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Introduction

Motivation
4th generation and newer light sources facilities poses many challenges for T
detectors due to high intensity and fast timing bunch structure 3\f 1022 |
LGADs are natural candidates to face these challenges : %
o  Extensive R&D for HL-LHC timing detectors (ATLAS & CMS) £ — a
o Intrinsic gain provides good signal-to-noise ratio (important low i : : E
energy photon detection) é % Ei; K
o  Very fast timing (timing-resolved applications) 2 108} [ 113.2TBC L1T3PWI
o  Radiation hard (TID) = operation under very high intensity beams g -'-.___,..:u:w:-é':‘f":’"'---.-'.::";:;\
However, these synchrotron light application will require : E 1016 m"""'""' : :: :: : : | .,
o  Very fine (few um) spatial resolution 0.1 551 610 50 100
o  Active region facing the beam Photon Energy [keV]

o  Full characterization of LGADs performance for X-ray photons,
under different conditions

We will discuss some of the results of recent characterization campaigns at synchrotron light source facilities for
I - Single pad DC-LGADs
Il -2x2 DC-LGADs
III - AC-LGADS and Trench Isolated (TI) LGADS
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Intro : The light source facilities

SSRL (SLAC) at Stanford (USA)

Beam Line 11-2 @ SSRL

"\ Beam Line Specifications
=

Source

26-pole, 2.0-Tesla Wiggler, 1.5 mrad variable acceptance

Sirius at LNLS-CNPEM in Sao Paulo (Brazil)

Carnauba beam line @ Sirius

Energy Range Resolution AE/E Spot Size
Focused 5000-20000 eV 1x10% 05x1mm2
|Unfocused 5000-37000 eV 1x104 3x30 mm?
7 .. DR Collimated 5000-23000 eV 1x10% 2 x 30 mm?
il o Bt
Beam Line 7-2 @ SSRL
W g Source PARAMETERS
i) (3
20-pole, 2-Tesla wiggler, 0.5 mrad acceptance Parameter Eondition
Energy Range * 2.05 - 15 keV Si(111)
Energy Range Resolution AE/E Spot Size
Energy Resolution (AE/E) 10%-10°
4 B Harmonic Content <10° Above 5 keV
5000-16,200 eV 1x10 50 and 100 micron
Energy Scan Yes
Beamsize at sample [um] 0.15x0.15(0.55 x 0.55) 8 keV (2 keV)
@Taruma
Beam Divergence at sample (1x1) All' energy range

@ LGAD

@Beam direction

[mrad] @Taruma

Estimated flux [ph/s/100 mA]
@Taruma

10M - |

* BL being commissioned, available now : 5.8 to 13.8 keV.

Both sites provide high intensity, quasi-monochromatic pulsed X-ray beams (10 ps wide pulses, 2 ns appart) with several geometries
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https://www-ssrl.slac.stanford.edu/content/beam-lines/bl7-2
https://www-ssrl.slac.stanford.edu/content/beam-lines/bl11-2
https://lnls.cnpem.br/facilities/carnauba-en/

Bias Scan

Single pad (1.3 x 1.3 mm?) LGADs

[ - Single pad LGADs tests @ SSRL BL 11-2

"Flat" beam : 25mm x 1 mm (nominal)
Energy scan from 5 to 37 keV (70 keV with harmonics)

Low Gain Avalanche Diode

Ferrero et al.

Devices Tested

Device Active Thick. Gain Layer Breakdown
HPK LGAD type 3.1 50 um shallow (1um) ~230V <j:]'ﬂﬂstmk
HPK LGAD type 3.2 50 pm deep (2um) ~130V
See
HPK PIN 50 um no gain layer ~400V r Mazza et al
BNL LGAD 20um 20 pm shallow (1pm) ~100V
LGAD 2 GHz 470Q Broadband 13 GHz

Measurement DC TIA on PCB Voltage 128 GS/s
Setup BIAS Amplifier Oscilloscope

https.//iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

HPK BNL
DC LGAD DC LGAD
Santa Cruz board with
LGAD and 1-ch. amplifier
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006
https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006
https://www.sciencedirect.com/science/article/pii/S0168900218317741

