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Summary

E-TCT, ®,, >0

Introduction

Outline

= |ntroduction
o RD50-MPW1 (Motivations)

o RD50-MPW?2

= |-V measurements
o Breakdown voltage Vgp
o Leakage current [}o 1

RD50-MPW1 and test
structure

5mm

150 um

E-TCT measurements

o Experimental setup
o Calculation of substrate resistivity

= |rradiation campaign
o Irradiated I-Vs
o Irradiated e-TCT

= Summary and future work ‘

180 pm

3mm
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Introduction = E-TCT, CDeq =0 E-TCT, (Deq >0 Summary

RD50-MPW1 and motivations for the new submission

= General design features

o MPW in the 150 nm HV-CMOS
process from LFoundry

o Submitted Nov ‘17, received Apr ‘18

o Fabricated using 2 different substrate
resistivities: 500-1100 Q-m (600
measured) and 1900 Q-cm (1100

150 pm

5 mm

150 ym
left and above: RD50-
MPW1 Ch/p and 3 x 3 test I T--_?

matrix of pixels for e-TCT
measurements, highlighted

!
!

in red right and below: : ™ ™|

central pixel from the test ==j=h —J'—'-l-' -
-~ - £

matrix with cut line shown

measu red) in pink, and cross-section of P comomomrmosratsosoee.
th ixel ) 50 ym
= Chip details o )
o Large matrix of DMAPS pixels for e
particle physics applications
PWELL
o Test structures for e-TCT psuB | pouslonweLL
T junction
= Measurements DNWELL +DNWEI_.LIp;_substrate
junction
o Sensors work well but devices exhibit
. -substrate LFoundry 150 nm
high leakage current [} ) and low —— —
breakdown voltage Vgp — soum —
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Introduction = = - E-TCT, (Deq >0 Summary

RD50-MPW?2

= General design features

o MPW in the 150 nm HV-CMOS
process from LFoundry

o Submitted February 2019,
received February 2020

o Fabricated in substrate
resistivities 10 (standard), 500-

150 pm

2120 ym

150 uym

& >
<« 14

left RD50-MPW2 chip
above: 3 x 3 test matrix of
50 um x 50 um pixels for e-
TCT measurements. Cut line
is shown in pink below:
Cross-section of pixel from

S EYEEEY e
3 A,

1100, 1900, >2000 Q-cm ‘ > RD50-MPW2
(nominal) v [ [
DIFF and POLY blockFill
u RDSO-M PWZ Ai m: O pt| m ise PWELL and NWELL blockGen
parameters [,k and Vgp m PWELL E

o Both parameters were = +Ps‘}fli’3'l’im
improved DNEL e

o Measurements and further p-aibirate LFoutdry i5tnm
studies are currently underway 2, B,

60 um
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Introduction = = E-TCT, ®,>0 Summary

RD50-MPW?2: summary of changes from RD50-MPW1

Vy | ie | | W% " Included guard rings at the
| s e ] () edge of the device

| o Improve [jeak
1R S e " = Modified pad diodes and
1 E analog buffers

o = |= .- o Chamfered corners to
' | e improve Vgp

:1.1:55:1

2100 pm

i il i = Four test matrices for |-V and
— | ok , e-TCT measurements

o 50 pm x 50 pm pixels
| | o 60 um x 60 um pixels to
improve Vgp

| : A | = Careful placement of “blocking
: 3212 pm > Iayers" to improve I]eak

|
1

_|_.|_|_ |__|_. [ il =
O ey Oy OBy oypm
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I-v, ®,,=0 = E-TCT, ®,>0 Summary
RD50-MPW?2 |-V measurements, Test matrix 1: 50 um x 50 um pixels

left: 3 x 3, 50 um x 50 um
pixel test matrix for eTCT and
pads below: One 50 um x 50
um  pixel with rounded
corners

