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Introduction

s BEE. SEIRILT—N\FOVEZERNRGZDERNOBIELZ EFZE
— EFEELHCT140-200fE128 /5 K. FK100TeVEER T1400E R /E R
— RBHEB TCINEFRERTBIZIE?
1. EOCIYAIDMENL: >FAHH LU EEDRBEEHHY1/10 (50>5umBE)DTEITEELL..

2. BFEIZBEEE: RIS ERBRL Y HIRHBRE VMR RE]RN 5 HEEHHIZHE > Frfdl 7 AZRE 30ps T
JERALF D1emZ i A TES |

Low Gain Avalanche Diode (LGAD)D T C30psD K1 2 R e FF D F EAF R H I I EH
Al BB A1 F n 100 ¢ :
= R 23 AR RE(LGAD) 4 Hi 23 | EBoBS § gg = (T,-T,) I
. @ 70 EDistribution f!!
: % 60 E 1 o(T,-T,)=47ps
% o 50 F — 0,~33ps
< 40 E |
3 30 F )
20 £ 1
/ 10 E_ " L FT L ' : 1 L P o B "
b %00 200 0 200 400
h P-bulk Time Difference [ps]
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(8%)ATLAS Bl HLGADHR Hi % (HGTD)

Hard Scatter (HS)DEIZE R ZRITET HFNELE
INILT YT (PUBRE

c — I I I I I I I I ' ]

S 160 ATLAS Simulation —— =

8 — VBF H — invisible, (u)=200 = = [Tk+HGTD (self-tagging only) ]

o 140 :_p'ft > 50 GeV s [Tk+HGTD (¢ only) =

S qopF-24< n | <40 ITk+HGTD =

o — Timing scenario "Initial” -

100 — —

3-‘."’ ]

80 — ]

60— —

40— —]

478 DLGADHR Hi 3% = | | | =
ElHY 4/ X(F1.3mmx1.3mm g 15) .
Tracking B B TIE %<, h : 1;**'.*"“.‘"'.r'*‘.*'“rj"‘."' B P
TracklZESEIEERZFBN9 5 v 0.8 0.85 0.9 0.95 1

HS efficiency

X [mm]
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R LGADFEHFZANDEK

« ZAR.FHPBELMES RRETRAEA-RHIFNFLL !
SPLPLIERIIME LI/ ETEZCDEHIFITETTRZD !
o S oKYLELGERE
— 30psTE E DI A EE
— ~o(10)um {IE S FREE.
— (/\FOUESR ) ~o0(10%)n, /cm? ETO SR 1% -
+ CNHNRET DL,

ARFTIVFXT ! MFEANCHBTFOEENE o
Detector Hit Trackipg < p=1 B= 0'95_ ]
+ + + + "" ,+, /,, 107°E -
I /4 - .
+ + -kv' e " 0 1 2 3 456 7 89 10
4+ <+ ’_I._’ \\ I Mass [TeV]

ImT150psDEEEAE  PEBELCHZLEEMNRES
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ENRF =X TOLGADR B DER

First LGAD detector by HPK in 2015 S.Wada et.al. NIMA Volume 924, Pages 380-386 doi:10.1016/j.nima.2018.09.143
K.Onaru et.al. NIMA Volume 985, 164664 doi:10.1016/j.nima.2020.164664 7
. ; .... 250V @ nonirrad 100V
’ ™

First PAD detector worked and First Strip detector had 3 o ez
evaluated 33ps timing resolution !! gain un-uniformity

gain

® nonirrad 250V

a i e
% e 200V
; [ ]

- e @
g le .

e
% ™
. .« °® 100V

0 oo o eeed
i p§;o°° .'Oo!'.;
1. L .:i

80um pitch strip detector :
100 only 20um region (25%) have gain

a0 E(T1~T2)
= Distribution

—
O . wdhuomo~N ©O©Oo

PO (PO I PRSP, Y
--10 0 10 20 30 40

o(T,-T,)=47ps
o,~33ps

Events /20ps
-\J
(=

4.9mm

- |

200 0 200 400
Time Difference [ps]