[ - Single pad LGADS data processing

https.//iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

e All data from oscilloscope digitized waveforms

£ 24000
S oref & 220001 HPK 3.1@200V
= & 20000(— 30 keV
014 0 =
- Ener £ 180001
o.12;— gy 3 16000
01 14000~ c
- oE/E from f2000F- m=0112 p =115mv
ook Amplitude 10000} 0
e . . . . 8000 (¢
o Baseline distribution c —=0.134 p =217mV
F ; ian* 6000 [ 1
- estimation E 1
0.02— ‘L 4000;—
= w 2000F-
70.02:— [ | o b e e Ix10° 00_ o1 02 0.13‘ = '0!4' — ‘0!5' —
0.02 0.04 0.06 0.08 0.1 1?5}2 Peaks [V]
@ § 2s00[-
S o6 Timi s -
> = iming g -
014 £ 2000{— I;SP}E 3\}1@230\/
- 2 C e
o2 ot based on ° F
Ve — 2.1ns s
"E a0 interval - ot=120 ps
oosE- ~30 ns empty 1000 —
F interval 0 u
0.04— (20 A) CFD) C
F 500{—
Bt I M | :
0? WMWMMM Wu UWW% L"W N B~ ma a T,é ’[] 10
= ime (s
-0.02— 1 L P R RS NI 3 [ . . . )
0.02 0.04 0.06 0.08 0.1 t([)é}z *asymmetric reweighted penalized least squares smoothing
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

[ - Single pad L

= 0-4: LIRS I L LR I
3 C @100V ® 150V =
2 0.35— HPK 3.1 2
g E 3
£ o3 18v e200v -
) = &l
% 0.25— =]
5 °°F e230v o PIN200vV -
e E .
0.2 =
0.15F- /
0.1 / -
0.05 -
. | | Py ]
g4 S 1
2+ . =

= E s .

L‘“% 0 ° L4
L . .
-4t ®
0 10 20 30 40 50 60 70

Energy [keV]

HPK 3.1 single pad

best energy resolution and
best timing resolution

for 35 keV X-Rays

GADs (HPK 3.1) summary results

Energy Resolution [%]

30 e e https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006
B HPK 3.1 @100V ® 150V ] 'g'_zso""|""|""|'""""""""""'_
25.:. il g I HPK 3.1 @100V ® 150V ]
i ’Q\\ 180V @200V ] g H ;
r ‘ \\ ] g 200 180V @200V |
20 - Y @230V © PIN 200V . cuc) r 1
: ] Clg) 150_ e e @ 230V HPK_PIN 200 V ]
L ] [ i ]
9 ] i *W ]
r ] 100~ .
10_— = oo ]
5- - = ]
0:\||||....||\\\|,.,,|||,‘\|,.,|,H||,,: _llllllllllllllllllllllllIllllllllllll_
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Energy [keV] Energy [keV]
Bias [V] 150V 230V
Energy resolution 6% 17% For mip ~40 ps
Energy response 75 mV 185 mV
*Note: BNL 20um
Timing resolution* 141 ps 123 ps achieved 60ps
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

I - 2x2 LGADs (HPK 3.1) tests @ Sirius Carnauba BL

ATLAS HPK 3.1 2x2 array prototype
Beam size 350 gm or 150 nm

Detector can move and rotate wrt to the beam
LN2 nozzle can be used to change temperature
Energy/timing resolution wrt
o  X-ray energy, bias and temperature
EPIC by Sirius to control/store conditions
e  Readout similar to SSRL
o  St.Cruz 1ststage amplifier + broadband
amplifier (now on-board)
o  Oscilloscope 2 GHz/50 GS/s
o  Jitter from electronics < 1 ps

aaaaaaaaa

2x2 HPK 3.1
: "l LGAD array

el
o
B S G

/
150 nm or 350 um X-ray beam @ LGAD @Beam direction @ Linear stage @ Cooling nozzle
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Il - 2x2 LGADs (HPK 3.1) Energy response

