Distortion S 1= 858 (B85, MK, ADC) HERERER.
&, E&MRE

35



Particle source

HSr / beam test setup e

* BIROSr
a) MR, BRiEEMHXiEd=1mm 20mm
b) #EIR(VE)EFE 1e4 Bq

2mm

+ EE (PMMA+AI+Cu+PMMA) BB HIBRS . =R Ry AsX —
a) WEF2mm, K20mm (1Tmm PMMA, 3mm Al, 15mm Cu, Tmm PMMA) Lomm for 20Sr
b) FEELGAD 10mm, pEEtrigger LGAD 20mm ,' |
—— Tested
« e AETERM At ~ 0.1ps ; . LGAD
¢ FIREEMRT Roye ~ 1045 10mm ~ | |
.« LGAD (7.4mmx2.85mm) ' TTigGEI/Ref
et B . LGAD
* ﬁ:]j-trlgger LGADAIR F Rtrigger LGAD ~ 5/1\/5 :
- Optional trigger: BBEIAIRE/AEE (PIERIK) + fast SIPM (1.3x1.3mm?, E;S;ae”ce ol ‘. Sotions
ptiona
3x3mm? ), can also be used as telescope for the beam test optimized L trigger/
. , telescope
e YRBEUB O MR
{ tﬁz’ﬁtif?fzjﬁ Efrgy Tzi;?if:( 36
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9Sr / beam test setup
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Stack of LGAD planes and the trigger plane
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Convenient laboratory tool to
measure the gain and the timing
resolution.
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Summary & Plan

|-V & C-V test &4 (almost), schematic & software are ready,
waiting for HV source & LCR meter

* Currently preparing for the laser test & lab building@

» Optical setup
 Power sources & meters & other infrastructures

* Design of Sr-90 & beam test setup for time resolution study is
also on-going&), preparing for beam reservation =

* Participate in the AC-LGAD fabrication run and process flow at
SIMIT. >

* More results & news will be updated later
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