N
\ g £
e
: 5
SGIEY: .
ety = Connections:
S o gnd! =0V
1 ﬁ E ol | e B o | e o OUTER = (ﬂoat|ng)

| o INNER = +1.8 V
‘ o sub! = -HV
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Summary

RD50-MPW?2 comparison with RD50-MPW1

1V, ®,, =0

E-TCT, @, =0

E-TCT, @, >0

[A]

leak
—
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o
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Leakage current |
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o o
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10—12

1 LA L s B B B B
:g = RDS50-MPW1 50 um x 50 um square pixel E:
L —— RD50-MPW2 50 um x 50 um rounded pixel 3
- =
= E
:E =
4 E
2 E
2 =
= =
E....|....|....|....|....|....|§
0 10 20 30 40 50 60

Reverse substrate bias voltage VSub [V]
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= |-V measurements
o p=1100 Q-cm
o 50 um x 50 um pixel
o 10 mA compliance

= Pad connections
o gnd!' =0V
o OUTER = floating
o INNER =+1.8V
o subl =-HV

= RD50-MPW2 [joax

o Reduced by many
orders of magnitude
with respect to MPW1



I-v, ®,,=0 = E-TCT, ®,>0 Summary
RD50-MPW?2 |-V measurements: Test matrices

Test matrix 1 for e-TCT

= 50 um x 50 um pixel

= 3 um electrode spacing
=  Rounded corners

= (Similar to RD50-MPW1)

150 ym

50 ym

ol (et I

Test matrix 2 for e-TCT

= 60 um x 60 um pixel

= 8 um electrode spacing

=  Rounded corners

=  (Geometry shared with the
pixels in the active matrix)

60 um

I
»

Test matrix 3 for e-TCT

= 60 pum x 60 um pixel

= 8 um electrode spacing
= Chamfered corners

60 um

M el Oy | Oy By oy o | ey

mapEnpull ey Sy TGy g,

I
2
4

Test matrix 4 for e-TCT

= 60 um x 60 um pixel

= 8 um electrode spacing
=  Squared corners

3212 ym

-S>

60 pm

above: RD50-MPW?2 floorplan. 3 x 3 test matrices for e-TCT are highlighted in red, green,
blue and pink and magnified. The central pixel of each structure is then magnified to
demonstrate the different corner shapes. Active matrix is highlighted with the orange

dashed box

] -18-0 pm \

&
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1V, ®,, =0 E-TCT, 0, = 0 E-TCT, O,y > 0 Summary
RD50-MPW?2 |-V measurements: Test matrices

Z 1075 = I ] ] | I 1 ] 1 | | 1 | ] 1 | | 1 ] | | 1 1 | =
= E = " |-V measurements

T — —— 50 x50 round . ~
— 10°Ek —— 60 x60 round — o p=1100 Q-cm
& = —— 60 x 60 chamfer = .
) — -
£ - SBPP6hrerare . o All pixel types
O 107" g E o 10 pA compliance
L4 = _ :
= il ] = Pad connections
© = =
9 E > o Same as before

107 = = RD50-MPW2 Vgp

- . o Increasing electrode
-10 . .
10 FE E spacing increases Vgp
. - o Modifying corner shape
10 = = .
= RD50-MPW2 p = 1100 Qcm - can further increase Vpp
10712 B | 1 1 1 I 1 1 1 I 1 1 | | 1 1 1 |

0 20 40 60 80 100 120 140
Reverse substrate bias voltage V ] [V]
Ssu
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1V, ®,, =0 E-TCT, 0, = 0 V, O, E-TCT, O,y > 0 Summary
RD50-MPW?2 Test matrices: Breakdown voltage Vgp