Second LGAD detector by HPK in 2018
ATLAS/CMS run for HL-LHC timing detector

R. Padilla et. al. 2020 JINST 15 P10003 doi:10.1088/1748-0221/15/10/P10003 h

\___Optimization of process/doping profile/active thickness etc. by ATLAS/CMS collaboration
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AC-LGADR HiES

o LIBI{EDT=LGADRA ) TR HER(80umE wF)>FH BB A 20%(FE LM E Mo T=,
. EIEEALFEICLT. EBEZACHICERE DEBIREDIE—FKREILLTES,
— EEL+DPEEDIOTIARMIDHBIET > n+ F—TEEZFST ., (= EHiEEHITS)

DC-LGAD

%
. .
. .
. .
. .
. ‘e

Py .

.

Smaller cross talk

n n i!iiigii hh
o 100% fill factor expected

L
R

€ “‘\1/¢ But need to check Cross-talk
. :

. p

_

2020/11/30 TCHoUERKBE £ 6
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B¥D AC-LGADTONA T ((ERFE)

Pad type sensor (4x 450umx450um) Pixel type sensor (14x14 50umx50um)
KEK-ACLG-PIXEL-42

Bias rin ing
PRTAART: 0
20 / DC ring:

&

30 50
40

Confidential |AC PAD (AL 5000) x 4

Strip type sensor (16x 80um pitch)

«— Bias ring

«—— DCring
[]

3
S

\_T_l

Unit1l AC strip (AL) x 8
Unit1-DC strip

2020/11/30

= / DC ring \

// Poly-si resistor between DC ring and Bias ring(GND)
- To free up charge in n+.

Bias ring

Varied Al size (AC coupling capacitance size)
Pixel : 42/38/34/30 um width/length
Strip : 47/42/37/32 um width

AC PAD (AL 42(]) x 196

Varied n+ and p+ doping concentration

C(Ax10 resistivity) B(Ax3.3 resistivity) A (~*DC-LGAD)

ey D

2 (mid) c-2 B-2 A-2

P+ doping
concentration

p+ doping

1 (low) C-1 B-1

n+ doping
TCHoU{B Rk R &8 7



Pulse shape measurement

To detect signal from AC-LGAD
— Used 29Sr B source

— Discrete Amp has been designed by Fermilab |
and modified/produced at KEK.

— Pulse detected by CAEN DT5742 digitizer
— Triggered by Scintillator with MPPC readout

CoIIimatorE

Sensor

Pad Sensor

AR

b 2 8 EAEERN

digitizer

- _J Trigger

oL

Scmtlllator /MPPC

2020/11/30

CAEN DT5742
Desktop Digitizer
5GS/s 10bit

12bit ADC 2V full range

Oom

L8822 44 0 0004 £rPLP

(1] @@@@@@@@@@@@@@@@@
MCHCN O

TCHoUIERL E &5

Pulse height [V]

Fermilab
16 ch Discrete Amp.

KEK
16 ch Discrete Amp.

[ |
, © © © © o o
AODO')-&I\JOI\.)J}

—Pul's'é"h'e'i'g'h't """" yp'lcal Event'."" """"""""" .L """""""

................................................................................................

ch2 __________________ S S

time [ns]

8



Pulse Height and Bias Voltage dependence

Pedestal distribution is evaluated from off timing region

E 0-3_' T T T T T T T
gb - Ontime
D B 1
o | -1
302- 1 .1
o - o
r 1 Off time
0.151 ! - I—
f 1 |
i 1 |
01 I _
r | .
0.05[ 1 _

L il

P

20 40 60

80 1

00

1o° j Off time even

K
102?I|

10ff b

i

-

T

vl

| ) Y PO ) T AT T T T A O T
0.05 01 015 02 025 03

Pulse Height [V]

2020/11/30

Example : 190V Bias Voltage

.
Q

.
<

1078

Arrival time from Trigger [nyg
104

I I B
On time event 5

III|IIII
0.05 0.1

11 | T (- L 11 :
015 02 025 0.3
Pulse Height [V]

TCHoUERL B &5

p 0.2

£0.18
@
20.16
o
Er:J.1.«4
= 0.12
0.1
0 0.08
0.06
0.04

0.02

gnal

PAD : C-2 type

—»— Signal MPV

—a— Pedestal width

Large gain increase
- Similar to leak currentﬁ

Operation region 4

<::_f>,+

L IXIINKIINE N

2

(]

N
m_

O

Noise increas

a bit later
él N

IlllllllmllllllII|III|III|III|III|II

— [~
"P"_
()

160 180 200

220 240

Bias Voltage [V]
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Time resolution

* To evaluate timing resolution, two same d
type of pad sensors are stacked interleaved
by using plastic piece.

