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Absorption — TCT system: ﬁ?
experimental results UPV EHU
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Outline
* TPA-TCT employed on « Comparison:
different devices: Objectives NAO.5 & NAOQ.7

> HV-CMOS

> Inter-pad region
LGAD

> Strip detector

> Unirradiated and
Irradiated PIN’s

23.06.2021 38" RD50 Workshop 2
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HV-CMOS
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> HV-CMOS

Measurements performed in edge TPA-TCT configuration (see Backup)

Demonstrator
Bilbao SGIKER Source CERN setup
E 20 Ty ~0.015k iy
E =) =3 - A=t
S, 4.23 BN | @ ._g -0.02 )
. 15 g © 00250 g
4.22 |- - § c g i c
= = 9 (75 -0.03 9
4.21 B 10 O : Q
- Ie) ©
L ;;-m.w O O
: | = .
s
4.19 =
232 234 236 238 24 242 244 46 2.48 ' e
. . . . . . . . iy -[ i Stage y [mm]
Bias voltage: 80V Bias voltage: 60V

Result from Bilbao could be reproduced at CERN

23.06.2021 38" RD50 Workshop 4
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Inter-pad region LGAD
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@) Inter-pad region: HPK2 5x5 LGAD ™~

HPK2-W28-S1-LGAD-P14
LG 5x5-SE3-IP5-UBM

p-stop
Pad -1 | Pad -2

Top metal

S. Bharthuar et.al.
https://doi.org/10.1016/j.nima.2020.164494

Images with Hirox microscope
CERN EP-DT QART lab

23.06.2021 38" RD50 Workshop laser beam spot 6



cen) Inter-pad region: HPK2 5x5 LGAD tu s

N2 Z

top-light

L m
Topmetal
Pad -1 d -2
]

n*-impla

1

“Aull-gain region’,

p--substrate
N
S. Bharthuar et.al. (not to scale)
https://doi.org/10.1016/j. mma%
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TC: tilt corrected
Top TPA-TCT, NAO.5, ~23°C, TC T 40
8 =

-E-O.18
E
5 Top side
t?0.14
0.12
Back side

0.08

0.06

1.3pum beam waist
12pm Rayleigh length

HPK2-W28-S1-LGAD-P14

LG 5x5-SE3-IP5-UBM
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\3’ Strip detector

e Micron strip detector — p-type, 80um pitch, 30um strip metalization width,
300um thick and unirradiated

* Back side biased; bias ring (BR), 1. & 2. neighbor strip grounded
— AC and DC pads of neighboring strips grounded

* Back side mounted (to avoid clipping at strip metalization):

Simplified schematic: '

Alignment laser

HV

23.06.2021 38" RD50 Workshop 9



% Strip detector

Contour line at 0 Bias voltage: -50V

©

160

140

Negative Charge:
Ballistic deficit
Capacitive coupling

120

—
[=]
<

Charge / LPower (30ns) [a.u.]

oo
o

technische universitat
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Reflection at strip metalization:

Si y
Simplified schematic

Charge highest: Q~I?
Top side

{2
o

=~ 300pm

Back side

Stagg y [mm]

47

80um pitch
DUT: ‘ A >‘
e 300um Micron

strip detector

. . . y4 Back side TPA-TCT
unlrrad.lated NAO.5, ~23°C, TC
e 80um pitch
23.06.2021 Y 38" RD50 Workshop
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Strip detector

x10

160

140

120

100

80

Charge / LPower (30ns) [a.u.]
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Reflection at strip metalization:
Si

Simplified schematic

Charge highest: Q~I?
Top side

N7
Contour line at 0 Bias voltage: -50V
E 0!
& o7
Negative Charge: 06
Ballistic deficit 0.5
Capacitive coupling
~ 300um o
0.1
-0.1
op4 0.86 0.8 0. 0f92 0.94 0.96 0.98
Stagg y [mm]
0.904
DUT: Qe
e 300um Micron
strip detector .
. - . Back side TPA-TCT
unlrrad.lated Z T . NAO.5, ~23°C, TC
e 80um pitch
23.06.2021 Y 38" RD50 Workshop

60

40

20

Back side

Collected charge (30ns) [a.u.]

