Status of CMS LGAD sensor testing

Jae Hyeok Yoo (Korea University)

11/03/2022

APCTP Workshop on the Physics of Electron lon Collider
@ Howard Johnson Incheon Airport Hotel

KOREA

UNIVERSITY




Endcap Timing Layer (ETL)

ETL service C hannel

1 coverage: 1.6 - 3.0

3 mfrom [P n=1.6
Width =4.5 cm |
ETL |
| P =
beamline

3m



9:

10:
11:
1.2:

ETL Thermal Screen

Disk 1, Face 1

Disk 1 Support Plate

Disk 1, Face 2

ETL Mounting Bracket
Disk 2, Face 1

Disk 2 Support Plate

Disk 2, Face 2

HGCal Neutron Moderator
ETL Support Cone

Support cone insulation
HGCal Thermal Screen

beamline

IP

Jae Hyeok Yoo (Korea University)

Endcap Timing Layer (ETL)

ETL service channel

e 2 double-sided disks in each endcap
e Fraction of coverage per disk > 85%
e 1.8 hits per track
e 6+ = 35 ps per track (oy < 30 ps per hit)
e Total sensor area = 7.9 m2 per endcap
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LGAD sensors in module

4: Mounting film

5: AIN carrier

6: Mounting film

7: Mounting screw

8: Front-end hybrid

9: Adhesive film

10: Readout connector
11 HigiTVve
12: LGAD
13:E°

- 6 16x16 pads
per sensorih

16x16 array
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LGAD sensor
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Electric field

Additional layer added to
traditional n-in-p sensor

One pad (pixel) = 1.3x1.3 mm?2
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Parameters that affect time resolution
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Main contributor to time resolution
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Main contributor to time resolution
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Main contributor to time resolution
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Market Survey (MS)

We are in the process of Market Survey (MS)

Goal is to identify potential sensor manufacturers

FBK (Italy), HPK (Japan), IHEP-IME (China-Singapore), Teledyne (U.S.), MICRON (U.S.), CNM (Spain)

INFN Torino, Fermilab, IFCA, UCSB, UZH, HIT and Korea University (KU) are
participating in the MS sensor testing

Rest of the talk will focus on the recent activities @KU



How are sensors tested?

Test beam setup @FNAL

robe station @KU Simplified Setup  _meses Probe station
e \ 120 GeV Strip (7) Pixel (4) ScEIi_:}ggaetror LGADs MCP Strip (2)
beam C_D
— ! UUMJ'_’ = * Measure IV and CV curves
| | (_'\Ul
Z
2 Test beam
!
<
@ » Measure gain, hit efficiency, timing
2
Strip and Pixel Cold Box < « At FNAL. 1-2 times per year
e Tracking system provides e Up to 5 sensors ,
~50 pm resolution e Motorized rack

| —

Beta source

Beta source test setup @FNAL Laser scanning device @KU

Ryan Heller * Measure gain, timing

Schematic

LGAD/ PCB

‘ MCP

Tungsten pinhole (1.5 mm):
restrict path length

Laser scanning device

* Measure uniformity of gain, inter-pad gap




Highlights of sensor testing at KU

» KU participated in the FBK sensor testing campaign Dr. Kyungmin Lee  Byeong Jin Hong (G2)

- Some highlights from our testing on the FBK sensors are shown
in this talk

» Used probe station and laser scanning device for the tests

FBK 1x2 sensor FBK 2x2 sensor

e Pad isolation
(inter-pad resistance)

e [nter-pad distance
(gap measurement)

e Breakdown voltage (I-V)
e Bulk depletion voltage (C-V)
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Breakdown voltage (I-V measurement)

Measurement of Breakdown Voltage
CMS Work In Progress

=== PAD1
—n= PAD2
== PAD3
=== PAD4

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

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

4 pads in the same sensor have
~same breakdown voltage

0 -50 -100 -150 -200 -250 -300 -350

Bias Voltage [V]