— Sigma of time difference : 0(T1-T2)=\/ (0,)%+(0,)?

— In case two same type sensors : o, = o(T,-T,)/V/2

~ Collimator m

Sensors —

Amp. board

=

-~

$ B g ! Faly’ -
7—0“"*.,-"‘- T s

—

2020/11/30 TCHoUE R B &5 10



Time resolution

* Time difference has been calculated separately for all combination of
channels in top and bottom channel then combined.

* Evaluated ~45ps time resolution at 200V.
_Pulse Height Distribution

0II

II|IIII|
0.05 0.1

2020/11/30

015 02 025 03

Pulse Height [V]

Tlme dlfference of pad 1 and 2

Timing resolution with certain threshold

E 200_ '@D_U?_ T T 1 | | | T T 1 | T T 1 | T T 1 | T T 1
5 180f 50,06} =
160f EN:
140F goosp ¢ E
£0.04f
Eo.

120F

i B C
00 0.03 ’ + 1
80: r
60 002 Time resolution
40F .
- 0.01 ~ —
20F g 45pS :
D: ) 1 %_ 1 1 1 | 1 1 l | 1 l 1 | 1 1 1 | 1 1 1 | 1 1 1 B
—04 -0.2 0.02 0.04 0.06 0.08 0.1 0.12
Threshold voltage [V]

,&t=T1-TD [ns]

TCHOUIERL B &5
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Crosstalk

Pulse height

Typec-2] ° Pulse height distribution

— type C-2 (x10 n+ resistivity) show good separation of signal and
crosstalk.

* Cross talk depends on n+ resistivity
— Higher resistivity have smaller crosstalk
— ~20% crosstalk for type C (x10 n+ resistivity)

0.35

0.3 — highest

0.25 next posi

— diagonal posi

S S s e e T e Pulse height ratio to the Leading pulse height

Type A : same n+res to DC LGAD Type B : x3.3 n+ resistivity Type C : x10 n+ resistivity
BT T T T R SRR RN RN LR LR T TTTTTT :""I'"'I""I'"'I‘"'I"''I""I""I""I"II

i TTT T T T T T[T I T I T T [ TToIT I [TTTT[TITT T IRARES
Pulse Height [V] O A 0.06F . 7 g :
E next posi E F next posi ] 012~ ]
008 ] 0.05- : : :
0.07) ~— diagonal posi F 0.1 next posi 3
0.06f 0.04E 0.08F tiaconal nost ]
= r [ — diagonal posi ]
0.05F 0.03F 0.06F ]
0.04F r L 4
0.03F 0.02- 0.0af ~20% crosstalk
0.02- 0.01- 0.02F .
0.01 C ] F 1
ST N T R PRRTR T P N T TR P PR P P 00 IR T PR I Ml ]
015203 04 08 0607 08 09 1 %*01702703 04 05 06 07 08 09 1 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1
Pulse Height Ratio Pulse Height Ratio Pulse Height Ratio
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&
Distance dependence of Crosstalk %,

* Crosstalk should depend on distance of electrode.
— To check the dependence, strip sensor (80um pitch) is used

— Pulse height ratio to leading strip is plotted as a function of
distance (unit of strips)

— ~75% @ 80um, ~“62% @ 160um distance.