5 Test matrix 1 (round corners, 3 um spacing) g Je-10 Test matrix 2 (round corners, 8 um spacing)
H | = |-V measurements
2 2 \ o p =500-1100 (W7),
2 (L 1900 (W10), >2000
s 1 /\ g Q-cm (W13)
e I , é\ / 5 ( X /\ rﬁ%\ *j [ Leeaeeens o All four test matrices
0% 10 20 ] :\c; - 40 50 60 0 20 40 60 80 100 120 O Step - 2 V
g Je-10 Test matrix 3 (heaxagonal corners, 8 um spacing) 8 [ Pad C0n HECtIOnS
- » o Same as before
= Leakage current [joax
£ ««' g o Generally increases
i -HV s 40 % 20 40 _H%)[V] 80 100 120
—e— W7_1 —e— W10 1 —— W13_1
—— W7_2 W10 2 —— W13 2
—e— W7_3 W10_3
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E-TCT, ®,>0 Summary

RD50-MPW?2 Test matrices: Breakdown voltage Vgp

< Test matrix 1 (round corners, 3 um spacing) I Test matrix 2 (round corners, 8 um spacing)
b= : : { . o iz -
g 1076 - g 1077
5 E
3 3 :
2 -8 4 .
g\ 1079 o 10 -
© Z o :
X © :
9 40 45 50 55 60 65 ® 1071+ ! : = u !
$o0000 %ho0000t1e 115 120 125 130 135
. 500007 ~ 1000000
0 o .
. - ! ! !
5 5110 115 120 125 130 135
g @ g o
-5 Y y y y -5 : — . ! !
10 S >0 33 60 65 110 115 120 125 130 135
< < Test matrix 4 (square corners, 8 um spacing)
. . . [} . .
[ o 10—5 - c . H :
: :
9 sal 2
o 0 o
o (=]
© ©
= 10711 : — e : ; = 10711 : — ! !
Boooiodl 115 120 125 130 135 Krocoddd 120 125 130 135
X 500000 A X 500000 -
0 0 T "" - r—th T T
<11 £ 115 120 125 130 135
g o
-5 — T e : . 1 ' t : T r
110 115 120 125 130 135 110 115 120 125 130 135

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration

= Different current compliances I¢omp
used to measure Vgp

o 100 nA, 1 yA, and 10 pA

= Two parameters calculated in order to
determine breakdown voltage

(d1/av)
o k= (1/Vv)

LD = (dlnc[lI(V)) _ [1 dI(V) -1

= Vgp criteria
o V where [.omp is reached
(computed for comparison)
o V for maximum k
o V for minimum ILD > 0
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1V, ®,, =0 = E-TCT, O,y > 0 Summary
RD50-MPW?2 Test matrices: Breakdown voltage Vgp

1st matrix (round 3 pm) 2nd matrix (round 8 pm) 3rd matrix (hexagonal 8 pm) 4th matrix (square 8 pm)
Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd Vbd
(Icomp) (k) (ILD) (Icomp) (k) (ILD) (Icomp) (k) (ILD) (Icomp) (k) (ILD)
W7_1 (Icomp = 100nA) W7_1 (Icomp = 100nA)
62V 60 V 60V 122V 120V 120V
05-1.1 kQ-am W7_2 (Icomp = 100nA) W7_2 (Icomp = 1pA)
60V 56V 56V 128V 126 V 126 V
W7_3 (Icomp = 100nA) W7_3 (Icomp = 1pA) W7_3 (Icomp = 1pA) W7_3 (Icomp = 1pA)
58V 54V 54V 124V 122V 122V 124V 122V 122V 124V 120V 120V
W10_1 (Icomp = 100nA) W10_1 (Icomp = 100nA) W10_1 (Icomp = 100nA)
62V 60 V 60V 118V 116 V 116 V 116 V 114V 114V
1.9 kQ-cm W10_2 (Icomp = 100nA) W10_2 (Icomp = 10pA) W10_2 (Icomp = 1pA) W10_2 (Icomp = 1pA)
58V 54V 54V 124V 122V 122V 126 V 124V 124V 122V 118V 118V
W10_3 (Icomp = 100nA) W10_3 (Icomp = 1pA) W10_3 (Icomp = 1pA) W10_3 (Icomp = 1pA)
58V 54V 54V 124V 122V 122V 120V 118V 118V 118V 116 V 116V
W13_1 (Icomp = 100nA)
58V 54V 54V
>2 kQ-cm W13_2 (Icomp = 100nA) W13_2 (Icomp = 10pA) W13_2 (Icomp = 10pA) W13_2 (Icomp = 10pA)
56V 54V 54V 124V 122V 122V 122V 120V 120V 120V 118V 118V
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Introduction