C-V measurement

The full depletion voltage is the value of
voltage when the capacitance becomes

constant
Gquff : .
P+ C=A . This equation works
(gain layer) 2 V
P until the bulk is fully depleted
1 .
P++ V E — Get full depletion voltage

| |
by plotting E vs V



Setup for C-V measurement

Other pads, GDR — GND

[ . 4300 LCR LO -> Pad under test

L 2.52299pH

LCR HI - SMU LO

SMU HI —» -HV — Bottom

Probe station

Picoammeter
(Keithley 6487)
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Results (C-V measurement)
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CMS Work In Progress

» Bias= 0~ —-60V, AV=0.2V
* AC frequency: 1 kHz

- Room temperature

- All pads in 2x2 are uniform

— FBK_2022v1_2x2_34_PAD1
—— FBK_2022v1_2x2_34_PAD2
— FBK_2022v1_2x2_34_PAD3 | ..

e FBK_2022v1_2x2_34_PAD4

Y e
Bias Voltage [V]
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gain layer depletion
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What should we test for 1x2 sensor ?

Inter-pad gap

Jae Hyeok Yoo (Korea University) APCTP Workshop on the Physics of EIC (11/03/2022)
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What should we test for 1x2 sensor ?
A

Inter-pad gap —

!

* FBK 1x2 sensor
Jae Hyeok Yoo (Korea University) APCTP Workshop on the Physics of EIC (11/03/2022)
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What should we test for 1x2 sensor ?

Inter-pad gap

charged particle

Jae Hyeok Yoo (Korea University) APCTP Workshop on the Physics of EIC (11/03/2022)
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What should we test for 1x2 sensor ?

Inter-pad gap

okl el

» Signals from pad1 » Signals from pad2

charged particle



What should we test for 1x2 sensor ?

Inter-pad gap

okl el

» Signals from pad1 » Signals from pad2

charged particle

We can test
» Inter-pad resistance (pad isolation)
* Inter-pad distance (gap measurement)



Gap Measurement

Shoot laser to LGAD sensor

- Wavelength: 1064 nm infrared

-« FWHM: ~ 12 um

|—l

* Pulse power: 1-10 MIPs

Use Transient Current Technique (TCT)
apparatus by Particulars

!

Change the position of sensor using built-in
position controller

» Resolution: <1 um



http://particulars.si/index.php

Need to optimize our setup before measurements

e Find focal point of laser
e Set the laser intensity to correspond to 1-10 MIPs



Gap Measurement - Find focal point

vary z position

- Before calculating the area
of PIN diode...

I LASER RADIATION

- Due to optics, the laser doesn't go
straight

» We should find the focal point at
which FWHM of laser is minimized

* Perform y-scan with various z
positions

= ===} =m=== Focal point

 ystep=2um, zstep=20 um

y-scan
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Gap Measurement - Find focal point

Charge distribution for various Z position

Charge [a.u.]

mnlem 7 = -29500 um
e 7 = -29440 um

z =-29380 um

z =-29320 um
s 7 = -29260 um

z =-29200 um

z=-29140 um

z =-29080 um
i 7 = -29020 um
i 7 = -28960 um
el 7z = -28900 um
i 7 = -28840 um
i 7 = -28780 um
e 7 = -28720 pm
i 7 = -28660 um
el 7 = -28600 um
i 7 = -28540 um

e 7 = -29480 um
z =-29420 pm
i 7 = -29360 um
z =-29300 um
e 7 = -29240 um
2 =-29180 um
z=-29120 um
z =-29060 um
s 7 = -29000 um
Zz =-28940 um
i 7 = -28880 um
el 7 = -28820 um
el 7 = -28760 um
z =-28700 um
i 7 = -28640 um
el 7 = -28580 um
w7 = -28520 um

e 7 = -29460 um
e 7 = -29400 um
e 7 = -29340 um
e 7 = -29280 um
e 7 = -29220 um

z=-29160 um

z=-29100 um
el 7z = -29040 um
i 7 = -28980 um
el 7 = -28920 um

z =-28860 um
w7 = -28800 um
e 7 = -28740 um

z =-28680 um
e 7 = -28620 um
i 7 = -28560 um
s 7 = -28500 um
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300

400

Y position [um]

500

- Before calculating the area
of PIN diode...