1.2 e
_ Strip : C-2 type Bias : 200V I

strip

=k
|

— The strip where particle passed can be identified, but 0.8
better to have smaller crosstalk. =2 will test higher n+
resistivity 0.6

Strip Sensor
s N

o
~

1,489

Pulse Height Ratio to Leading

mmmmmmmm
. Wisialyiyixigy

lmax1 2 3 4 5 0 1 o 3 4 5 6 7
| i Example - In case 3rd distance from leading strip [Strip]
. - left strip has highest IBEEDRELH M.
= l pulse height INYRIZERTHYARM =SB K

2020/11/30 TCHoUERKBE £ 13



: : : L
Coupling capacitance and signal size <

&
- e - - O @
* PADEStripEUH—DIKRE T D ELER(ETIZC-22 14T 200V)  gouivalent Circuit

— n+ Ep+ DF—TEIXREC>RELC C, . > D D
— BiESh-{ESI(Z. %@7’5I'ﬁ'l(Ccp)&nﬁEﬁjilﬂ(Rimp)(:ﬁﬁﬁ —L_Cop n=Cp n=y—C,
s AVE—FIRADINSNAIZTHENOT LY, —/:/.\/-\E/-\zﬂ-: L AN/ | AN
o« NWYRERNM)YTTRELGENHDDIE 1/wC, >> Ry, DN ? Rimp Rimp :: Rimp Rimp
— Ripp ZRE (T AHETEBSDODREELRELGYY DZl‘—w? AHNZ Coulk
SNADTIFAELA ? > DCLGADD 100 B ED EHAHLLY | ™ —
Pad Sensor Strip Sensor ......... #» Cross talk flow
1ﬂ4""4éou|:n"' Area m&"'|"'|"'|"'|"'|4'jl'j|r+]"|"'|"'|"'
| 4SOUV’ 0.2mm?2 K-> 10° 5
4 . 10°
107 MPV = 76.1m LU
: x3.9 UF

0 002 004 006 008 0.1 012 0.14 0.16 0.18 0.2 0.12 0.14 0.16 0.18 0.2

Pulse Height [V] Pulse Height [V]
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EALNDIRER

Equivalent Circuit

« BRIDDEE . A1VE—F XL I W
Zui>>Zeop EIRTEL T... > Q—[> _[>
Rimp __CC __Cc Cc

° ZRimp T ZCCP o “é?*/\/\/_—’\/\?’\/—

Rimp Rimp —= Qo Rimp Rimp

— PN T TTCE-F

2
£

- C
—-BEMHEAHHEINDE bulk
%
& %ﬁi?(ﬁé?ﬁ# - D{REE
Ccpb\jF%L\ TCADSSaL— 3> THERR
RimpMAKELY KT —HELE
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TCAD simulation
» TCAD(BIGLZaL—42)T2DETIILE1ERL

Fixed parameters

» Electrode : DCXx2, ACX5
» Sensor thickness : 50um

Rimp : n+DF—T &% 1el17 — 1e19 [atm/cm3] TZE 1L
Ccp : Al BB H A X% 32um - 47umETZEIL

o

> Oxide thickness : 0.1 ° o
xide thickness um Cepl L VSEIS DD .. 4

» n+dope depth : 0.8um 3
> Temperature : 20deg s
C

0~ : —- g
» Bias voltage : 360V Sal /H/ﬁﬁ %__87

» Strip pitch : 80um

0.8 510

)

0.7
0.6~
0.5~
0.4

Charge [C]

I~ 5500 3000 4000
7 "o 1000 2000 3000

0.365

L | 1 | I I | | | dx10®
75 8 85 @ 95 10 105 11 115 12
Capacitance [F]

Xo
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TCAD vs
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p+ doping concentration

Conclusion

. . fabricated at HPK
Parameter space for doping concentration » .

BB DOMFLZLTI-AC-LGADY
LGADFRHHEFELTEILV TN !
n+ R BIUVEE LR F—I50 % TE3

e Cross talk : x10 n+ resistivity sample (C-2 type)

Higher Gain 450um B D/ YRR H S  20%
80um pitch strip : 75% @ED AN )y T

G
pe” D % BB BERE (L ~45ps > BARE
D

C 2l PETESHRES
AP mmmkacnp gt A

CoptSREL A=A Y=
R|mpb§xgt\ imp :i imp

Cbqu

x1/10
n+ doping concentration

2020/11/30 TCHoUERKBE £ 18



Conclusion & Plan

. fabricated at HPK
Parameter space for doping concentration » .