— y =0.904mm

— y =0.884mm

L T L L L
-0.2 0 0.2 0.4 06 08
25 [mm)
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Unirradiated PIN detectors
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38" RD50 Workshop
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FZ200: drift velocity

- = Top TPA-TCT, NAD.5, ~23°C, TC _ | Signals at 200V | | Top TPA-TCT, NA0.5, ~23°C, TC
i = Ptiom 8 g - - :
= AN ooy 2 — z¢, = 0.02mm|
S 07C N
'% 0.62 / \\ ooy § 0'8_ \ \\ - ZS| - 0.1 mm |

ook rop side / \ Back ke I \ — 2= 0.21mm|

QA o C \ \ \ Diffusion in deep

03F l 041 -1 diffused wafer

3E E P

S — \\ B I\

017 i

OE ‘// \~ = z00.0 v 0 J k
oL AR \ L [ i

1 i 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0 5 10 15 20

|

o

av]

|

.O .
-y

o

zuimm] * Depletion from front side :me "
DUT: ° H . P
« HPK deep diffused campaign 3D resolution: Si
* 200pm FZ, p-type « Signal length higher at back side E—
* unirradiated — transition to undepleted deep
* Deep diffused wafer diffused wafer observed

23.06.2021 38" RD50 Workshop Further information about the collection time in backup 13
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Unirradiated,
285um physical thickness,
CNM p-type PIN:

HV
L n*
Si e o)

ht e
p*

Vo [.U]

0.9

0.8

0.7

Top TPA-TCT, NAO.5, ~23°C, TC

1 2

— Reflections useful
to detect surfaces

23.06.2021

Collection time [ns]

\ Back

i . . o
= technische universitat
[%uﬂ dortmund

Reflection: unirradiated dewcels S_,_

e

Eee——
ZSi

*

e
3Si
_—

L L L L L L L L L L L L
56 54 52 -5

14



czﬁw
\

NS

technische universitat
dortmund

Irradiated PIN detectors
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38" RD50 Workshop
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TPA-TCT In Irradiated detectors

Irradiation introduces extra energy
levels in the band gap region: Top TPA-TCT, NAO.5, -20°C, TC

c 3 005
s Conduction band B -
g A \ 7 S B
g \ Z 0.04 —ov
S Donator (+) 5 ,
5 C
L= 0.03
EQ B /—VJ
o C
=8 — - »
%ag) 0.02 = bt # -
== -
;fl—_) 4 - =100 v
TS Acceptor (-) /\ 0.01-
2]
£ o C
g C
£e v / v of S
° n = 1 1 1 Il Il Il 1 Il Il 1 Il Il Il 1
EI’ alence banc -5.6 -5.4 -5.2 -5 -4.8 -4.6 (]
zSi mm

* Intermediate levels trap carriers inside the band gap
> A = 1550 nm can directly excite those charge carriers
> Single photon absorption (SPA) grows

> SPA only depends on the intensity, not on the z position of « lIrradiated: 6.25E+15 n.,/cm?
focal point » constant background in z-scans

Above: FZ n-type detector

120 pm thick

23.06.2021 38" RD50 Workshop 16
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TPA-TCT In irradiated detectors
Irradiation introduces extra energy
levels in the band gap region: | Top TPA-TCT, NAO.5, -20°C, TC
3 Conduction band % 0.05: A
g f A $ TPA signal
¥ Donawrti) \ | / |
EE 0.03; /_’, K
58 otef Y st S
r i
oz - — 100y
8§ Acceptor) \ / \ "7 SPA background
gg \ 7 ¥ Y : S
EI_ Valence band - a— _5'_4‘ : '_5'_2‘ I — .

>

23.06.2021

technische universitat
dortmund

Intermediate levels trap carriers inside the band gap
A = 1550 nm can directly excite those charge carriers
Single photon absorption (SPA) grows

SPA only depends on the intensity, not on the z position of .
focal point — constant background in z-scans

SPA can be corrected

Above: FZ n-type detector
120 pm thick

Irradiated: 6.25E+15 n,,/cm?2

 HPK deep diffused campaign

38" RD50 Workshop
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Zg; [mm]
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FZ120N: drift velocity

Top TPA-TCT, NAO.5, -20°C, TC

3 2
0.06 : OV
- SPAcorrected \ oy
0.05 ; / 50V
0.04 C 200V
= Top side Back side o0
0.03 7 [ELL LT - 200 v
E /:/ /\ 350
0.02 ot AL 400 v
C / /'// -450 v
0.01 : {fzy \‘-v -500
= ot e ] |—-s50 v
0 ;7 wﬂﬁ — \ o oY

-5.3 -5.2 -5.1 -5 -4.9 -4.8
zg; [mm]
23.06.2021

Top injection:
A

e
7 si 0

[—

HPK deep diffused campaign

n-type FZ device - junction at top side
Irradiated: 6.25E+15 neq/cm?