1V, ®,, =0

E-TCT, @, =0

E-TCT, ®,>0 Summary

RD50-MPW?2 Test matrix 2: Leakage current [jo,k

1.0
—»— Wafer7 (0.5-1.1kOhm)
0.8 - Waferl0 (1.9kOhm)
- #*— Waferl3 (=2kOhm)
0.6 1
,
i X
R K RRSa o [ X
> y X[\ x A
= # | X | ¥ X
o Hxﬁx”%xxxxx E:-; X % K XA ) x;.; X X
0.0 u\\ :'E )f)( X J{“-:.E.;.{-..i. A ‘E:IH xx}, | KHI’ x-)%(:'%()( )(x
. YT s &
BOOL Moi
_'D.E .
_.D_q,_ =
I I I I I
10 20 30 40 50 60
Voltage (V)

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration

= [-\VV measurements

o p =500-1100 (W7), 1900 (W10),
>2000 Q-cm (W13)

o Only test matrix 2

= Pad connections
o gnd! =GND
o OUTER = GND (“guard-ring”)
o INNER = GND (through ammeter)
o sub! =-HV

" Leakage current ljoak

o Current of central DNWELL/p-
substrate junction is measured
using the additional ammeter

o Below 1 pA (= 0.1 pA)

Matthew Franks — 36th RD50 Workshop — 3rd June 2020 — Slide 13



E-TCT, ®,,, = 0 Y, @,y >0 E-TCT, @, >0 Summary
RD50-MPW?2 e-TCT experimental setup

Peltier controller " E-TCT measurements
o Beam diameter in the silicon

Optical fiber & focussing system

A Cooled support A =1064nm FWHM = 5 um
FWHM = 5 pm . .
" o Width of light pulses = 300 ps,
uo . [
= repetition rate 500 Hz
>
! Detector = Connection scheme:
. o INNER = +HV
® — o sub! =GND
x-stage é <€ >
— Y z-stage L GD +HV +HV +HV  GND
aser L
Fastcurrent |—> > o H -
amp“fier 00 0O o A psus | PSUB{DNWELL
. T junction
Detector ngh VOltage 5 DNWELL Jl__DNWEJ!.qu:gt-;unbstrate
__§ p-substrate LFoundry 150 nm
1 GHz Oscilloscope Laser Driver = x-direction > ® laser beam direction (z-direction)
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E-TCT, ®,,, = 0 Y, @,y >0 E-TCT, @, >0 Summary
RD50-MPW?2 e-TCT: Charge collection profiles

. rmrrrrTTTTR o w BE-TCT measurements

o Wafers 5, 7, 11, 14 (10, 500-1100, 1900,
>2000 Q-cm nominal p, respectively)

o Blasupto 120V
o (W5 up to 100V, breakdown at = 105 V)

= Charge collection profiles
o Scan across centre of central pixel
o Profiles normalised to same maximum

Bias = 90 V

= < TR o -
| Depletion e wn
| —— W14

Charge [arb. units]

—_— ek
e 0 O N
o o o o

5
7

N
o
!|1

|1[Ii[|]i|[|{lllillf|1Ilil

GND  +HV +HV +HV  GND

e
0 50 100 150 200 250 300 350
Sensor depth y [um]