EBOMEILZ LI-AC-LGADE
LGADH ISR ELTEILITLNS !

n+ HBIRDENEE VLR F—2HHIF TES

e Cross talk : x10 n+ resistivity sample (C-2 type)

c
o
-
(S
p -
o
: [ °
8 Higher Gain 450umB D/ YRR H 25 : 20%
g 80um pitch strip : 75% @ED AN )y T
:o E RIS AEREIL ~45ps D EiEE
= DC 20 L iy DL TIEBLRES 1,
Q. LGAD _ ¢
o 6 S AR e B o
O CopBtRELY  —AMAmEANVY—
T RimpAS KZELY Rimp imp
Q C Ik
m bu
x 1/10 x 1/10 SEFENDFECn+HEELZL/101ZLEYVTILE

n+ doping concentration EitEEZ1/21=Liz9> T LEHES
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Arbitrary Units

ATLAS Bl 5 LGAD#E i Z8(HGTD)

2]

- ATLAS Simulation B Prime Frac. = 1 1 = - ATLAS Simulation N, =1 0,=34ps

10" VBF H — invisible, (1)=200 W 05<PrimeFrac. <1 2 o1 W', pp = 45GeV, (=0 Ty~ el > 240 5:3%
~ Timing scenario "Initial" Ezm;i::c#r::i o5 1 G - T|m|ng scenario "Initial" N, =2 6,=25ps n e

B I Misassignment N -é - ltreco trunl > 2¢Oy 9.4% |
102 [l Confusion —= << 1072 N, =3, 0,=20 ps —
; ; ; | reco ) ttfuthl > 2X0—t: 4.8% ;

B B B NI1Its =4,5,=18ps 7
10_3 = E 10_3 = l reco tI:ruthI > 2><I0-t: 6'9%’_5
1074 =
10—5 10—5 i L L 1 L | L L L Il'll 1 L | L L L L | L L L L |

04 03 -02 -01 0 01 02 03 04 0.3 0.2 0.3 04

treco truth [ns] treco truth [ns]
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Varied n+ and p+ doping concentration

C(Ax10 resistivity)

P+doping 5 (mig) C-2
concentration
1 (low) C-1
z 10g g o 10
= -cd 1z
o) - 1 @
1071:* . : = . 10—1
- High p+ doping
02 o = 102
107056100 150 200 250 800 @50 4oo 107
Bias Voltage [V]

2020/11/30

\vV-h—7J

B(Ax3.3 resistivity) A (*DC-LGAD)
B-3 A-3
B-2 A-2

ae
sae®
an®
at®
--------
.
e
L)
an®
aa®

.

- ITT 1)

Hd anat®® -
- -
H caste®e
.
-

wetat et

L
oQ
-
< . 4
+ 'n. i
Q
o}
©

L1 \II\\Il [ \:::\\‘ L1 \|||\|| L L LI
-
(0]¢]

1 \\\\‘\\\\‘\\E\‘I\
100 150 200 -250

TCHoUIERL E &5

\\‘\\I\‘\\\I
300 350 400

Bias Voltage [V]

Higher Gain/earlier break in case :
— Higher p+ doping
— Lower n+ doping

C-2 type should be :

— Smaller crosstalk
— Relatively higher gain

E 10 E ‘ T ‘ L T .\ T T T E
3 g R E
= - A-2 P ]
9_) [ : - —
3 A3 ﬁ E
107" = =
; s ® 'i ;

10°g ' High p+ doping
1 0*3 7I | I ‘ | N I | ‘ I | | ] I | | I I ‘ \: L1l ‘ | | | ] |

0 50 100 150 200 250 300 350 400
Bias Voltage [V]
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Temperature dependent IV curve

* Changed temperature from -30°C to 24°C

Current [uA]

10

-
C-2inon irrad/ 24degC N DY °s
C-2inon irrad/ 20degC o ®» o8
C-2/non irrad/ 10degC B ®
C-2/non irrad/ OdegC L e .
C-2/non irrad/ -10degC
C-2/non irrad/ -20degC
C-2inon irrad/ -30degC ®

107"

2

I‘£-|UI|I| llHHH| IIIIII||| [ TTTIT
.