Highest electric field at back side

> Space charge sign inversion

38" RD50 Workshop 18



Drift velocity [a.u.]
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HPK2-PIN: drift velocity

Top TPA-TCT is able to resolve depletion of thin devices (50 pm)

Top TPA-TCT, NAO0.7, -20°C, TC

-y
o))

 SPA corrected

—_
H:S

TTTTTITT
sim@mano

-
n

—_

0.8

0.6

0.4

0.2

e

0

B0V

Qv

¥ 100
B T vy Jav
=180V

[ | |2

1 1 1 Il | 1 1 Il Il | 1 Il 1 1 1 Il 1 1 1 1 Il 1 1 Il Il 1 Il Il 1 1 1 Il 1 1
-0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
Stage z [mm]

DUT:

e 50um p-type HPK2-PIN
* 4.00E+14 neq/lcm2

e 150um support wafer

I TPA

Not SPA corrected

A N

1%
g
%
>
ITTTTTI

EREsaEn 3
<< << << <

Collection time [ns]

ER-EE -
cc<c<c<c << <<

80V

0V

1 B b e g : 100V

T F. ZU0V =180V

- | - | | - 1 | | I I | | 1 L1l | | I I | ‘ I I | 1 L1 ‘ | I I | ‘ L1 =200V
-0.015 -0.01 —-0.005 0 0.005 0.01 0.015 0.02 0.025

Stage z [mm]

Depletion from top side

Collection time smaller in depleted region
Depletion behavior can be studied

Full depletion around 30V

23.06.2021 38" RD50 Workshop 19
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) Reflection: irradiated devices
. | Top TPA-TCT, NAO.5, -20°C, TC _ _ | DUT: : .
=E181}00: : | | e TEvmy + CIS p-type PIN Drift velocity [a.u.])b
] ~ i B3 : : . .
—=16000F e ........................ e e :3:3533 ............... ° 150 um phyS|Ca| thlckness
E140[,[,:__?’_?5?????.??9 ........... 51 S - * 1.22E+15 plcm2
E ey * Longtime annealed
-Elzm__ .............................................................................................................. _E:g?gg ...............
% F _ o feyesay
:1.'].']{"}__ ............................................................ : ................... .................. .......... E‘}ggg ...............
E 80005 R W W = 1 2 100 pm Depleted
=5 DR B 1 R
6000 T I | i T S w3 B O 50 um Undepleted
- : : : Al : : V=110V
= ; ; i : = = ; : 50 um
4{'{'{',__ ...................... .................................. IJ I ........................................................................................................
20000 T . {ﬂj ............... il Fﬁ# ................... — Reflection
b "-m-iﬂ 'y i ‘:I’ | *" :.‘:tl
l} | -]-:.‘:", II-“LIS!.I J-I ﬁ I#r‘l? 1| | 111 1 IT:IF 1 1 | Ijl 11 ‘l’!‘*& =l Tﬁ%ﬁ
-©03 02 01 0 01 02 03 04 05
Zg; [mm]
The position of the reflection informs us about the depleted thickness
(FWHM~100um at 300V). The last 50um before the back plane are z [a-u-]‘
undepleted (or very low E-field). Neither direct nor reflected signal can
be measured there. First reflection appears 100um after depletion. _, Reflections useful
to detect surfaces
23.06.2021 38" RD50 Workshop 20
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7 Numerical aperture

Numerical aperture:
Correlates with the objective’s resolving power

Connected with the beam parameters:
w, = M(mxNA)

z, = Axn/(mxNA?)

Majority of charge is generated within the first
Rayleigh length

> higher NA < smaller volume of charge generation

23.06.2021 38" RD50 Workshop
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NA = nxsin(8) = nxD/(2f)

< f > (C/))
c

o

[ 1\ o)

1_:" - __ 9_______-,___;;_ D

@

Q

3

c

S

Qo

o

=

=.