° Beam size 350 yum Pad £ E 1y
' . o — e S 10°E HPK 3.1 2x2
0 N Pho;ton detection (9 keV) %_ F @150V, 6.64 keV
at 500 MHz (HPK 3.1 2x2 ATLAS LGAD) S 10 3y (Preliminary)
2 3= ; O E
10° = 4y
e Different X-ray energies, bias 10
e  Multiple photon conversions o i
E
> 0 T ] trigger ‘% 1:
© F = I E .. N
$ 009~ ® 2300V ® 2000 ; oo e o o s ooe 007 .08
= E ft pmax/E [mV/kev] B Peaks [V]
g 0.08F 6419 —
£ 180.0V 1s00v /o 1 = 30— e e — 70
3 0,070 4 &7 H‘PK 19 T F
= E - E c r . X ®2300v @ 200.0v ; C HPK 3 1 2X2
o 0.06]- @ 100.0V 4 2 o5 . 2wl .
: 1 3 2 (Preliminary) £ L @150V,664keV
IO il 0 L Y C ..
B ] & a6l > 1800y 150.0V ;ﬂ 50 (Prellmlnary)
004 ERERN o &
0.03F- 3 2 & wl
g 1 @ 15 " R s “F
0.02f = [ . o z
E 7 & —e —
0.01F = B * 1 301
B 10f .
_ T T U WU U B W B e 20:_ x? / ndf 0.2196/3
& 5L HPK3.12x2 | g 1 - po 0.278 + 0.2838
e o ¢ * (Preliminary) r C pi 11.56 + 0.08556
%g ° L : 10_—
3 -5+ — oLl I el r
, 0 2 4 6 8 10 12 14 16 18 20 I B U S ISR BN S
0 2 4 6 8 10 12 14 16 18 20 10 Oo 1 2 3 4 5 6
Energy [keV] Energy [keV] # photons absorbed
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HPK 3.1 2x2
@200V

7.2 keV
(Preliminary)

e  Multiple photon conversions can be used to measure
the intrinsic timing resolution

o G(tz - t?) D)

e Data was taken with AND between two pads signals

N
N

LGAD Pad 3 [ns]

=Ampltiude [mV]

i
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I - 2x2 LGADs (HPK 3.1) Interpad measurements

e 150 nm beam LGAD CURRENT profile LGAD PULSE AMPLITUDE profile

e 5Sumstep beam lateralscan g
R T S B S ¢
S [ HPK3.12x2
£ s~ 230V, 5.83 keV (Preliminary)
<C _
(O]
[ Shutter OFF 31.0nA GAIN LEFT 12.1
0.6—
r GAIN RIGHT 11.7
: PIN 84.4 nA
0.41—
e  Extract device gain from L LEFT 1019.4nA . :
5 - “ORed” scope trigger trigger
02—
ratio (G>1) / (G:l) I RIGHT 991.2 nA
C Ll mmmmn- 4- e S [ | z 01
) ., 0 200 400 600 800 1000 -;
region (Skomina et al) Beam Postionluml 3 000f-HPK 3.1 2x2 @230V, 5.83 keV
3 ,ef- HPK3.12x2 @230V, 5.83 keV (Preliminary) £ oos(Preliminary)
% osE- & 007E- M
s “ T
e o7 0 oA ARW R~ ‘:
a e nd *
g osE- 0.05F . |
05k 0.04f ' T
o ok 90 um
0.3 E
/ g 0.02F-
02F =
- - E 0.01
0.1 =
E I L Ll | I I L i =
0 0.5 1 1.5 2 25 3 35 4 0 8
Beam Position [mm] Horizontal scan [um)
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https://indico.cern.ch/event/1270076/contributions/5461468/attachments/2670554/4629315/Skomina_RD50_MNE.pdf

I - 2x2 LGADs (HPK 3.1) temperature response

e HPK3.12x2 array e Beam line using a focused beam at 7.21 keV

e N2 cooling nozzle and detector position remotely controlled e Biasand temperature scan

e Temperature recorded by 2 PT100 on the PCB

s 008
B C o
= —
v 238 °C
g -
x 006—
g o PK 3.1 2x2
poot 32 °C 721 kev
[ I - =
2 o4~ (Preliminary)
0.03—
0.02—
0.01—
: 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 |
%O 100 120 140 160 180 200
Bias Voltage [V]
gr }/ ‘-, L R *‘ \ |
@ LGAD @Insulator box @Linear stage @NZ Nozzle @PTlOO
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[II - AC-LGADs and TI-LGADS tests at SLAC BL 7-2

e Beamline SSRL 7-2, focused beam (~30um) with 6-16 keV

[ &
; N >a_l L 4 vy
e Tested sensors reported here :

o AC-LGADs strips
o  TI-LGADs strips and 2x1

FBK TI-LGAD 2x1

......