- Due to optics, the laser doesn't go
straight

» We should find the focal point at
which FWHM of laser is minimized

* Perform y-scan with various z
positions

 ystep=2um, zstep=20 um

» Fit Erf(x) to each charge distribution and
find minimal FWHM
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FWHM [um]

—h
)
o

80

60

40

20

25

Gap Measurement - Find focal point

FWHM vs Optical axis

i /

i

B /

B Focal point

B i

il e

i 2

i minimal FWHM = 11.31 um
600 ngLod | nggod | ngbod | Lzsgod 28600

optica

-28400

distance [um]

Before calculating the area
of PIN diode...

Due to optics, the laser doesn't go
straight

We should find the focal point at
which FWHM of laser is minimized

Perform y-scan with various z
positions

y step =2 um, z step =20 um

Fit Erf(x) to each charge distribution and
find minimal FWHM



Gap Measurement - How many MIPs laser corresponds to?

How many MIPs correspond to the charge generated by laser?

1 : ‘
. = = :
| cividec W |
‘ Instrumentation i
i Broadband Diamond Amplifier '

M; IN >>> ouT %

2GHz /40 dB ;
B Serial Number: C2HVO081 +12V g

e Amplifier: cividec

® PIN diode

(no gain)

e Gain: 40dB e Unit of scope window
. [mV][ns]=10""2[V][s]
=102 [c][Q]
=1p[Wb]



Gap Measurement - How many MIPs laser corresponds to?

How many MIPs correspond to the charge generated by laser?

AR
| = ‘ |
o b 4 = ld HV ]
CIVIGeC |
| Broadband Diamond Amplifier :
MJ IN >>> ouT E
' 2 GHz / 40 dB 5
E Serial Number: C2HV0081 +12V f
_——
e Amplifier: cividec
® PIN diode e Gain: 40dB e Unit of scope window
(no gain)

:[mV][ns]=10""*[V][s]
1MIP generates 0.5 [fC] on 50 ym thickness (no gain) 102 [cl[Q]

- with impedance of 50 [Q] :2.5x 107 [C][Q] = 2.5 X 10_2p[Wb] =1p[Wb]

- with gain of 40 [dB] .2.5%x 10712 [c1[Q] = 2.5 p[Wb]



Gap Measurement - How many MIPs laser corresponds to?

Focal z position

 PIN diode

Jae Hyeok Yoo (Korea University) APCTP Workshop on the Physics of EIC (11/03/2022)
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Gap Measurement - How many MIPs laser corresponds to?

Oscilloscope Window
100

O%WWW«NWW

~100—

Amplitude [mV]

~200 :—

Focal z position

~300—

400

_600 11 I | I — I | I — I | I — I | I — I | I — I | I — I | I — I | I — I | I —
0 20 40 60 80 100 120 140 160 180

Time [ns]

 Area: ~600 pWb — ~250 MIPs

AR -
| ~500{—

 PIN diode
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Gap Measurement - How many MIPs laser corresponds to?

Oscilloscope Window

100

.WWWWWWWW - Pulse area (charge) is too large

~100—

Amplitude [mV]

Focal z position —2002— » Laser with high intensity generates charges of
300 high density

400 l

E » Charges electrically could repel each other and
600 L L b b b b b b

TR R I e affect charge distribution
 Area: ~600 pWb — ~250 MIPs

 PIN diode
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Gap Measurement - How many MIPs laser corresponds to?

Oscilloscope Window
100

O%WWW«NWW

~100—

Amplitude [mV]

~200 :—

Focal z position

~300—

I 3 + Pulse width DAC
oo : 2500 mV

|
I _600 1 1 I | | I | | I | | I | | I | | I | | I | | I | | I | |

0 20 40 60 80 100 120 140 160 180
Time [ns]

 Area: ~600 pWb — ~250 MIPs

 PIN diode
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Gap Measurement - How many MIPs laser corresponds to?