7]

o

o

3

100X Mitutoyo Plan Apo
NIR HR Infinity Corrected Objective
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https://en.wikipedia.org/wiki/Numerical_aperture#/media/File:Numerical_aperture_for_a_lens.svg
https://www.edmundoptics.com/p/100x-mitutoyo-plan-apo-nir-hr-infinity-corrected-objective/13943/
https://www.edmundoptics.com/p/100x-mitutoyo-plan-apo-nir-hr-infinity-corrected-objective/13943/

Knife edge scans:

NAO.5

W;=1.3pum, z, =12 ym

Data
—— Fit

23.06.2021

0.315 0.320

0.350

NAO.5 and NAOQ.7

NAO.7

W, =0.9pm, z; = 6 pm

technische universitat
dortmund

Data
1T —— Fit

Preliminary

3.055

3.060 3.065 3.070
Stage z [mm]

Rayleigh length for NAO.7 is approx. two times smaller
- Resolution along the beam axis improves by a factor of two

38" RD50 Workshop
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Drift velocity [a.u.]
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Depletion depth of a thin device

P

_Illl\:\il\\li\lllll\l\\II‘II\II\\-IIII FI‘-‘
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23.06.2021

z [mm]

Thickness [mm]

Thickness [mm]

0012t e e

0.008—--F
0.006

0.004 by doay | '\'ri\l' | L

"5 Top TPA-TCT, NA=0.5, no TC, -20°C
- 0.012x3.754 = 45.0pm
0.006 - ‘ | ‘ ‘ ‘

0.01 NI A U :

Thickness from drift velocity inflection points

\‘III"{\

| Top TPA-TCT, NA=0.7, TC, -20°C

L H
0.014 —

CV measurement:
47.8pm thickness

0.01178x4.12 = 48.5ym

rodor |'i'r'1' r| AT IRET| L0 Sl Sl S0 o ST Ak [T s
100 120 140 160 180 200 220

. L I T
0 20 40 60 80

50
Bias Voltage [V]

38" RD50 Workshop

DUT:

¢ 50 um HPK2-PIN

* 4.00E+14 neg/cm2
e 150um support wafer
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Summary

e Table top system validated against demonstrator from Bilbao using HV-CMOS

 Top TPA-TCT provides 3D resolution to resolve depletion depth of
thin (50um) and thick devices

* One micrometer resolution (perpendicular to beam) used for imaging the inter-pad
region of a multipad LGAD

 Reflections useful to determine the device’s boundaries

« TPA-TCT employment in SEE studies is currently discussed (see Backup)

‘\!\‘l)'!/‘ % Federal Ministry

— of Education

‘/“ R[50 Thank you for your attention! and Research
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Backup
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A =700 nm A

M E—

Single Photon Absorption-TCT

Si
A=1pm AV
Si -
* Red-TCT: V
* Full light absorption in ~3-10 um depth Photography: Ciceron Yanez,

. optimal for e/h separation University of Central Florida

* Laser can be microfocused to <5 pum: 2D resolution

* IR-TCT:
e Mimics MIiP (continuous laser absorption)
* Normally 6-10 um 2D resolution
* Edge injection in thick devices allows a depth study

23.06.2021 38" RD50 Workshop
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Two Photon Absorption-TCT
AN>E, A

* TPA excites charge carriers into
the CB

* Non-linear effect, strongly
depends on intensity

* Coincidence in time and space
needed

—> only excitation around focal
point

¢ 3D resolution tool to scan silicon
devices 28
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A =700 nm A

M E—

Single Photon Absorption-TCT

Si
A=1pm AV
Si -
* Red-TCT: V
* Full light absorption in ~3-10 um depth Photography: Ciceron Yanez,

. optimal for e/h separation University of Central Florida

* Laser can be microfocused to <5 pum: 2D resolution

* IR-TCT:
e Mimics MIiP (continuous laser absorption)
* Normally 6-10 um 2D resolution
* Edge injection in thick devices allows a depth study

23.06.2021 38" RD50 Workshop
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Two Photon Absorption-TCT

3D resolution tool to scan silicon
devices A > Eg

Y 0
—
Si
T

N

TPA excited charge carrier density
in silicon:

20.0 . L .
20,8 7.13 pm, we: 1.0 pm 1
15.0 4 [ r 10

o S

PN~
.
—

)
m =]

[

-10.0

H
o =]
al™
W
=
Nipa

-20.0 T T T
-10.0 -5.0 0.0 5.0 10.0
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7 Refraction In silicon

Beam moves different in Si than in Air,
due to refraction!

n, = 3.4757

Conversion of movement in air to
movement in silicon depends on
the focusing:

AZ = Az + AF , ?’Z2 _NAQ
AZ'INz =Z'[z & =z
1 — NA2
, 2o N3
Z = Z

20N — An?2 + )\

Moritz Wiehe et. al. - Development of a Tabletop Setup for the Transient Current
Technique using Two-Photon Absorption in Silicon Particle Detectors
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 68, NO. 2

Measured: NA=05 - z'/z=3.754

23.06.2021 38" RD50 Workshop NA=0.7 - 2/z=4.12 30
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&) HV-CMOS

>~\ Edge TPA-TCT configuration

—— LAY Ko |
W B -
.
s 4

Finding the device and the active volume under the
objective is challenging.