PSUB | PSUB|DNWELL
m [ Junction

DNWERL J_ DNWELL/p-substrate
| junction

|
n
p-substrate ] LFoundry 150 nm
n
|

Scan line
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RD50-MPW?2 e-TCT

E-TCT, ®, =0

—' IR | L | o | L | L : L | ]
.S—. 160;:— ________________________ ____________________________ ____________________________ ____________________________ ____________________________ —— _;
§Q 140:_ ............... ........................... ..... -
T 0

.% 120:,_ ................................................................................................. . ........... T g .......... ' ..... —
% 1 00:_ .............................................................................. i D R =
c I .
-_,C_,—D 80";:— ...................................................................................................... oWis =
) =— =
g_ 60:_ .................................................................................................................. W7 _:
| e - SALLL -
- ewia |

210) A S R I . B -

A N
100 120

Bias voltage V [V]

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration

-V, (DeOI >0 E-TCT, (Deq >0 Summary
. 2&gi€
Fit: WD —_ WDO + S170 , V
eoNeff
Free parameters:
Wp, = width of charge collection profile
at 0 V bias voltage
Ness = effective doping concentration
Constants:
& = permittivity of free space
Egj = relative permittivity of silicon
€ = elementary charge
Nege [cm3] Nominal p
Water (0<V <60) p [Q-cm] [Q-cm]
W5 3.2:10% 4 10
w7 2.4-1013 500 500-1100
wil 1.2-1013 1100 1900
W14 5.9:10%2 2200 >2000
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Introduction - E-TCT, D = 0 -V, @y >0
RD50-MPW?2 irradiated |-V

wafer7 (0.5-1.1kOhm) Wwafer10 (1.9kOhm) Waferl3 (>2kohm) * |rradiation to a range of neutron
X 1e13 [/ e [ e equivalent fluences ®., up to
¢ 313 - 3el3 IT 3¢ 3el13 1 ! q
10l 4 % 14 | ¢ 1214 ! ] ¢ 1214 1( 1-10** 1 MeV Neg CM”
] s ] ]
] | ] By o No annealing

| = |-V measurements

o p =500-1100 (W7), 1900
(W10), >2000 Q-cm (W13)
nominal values

o Only test matrix 2

Current (nA)

" Vgp and ljeak
o leak increases with @,

o Vpp decreases with ., and
similar for all p

T 1 T
0 50 100 0 50 100
Voltage (V)
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Introduction = E-TCT, CDeq =0 -V, (Deq >0 E-TCT, (Deq >0 Summary

RD50-MPW?2 irradiated I-V

< 4 'Waf'er y Befo're anneal'lng -4 = |rradiation to neutron equivalent
= N neall ] - 2.1015 .cm-2
= 1.2 o=2e15n/cm’ After 80 in at 60 C i . fluence CI)eq 2:10™1 MeV g CM
< 1— / ] o No annealing
o - =l % ’ o 80 minutes annealing at 60 °C

0'8: // - = |-V measurements

0.6 e ] o W14 (p = 2200 Q-cm measured)

0 4‘ /;.;.//;;‘ i o Only test matrix 2

- ,,./-/'/'/ - = Vgp and fiax
' . o lleak increases with @,
2 o Vgp similar to before irradiation

0 20 40 60 80 100 120 140
Bias (V)
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Introduction E-TCT, ®,, = 0 E-TCT, ®,, > 0
RD50-MPW?2 irradiated e-TCT: Charge collection profiles

2 400 el 14 = = E-TCT measurements
- T o ]
; 350 Bias = 120 ;/"\/\ f/.,m\ T o Only irradiated Wafer 14
& 3000 / \ \ . ’e15n/cm2: o W14 (p = 2200 Q-cm measured)
O - " - : _ 15
S 550 g o Irradiated to .4 =2:10+> 1
(_‘3" F f /%/ ¥ . MeV n,-cm™
200F = -
= / ,»ﬁ \ \ . = Charge collection profiles
150 /f/‘“ \ \ ] o Depletion depth shrinks due to
100 | . irradiation
50F /f/ \\ \ . o But = 70 um depleted at 120 V
_}ﬁg k\..')\'/' \L\ _
0 L% | \ | | | L1 1 | | L1 |j
0 50 100 150 200 250