8 IIII|II|| IH]JHI| L1

L
200

%
o
cn
=
==
=
_—

[ ) | -
=

0

m
]
o
<
=3

&
]

=
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(BZF)BNLD Y —

Fabricated at BNL

* 50 um thick p- substrate
» Depletion voltage -150 V
» Breakdown -225 V at 22C

Voltage [mV]

-200

-400

I|III|III|IIItI

o T | T T | L | L

 Bias Voltage -210V :;‘:‘ﬂi‘:‘;rip
17 StrlpS 600 Right Strip Guard Ring DC-contact
* 100 um pitCh 5 10 Amplitude distributions
» 80 pm width Time [ns] for different proton positions
w1:""|'_;“"|'
DC contact surrounds pads g votnn stz ]
» behaves as a standard LGAD when directly - R 5 | e ettt
- = c |
traversed by a proton N+ REMN 1el7/cm3 i E S il
» used to measure gain - DCLGAD®?1/100 £
Readout with Fermilab 16-channel board ﬁ
» 15 strips (additional stage of amplification) j02k :
» DC pad o " 's00' 1000

Amplitude [mV]
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Electrical test after Irradiation

* Irradiated sensors at 1el4neq/cm? and 1lel5neq/cm?and tested I-V
performance.

* Gain-on voltage increased to ~“220V @ lel4neq/cm? and 550V @
lel5neq/cm? ; they still seem to have gain.

= 10°
3
E 10 Non-lrrad?C VGaing VGain-on -
© lel4neq/cm? -20°C
1 &
107 =
Note: Non-irrad sample has a 0 uh lel5neq/cm?-20°C C-2nonimad Py
lower gain-on voltage at -20°C ® C-2leld/-20degC S
® C-21e15/-20degC  —
190\/9 140V 1D—3 PR I T T T T AN SN SN ST SN T SO N TN TN SN SN TN S T AN S ST S TN SN S SO SN SN AN SO ST S
0 100 200 300 400 500 500 700 800
Bias Voltage [V]
2020/11/30 TCHoUERL B =i
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ATLAS/CMSD§E R @ Vertex 2020

e DC-LGAD(ATLAS/CMS run)DFE R
— 1.5e15 neq/cm2D EFIEE AN H 5 D [£#9500-600V
e BIDAR—U DIFRESIFEELIALY,
— IntiREZTECTH LTI OMGHRMED EL TR oG ?

5 - _ ; ™
Charge collection (beta source) time resolution
45 -
T=-30°C HPK-3.2-50
5 e ®,,=1.5x105 cm? v - ©
Y- o o & 60 HPK-3.2-50 o 08 o
] 0 mm <o @ - o & OA . a . (8
§3O ¢ 40 min % 2 50 5 . 0.%’ icz‘A‘
R D, L]
S 25 20 min o"! S eOmin %o o o g™
A 280 min 40 _ o
2 o = ¢ 40 min QF TS Oa HPK-3.1-50
] 600 min 2}.! HPK3150 = . o0
© 20 9 30 ® 120 min %
a8 0 1240 min 5 e o : *
215 © 2520 min oo 'd i 2 4 280 min
- 0 10200 min a‘ﬁ g 20 600 min
B 10 cg i = 0 1240 min T=-30°C
g 5 o ojc! 2 10 © 2520 min ®,,=1.5x10% cm2
0 10200 min
0 0
100 300 50 900 100 300 500 700 900
Vbias ?V] Viias [V]
% o

2020/11/30 TCHoUtERK B &5



RS DWEN(?)
« BNLDYUTILT. DCYU T ENATR) T RIDEDBEETT AN RN
HAHZITY,
— BUOVEBRZERELI=EZEERMICITRBRIIEDoGWNED L,
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TCAD simulation

TCAb 'model
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TCAD simulation = IV curve
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» Signal size
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Frequency dependence
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From this equation, readout charge Q should be propositional to the

Rimp/(Rimp+Zcp) and slope shoulbe Qo.

Frequency to calculate the impedance from capacitance is not sure (should be
order of 100MHz since pulse shape have a few ns width) but probably the
fregency value which makes that the readout charge proposional to the

Rimp/(Rimp+Zcp) is actual value.
i.e. 10-100MHz from the plot.
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