The active volume has a size of approx. 120 x 25 um
and is buried 50um deep under the surface (in the
direction of the beam).

Deep N-well

........ i e
bea T
N e ol
P-substrate 4 Mot depleted

https://doi.org/10.1016/j.nima.2016.06.001

23.06.2021 38" RD50 Workshop 31
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Three signal regions are identified. charge integration time 25ns
Im_plant,_low amp“tUde’. slower Slgr.]als drift velocity integrated 600ps
D!‘Ift region, h'gh amplitude, fast signals _ ) ) _ same distribution for lower

Diffusion region, very long signals, charge carriers diffuse into depleted region integration times (100-600ps)
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Stage y [mm] Stage y [mm] Stage y [mm]

DNW can not be identified in collected charge.

= F i1 i S I I R I IR IR I
E F —— Drift region B 8 ook — Charge E
c r . ] . T g r 60V o - ]
. implant K Focal point is ~50um below the surface. s o Collection tme |
T Ditusion region Gradient of collected charge (and drift velocity) g 18- 4
i 1 likely due to clipped beam. 8um ERls E
0.1 - S 14p E
: ] Bz E
i 1 ° R
005~ ] g_ 08E 3
ok | R - o 3
E 0.2 =
S SR TR S [N TR TR TR N T T S N W T C ]

20 0 20 a0 60 0 5053 G054 0036 0038 0,04 .04 0044 0046
Time [ns] 3 Stage x [mm]

NA=n:-sin(0)
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FZ200: collection time

Top TPA-TCT, NAO.5, ~23°C, TC

7Zoom-|n -0.05t0 0.2 mm z, region: % Si
2 s hmHMWdemmai//
o ME \\ B
E TN e .
s 1 AN /
g \\ /
S .- . / 3
(@) 55 \\ \_/
s T 2 ;
T
0 I 0.05 ‘ — 0.1 e 0.15 I ‘zsﬂ'r%m] 3
Top side Back side Sj
DUT:

* HPK deep diffused campaign
 200um FZ, p-type
* unirradiated

* Deep diffused wafer

23.06.2021

38" RD50 Workshop

*H‘j I technische universitat

W dortmund
HV
E
n+
k™ "
Hole drift
=
Py
l HV
2 L n*

e drift

HV
L ||
r-l+

* Transition into undepleted

region visible
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> Reflection in TPA-TCT

* Occurs when the focal point crosses a boundary
layer with different refractive indices

2
ny — Ta

Il T0:1_R0
ﬂ]+ﬂ2

=2 For silicon-air R,= 0.3 (ng; = 3.48)

-an‘

2 Due to Q~I2the reflection signal is =10%
of the original signal

* Multiple reflections possible

23.06.2021 38" RD50 Workshop

Schematic animation of reflections in a DUT
(initial reflection on top surface not considered)

0 Y

Si Z

34
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Knife edge scan

1 45 ............

zg [mm]

1.4

1.35

1.3

1.25

4? 1.8 w» 1, 1.86
age x
1. no metal 2. metal: knife-edge
fit z-scans fit x-scans
— obtain z0 — obtain w(z)

38" RD50 Workshop

Charge (15ns) [a.u.]
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Backside imaging of RD53 chip

TPA beam spot (for comparison)

Chip fixed to dummy PCB, Analog island

backside illuminated
(A = 1.550 pm) through
the x100 objective and

TPA-TCT could be used to study SEE
imaged using an IR camera

23.06.2021 38" RD50 Workshop 36



Vit Clipping study

e Unirradiated 50 pm thick p-type PIN

Glue
DUT’s opening
window

Back side mounted:

PCB opening

PCB metallization

23.06.2021 38" RD50 Workshop
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DUT’s top side:

| [MEENEEED

DUT’s back side:

37
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c@ Simulated clipping (just considering geometrical effects) dortmund
\\_/ z_ = 905um = PCB thickness (850um) + inside detector (55um)
NA: 0.5, rBeam: 522.5 pm, 2,;: 905.0 pm
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Inhomogeneities in the xy-scan are most likely due to clipping at the PCB opening.
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7 Clipping In TPA-TCT

* Clipping is an well understood geometrical effect
* Can be the reason for inhomogenities in the measured intensity across a DUT
* Limits maximum depth (along beam) in edge-TPA

* Only a problem if a homogeneous laser intensity is important (e.g. collected charge)

2 Other quantities are not influenced (e.g. collection time)
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