Sensor depth y [um]
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Introduction

RD50-MPW?2 irradiated

E-TCT, @, =0

e-TCT

708
60;
50}
40
30

Depletion depth Wy [um]

—f— W14 2e15 annealed

80 100 120

Bias voltage V [V]

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration

ZSSiSO

Fit: WD — WDO +\/ V

eoNeff

= Similar Vgp as before irradiation

= Effective doping concentration Ng¢f
o Extracted from fit0<V <130
o INeff = 4-1013 cm3
o Increase with respect to non-
irradiated device

Matthew Franks — 36th RD50 Workshop — 3rd June 2020 — Slide 20



Introduction E-TCT, ®, =0 E-TCT, ®,>0 Summary

Summary

= RD50-MPW?2 [1o451k and Vgp
o ljeak Was reduced by many orders of magnitude with respect to RD50-MPW1
o Vgp was increased with respect to RD50-MPW1
o Methods developed for RD50-MPW?2 will be incorporated in future RD50 submissions

Ongoing and future work

" lleak and Vpp
o Complete [,k Measurements for other test matrices, more samples and resistivities
o Extract I'gp for more samples and resistivities

" C-V measurements

= |rradiation campaign
o Annealing studies
o E-TCT of other fluences

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration
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Backup

E-TCT charge collection profiles

500 T T T T T 7 T T 7 T T T T T T T 7

g -~ Bias=120V |

o 400: Wafer 7 (0.5 kQ cm) ,»f '&\ .

% - Wafer 14 (2 kQ cm) /// \ ]

£ n ]

&) B .
300 =

R
R
i N

200

*

0 50 100 150 200 250 300
y (um)

electrode

laser beam

Depth (y)

charge collecting region

= More charge collected at larger y (depth)

o length of laser beam inside charge collection
region increases

o shape of the region

= Not expected in larger pixel array

o Depletion much smaller than dimensions of the
structure

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration
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Diagram of [j.,x measurements setup

= Connections: — Source-Measure Unit
_ | J _ @®
o HV connected to p-substrate (sub!) = - 0o
o Low side of power supply grounded | ... 5060 o

and connected to DNWELL of 8 Cross-section
outer pixels (OUTER), GND pad ST

(gnd!) and Ammeter %0000
o Ammeter connected to DNWELL of 0000 y
inner cell (INNER) Ammeter

PWELL PWELL PWELL PWELL PWELL
PSUB__| PSUB|DNWELL | PSUB | PSUBIDNWELL PSUB__| PSUBJDNWELL
T  iunction T iunction T  iunction
DNWELL _| DNWELL/p-substrate DNWELL _| DNWELL/p-subsf DNWELL _| DNWELL/p-substrate
T Jjunction T Jjunction T junction

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration
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2D cross-section of test structure pixels in RD50-MPW?2
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Backup

TCAD simulations of 3D pixel corners

V= -70V Vpy=1.8V
— 10.0p
< ’
< -#Square corner, TCAD
3 <
_3 --Chamfer corner, TCAD
r o
c
o
3 5
z 1 3
3 N o
S 10p
@
@
|
p-substrate @ -70 V ¥
) =20 ym R
Squared pixel corner
Vyy = -70V Von=1.8V 0.1p ———
0 20 40 60 80
4 Reverse substrate bias voltage V,, [V]
I Abs(ElectricField-V)
V*(ecm™1)
f e high
32 ~
-
J

p-substrate @ -70 V

low

=20 ym

v

Chamfered pixel corner

Initial I-V and e-TCT measurements of a depleted CMOS sensor within the CERN-RD50 collaboration

Matthew Franks — 36th RD50 Workshop — 3rd June 2020 — Slide