° Sensors mounted on FNAL 16ch boards
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[II - HPK (E600) AC-LGADs position scan

DD D D D D e

Length S5Smm,

Resistive N* .
. — —— ] pitch 500um,
W H H |
- + E Field width 50um
' HE Bishop et al
v Cross section of an AC-LGAD X-RAY SCAN
z F
> 350 HPK AC-LGAD E600
E 14 keV, 190V
= 300— imi
HPK AC-LGAD g = (Preliminary)
2000 . < -
HPK AC-LGAD —_ 250
a E240 E600 - C H 1 C H 2
° @ C
flavors S 1500 ¢ 200 /™
] -
& 1000 150~ {f\
E) 100 s /
= | C240 €600 —
E =80 = e - CH1 + CH2 /
< 50—
8 . ;————'—W \k
0 200 400 600 800 & [+
Capacitance C [pF/mm?] 0 =
-50—
1 L1 1 1 | 11 1 I 111 I 111 1 | 1 1 1 | L1 1 1 | 1 1 1 | 11
400 5000 6000 7000 8000 9000 10000 11000
Position [0.5 um]
Marco Leite Synchrotron light source X-ray detection with Low-Gain Avalanche Diodes DRD3 Week 06/2024 13


https://arxiv.org/abs/2403.01052

e FBKTI-LGAD sensor from RD50 production, test structures 2x1 (Paternoster et al)

e Showing no loss in the inter pad region for the sum

[l - TI-LGADs 2x1 (FBK) position scan

a) STANDARD Virtual GR  p-stop JTE

SEGMENTATION (3.5 um) G3-5ypm [ (3-5) um Metal pads g E
‘; 32— ~ *
= 55 —  FBK 2x1 TI-LGAD 1 )
E no-gain region %_ = 14 ke\f) 100V CH * CH
E Y Pixel 1 p Pixel 2 <§ 28:_ (Pre[iminary)
: -
Q -
I N 26—
) b) TRENCH-ISOLATED & e = C H 1
< renc um) o CH 2
o 24—
2
S —
~ no-gain 22 =
T Pixel 1 e Pixel 2 -
p* ' substrate 20 :_
Guard Ring 18 — - Lﬁu
16—
14 ;_ N
12—
: l 1 1 Il l I ! Il 1 l 1 1 l 1 1 1 l
S 0 200 400 600 800 1000
can Position [0.5um]
Marco Leite Synchrotron light source X-ray detection with Low-Gain Avalanche Diodes DRD3 Week 06/2024 14


https://ieeexplore.ieee.org/document/9081916
https://ieeexplore.ieee.org/document/9081916

Final Remarks

e Comprehensive measurement campaign of LGADs X-Ray performance is underway
e  Two facilities (SLAC and Sirius) providing similar test conditions
e Devices are very robust, survived several days of high intensity, highly focused X-rays
e X-ray applications will need highly segmented devices (um resolution)
o  however, even the mm size devices can be used at beam lines for diagnostics and beam studies
e  We plan to continue the tests on both facilities, focusing on alternative segmented LGAD designs
o  Sirius will soon start the construction of two new beamlines dedicated for instrumentation development
e In parallel, we will continue developing the simulation studies to better understand the LGAD response under X-rays

e The gained knowledge can provide feedback to collider applications as well

Thank you !
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[V -Simulations (HPK 3.1 single pad)

GEANT-4 simulation of absorbed

photon fraction per LGAD layer

for 5,15 and 35 keV

TCAD simulation of 50 pm
LGAD signal response to a

single 20 keV photon at

different absorption depth.

Current [A]

| —LGAD (2.5x2.5mm?)