Focal z position

 PIN diode

Amplitude [mV]

Amplitude [mV]

-100

Oscilloscope Window

100 -

~100—

—200?—

-3003—

400 * Pulse width DAC

-5oof— : 2500 mV

~000,—— '2|o' '4|o' | |6|0| | 'slo' | '1<|)o' | '1£o' | '14|10' | '1e|so' | '15139' —

Time [ns]
 Area: ~600 pWb — ~250 MIPs
Oscilloscope Window
100

oo * Pulse width DAC
ol : 2650 mV

Time [ns]

* Area: ~100 pWb — ~40 MIPs

Amplitude [mV]

Amplitude [mV]

Oscilloscope Window

100
ok * Pulse width DAC
oo : 2600 mV

Time [ns]

 Area: ~290 pWb — ~100 MIPs

Oscilloscope Window

TTTT

III|IIII|IIII|IIII|IIII|IIII

 Pulse width DAC
: 2677 mV

1| | I I | I | I | | | I | I | I I I

N0

20 40 60 80 100 120 140 160 180
Time [ns]

e Area: 17.7 pWb — ~7 MIPs



Gap Measurement - How many MIPs laser corresponds to?

Oscilloscope Window

100

Focal z position

Amplitude [mV]

<>

* Pulse width DAC
: 2677 mV

_1 OO 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 I 1 1
20 40 60 80 100 120 140 160 180

o

Time [ns]

e Area: 17.7pWb —+ ~7 MIPs

 PIN diode

Our laser intensity corresponds to 1-10 MIPs |



Gap Measurement - LGAD sensor
i

There is an open area across
the two pads to measure
gap distance

Perform 50 x scans at focal z
position with 1-10 MIPs
(x step = 2 um)

8| Y

Fit Erf(x) and 1-Erf(x) to each
corresponding charge
distribution and calculate the

gap distance

* Signal from pad1 * Signal from pad2



Gap Measurement - LGAD sensor

There is an open area across
the two pads to measure
gap distance

Perform 50 x scans at focal z
position with 1-10 MIPs
(x step = 2 um)

8, XY

Fit Erf(x) and 1-Erf(x) to each
corresponding charge
distribution and calculate the

gap distance

* Signal from pad1 « Signal from pad2



Gap Measurement - LGAD sensor

There is an open area across
the two pads to measure
gap distance

Perform 50 x scans at focal z
position with 1-10 MIPs
(x step = 2 um)

8 XY

Fit Erf(x) and 1-Erf(x) to each
corresponding charge
distribution and calculate the

gap distance

* Signal from pad1 * Signal from pad2



DC filter [ -—
|

focusing
optical

copling
inletoutlet

‘* cooled
o plane
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e

0.8

Collected charge [a.u.]

0.6

0.4

0.2

Gap Measurement - LGAD sensor i/ #

Gap Measurement @ -240V

CMS Work In Progress

PO 51.22+0.4414
p1 17.96 +0.7478
p2 0.01011 +£0.006383

p3 0.9699 + 0.009053

24.79 /97

.......... x? / ndf 89.82 /97

0 149.5 +0.1886
pi 16.04 + 0.3751
p2 1.038 + 0.009656

p3 0.9645 + 0.006251

20

40

60

80

100 120

140

160 180 200

Distance [um]

™
a

l'; E |

Laser intensity: 1-10
MIPs

» Performed 50 scans

» Bias Voltage: —240V
(50 V before Breakdown)

* Room temperature
« Gap: 98.3£0.5um

» Consistent with results of
other groups



C [nF]

Summary and Outlook

5{ Bias= 0~ —60V, AV =02V
R CMS LGAD sensors can provide single hit time resolution < 50 ps
: | = Testing Market Survey sensors (FBK as well as other vendors) is

o C 4|° *gias Votage V] being ﬁnalized

A\ T i KU have tested 1x2 and 2x2 FBK sensors

o
© L 9
- o hd oo

\I\II\‘\IH|H ’ ‘ ‘ ‘

\ Test for 2x2 sensors: I-V, C-V, micro discharge

\\\\\\\\\\\\\\\\\\\\

% Test for 1x2 sensors: inter-pad distance, inter-pad isolation

Gap Measurement @ -240V

e Next step is preproduction and establishing QA/QC procedure
L
=

Collected charge [

T We KU have validated our testing setup, so we are ready for the future tests!
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