1000

1500

2000

[+ 1 Simulation
»—PCB Base (10x10mm?) E—skev ‘
[ — 15kev
LGAD layer Thickness (zm) 35 keV
107
X-Ray beam 1 | Al cathode Contact 0.3 E
direction F
2 | n++ 1.0 -
3 ain (p+) 1.0 =
| gain (p+) 107 =
4 | bulk active 45.0 E
5 | p++substrate 150.0 L
6 | Alanode contact 0.3 10°
PCB Base layer Thickness (um) r
7 | Copper Laminate 100 =
pp 10 =
8 | FR4 1600 o n ; b, Sy C Iy
& *t o gaj U Ubgy, AN 0
thog, o n Ik bst,a " Oge ~0pe, Ry
e
=10
—— Absorption depth 5um z —— Absorption depth Sum
—— Absorption depth 10um g —— Absorption depth 10um £ 30 A 30keV photon
—— Absorption depth 20um g —— Absorption depth 20um H ® MIP from Sr90
—— Absorption depth 30um 28 —— Absorption depth 30um o — Localized deposition
—— Absorption depth 40um —— Absorption depth 40um 25 : i
—— Absorption depth 45um y —— Absorption depth 45um == Contintious track ot deposition
6 7 x> 20|
// A
\
15|
. \!
\
10
2
\ 5|
0
2500 3000 3500 1000 1500 2000 2500 3000 3500 18502 B3 iET0q SEt05
Timelps] Timelps]

(a) Current signal at the device level.

https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

(b) Convoluted voltage signal with TIA.

Figure 9: TCAD simulated gain for continuous track of energy deposition (MIP) and localized
energy deposition (X-ray). The gain corresponding to a MIP from “Sr and a 30 keV X-ray are

highlighted in the plot.

Total number of generated e-h pairs
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

DC LGADs Tests at Light sources
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DC LGADs Tests at Light sources
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(c) BNL 20um LGAD
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DC LGADs Tests at Light sources
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DC LGADs Tests at Light sources

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 1I9mV | 75mV 185mV | 68mV 211mV | 66 mV 147mV
o; CFD 78 ps 141ps 123ps | 371ps 171ps 69 ps 65 ps

Table 2: Summary of energy and time resolution for the three tested sensors for the different bias
voltages that yield the best energy and best time resolution for a 35 keV X-ray beam energy.
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Il - 2x2 LGADs (HPK 3.1) Energy response
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Autocorrelation of Digitized Signals

e Used to measure the bunch separation
e SSRL had a non-uniform filling (empty-1 bunch - empty-fill) per orbit
e  Sirius had full orbit filled with bunches

Autocorrelation of Run21_HPK_3p1_200V_25KeV_baselineE_harmonicE
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Flux [ph/s/100mA]

Carnauba beam line energies

Flux at sample corrected for attenuation (log plot)

Flux at sample corrected for attenuation windows and air path
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Carnauba beam line setup
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HPK AC-LGADS

Table 1: Parameters of the tested HPK AC-LGAD

Wafer Strip
N* Sheet Bulk  |Lenght| Width | Pitch ) HPKAC-LGAD L =5 mm HPK3 E600 50 5 50
Wafer |Resistance|Dielectric C| Thickness T| L w P o - AN —— HPK1E240 505 50
# [Q/o] (pF/mm?) [um] (mm) [ (Em) | (um) 5 \ —— HPK4 C600 50 5 50
HPK1 W02 |E: 1600 240 50 5 50 500 g | ,‘" i HPK8 C240 50 5100
HPK3 | W05 [E: 1600 600 50 5 50 500 o |\
HPK4 | wo8 |c: 400 600 50 5 50 500 =04 E™ ey
HPK8 wo4 |C 400 240 50 5 100 500 g i = “VLK\, ‘ . | ‘
HPK21 | wo5 [E: 1600 600 50 10 100 | 500 = % . l‘ J N A
HPK22 | w08 |C: 400 600 50 10 100 | 500 J " Tl"""’%"«f rw?w
HPK27 | wos [E: 1600 600 50 20 50 | 500 0.01 ' s '
HPK28 W08 |C 400 600 50 20 50 500 0 1000 2000 1%2?tion?3?n0] >000 6000 7000
HPK29 | w09 [E: 1600 600 20 20 50 500
HPK35 W09 |[E: 1600 600 20 20 100 500
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