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UNIVERSITAT EIINYIN CALIBRATION OF PXD MODULES

- 12 module testing steps to check
functionality and characterize modules

- Homogeneous efficient pixel response
> Tuning of matrix biasing voltages

> Tuning of DCD voltages and parameters

— All studies presented here are on fully
optimized modules
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PXD Module Characterization

Biasing voltage studies




BIASING VOLTAGE STUDIES
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Mdiller Felix (2017): Characterization and optimization of
the prototype DEPFET modules for the Belle Il Pixel

Vertex Detector.
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/h7 internal gate 75um
p* backside
W>57_OF2 drift =-5.0 / [
180 - lower hv:ya; (-2.;1 + 0.02) ADUN
higher hv: a= (-1.41 = 0.02) ADU/V
" e assesonmov — hv influences pedestals!
1701 —— lower hv: a= (-2.83 * 0.02) ADU/V
-} —— higher hv: a= (-1.44 * 0.00) ADUN
0O - - ~
< 160/ \ L v Toee  » Acts as remote gate (~75um)
r_‘; .Rclear_off = 4.0V, Pearson = -0.986 .
@150_ > Coupling to FET
(]
o . . .
S 140, > Change of potential influences drain
E current
130 1
10 - hv > -60V: not fully depleted

—-67.5 —65.0 —62.5 —60.0 —57.5 -55.0 —52.5
hv /V
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UNIVERSITAT EIINYIN IMPACT BIASING VOLTAGES

W57_OF2

HV =-64.0 V HV =-64.0 V drift =-5.0- y = athvab
180 y = a*clear-off+b i | y = a*drift+b 1 180 lower hv: a= (-2.61 * 0.02) ADU/V
o a= (-14.47 + 0.01) ADUN , b= (177.95 = 0.05) ADU 180 a= (-7.65 = 0.28) ADU/V , b= (134.35 = 1.21) ADU higher hv: a= (-1.41 + 0.02) ADUNV
1704 . — 13.83 % 0.26) ADU/V , b= (184.55 * 0.86) ADU —— a=(-870 = 0.10) ADU/V , b= (117.96 = 0.42) ADU ~—— lower hv: a= (-2.79 * 0.02) ADUN
T —— a=(-12.96  0.60) ADUN , b= (19021 + 1.97) ADU —— a=(-9.14 £ 0.03) ADU/V , b= (101.80 & 0.13) ADU —— higher hv: a= (-1.35 + 0.01) ADUN
10V, Pearson = -1.000 170 clear_off = 2.0 V, Pearson = -0.998 170 —— lower hv: a= (-2.83 = 0.02) ADU/V
2 160 .0 V, Pearson = -0.999 2 ® clear_off = 3.0 V, Pearson = -1.000 2 \k‘\. —_ 4 (-1.44 + 0.00) ADUNV
% @ drift = -4.0 V, Pearson = -0.997 % clear_off = 4.0 V, Pearson = -1.000 E clear_off = 2.0 V, Pearson = -0.988
= ° < 160 1 1 < 160 . 0V, 0.984
w150 w L »._ ® clear off = 4.0V, Pearson = -0.986
B B e S
§ 140 § 150 — é 150 ;
o o v \-\‘\‘
[=N [=N (=N
5 130 ~. < 140 ~ < 140 \
[ [ (9]
£ 120 £ £
. 130 130 ' |
110 \
120 120
1 2 3 4 5 -6 -5 —4 -3 -2 —-67.5 -65.0 -62.5 -60.0 -57.5 -55.0 =525
clear-off /V drift /v hv vV

-13.7 ADU/V -8.5 ADU/V -1.9 ADU/V

"~ ClearGate

— Couplings to FET

— Clear-off voltage has highest impact on FET
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Tuning of DCD parameters
Measurements of g, and g,
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DCDs
— 256 ADC (Analog to Digital

Converter) channels per chip = |
— Optimize ADC response:
> Tune voltages and settings
- Whole dynamical range
— No missing codes
— As linear as possible a4 L
— No DCD gain in units of current X
Bad setting Good setting

munira.khan@uni-bonn.de
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ADC transfer curve, channel = 96

2501 ﬂfi"uii'ft * [0.0Y4T & 0.0000) ADUIDAGA £230.84 £ 0.28) ADU '
« Exact channel-by-channel calibration  _*”
through injection of external current 5o
%mo
 Necessary to evaluate DEPFET :
parameters, such as g, and g, 50
’ /
5000 10000 15000 20000 25000
current /DAC
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W60_OF1
oo — Deviations within upper and lower half DCD

52013 1025
S (28.12)
4 (27.11)
2 (26,10

10.50

(31,15)
£ 30.14)
35 (29.13)
S (2812)
9 (27.11)
< (26,10)
(25,9)
(24,8)
(23,7)
(22,6)
(21,5)
(20,4)
(19.3)
(18,2)
17,1)
(16,0)

> Relative difference of around 6%

10.00

> Internal voltage drop?

DCD 1

channel inside DCD do
channel inside DCD do

B lower region
N upper region

o
o
S

7766554433221100 7766554433221100
DCD double-column DCD double-column

14

©
N
@

vri/oav / ueb dxa
o

ASIC 3 ASIC 4

(31,15)
(30,14)
(29,13)
(28,12)
(27.11)
(26,10)
(25.9)
(24,8)
(23,7)
(22,6)
(21,5)
(20,4)
(19,3)
(18,2)
(17.1)
(16,0)

9.00

\\ Lower

region

channel inside DCD double-column
channel inside DCD double-column

825 850 875 9.00 925 950 975 10.00 10.25
DCD gain / ADC/pA

7766554433221100
DCD double-column DCD double-column
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Fundamental DEPFET pixel properties:

dl
- Transconductance g_: amplification of FET g, = #
G
dlp
> Charge amplification g, amplification of pixel gq = 30..
sig

- Rough expectation: g, = 400 — 600 pA/e”

— Investigation on pixel level

munira.khan@uni-bonn.de
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external Gate

tSourco - Drain |
lélf Jlengﬁth Q/pjc d

ol

Ip: measured current

Vs: gate voltage

SV

Drain current /ADU

W60_OF1

Median over individual VnSubln data points for row320 and coll24

400 +

W
[=]
o

200 4

100 A

—— (-0.561 + 0.001) *x + (-885.8 + 2.6)
} data
} fitted data

s
L]

T T T T
—2200 —2000 —-1800 —-1600
Gate voltage /mV

slope A
=20 295"
Apcp v

9m

ADCD: DCD Gain
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W60_OF1

| ..
median =128 LAV Wafer number Location in detector

35001 | std = 4.56 PAV

3000
2500

2000 1 A
I /”7 728 734 -617 -65.9 -65.6 -64.3 -46.0

Ladislav Andricek, MPG Halbleiterlabor

1500

1000+

500+

-90 -80 -70 -60 -50
Im WAV
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W60_OF1

median = -64.28 pA/V
mean = -64.56 ANV
35007 | std = 4.56 pAN

Ladislav Andricek, MPG Halbleiterlabor

3000

2500

gm /| —|-728 -73.4 | -61.7 -65.9 -65.6| -64.3 -46.0

nts

2000 1
>

co

1500

1000+

-~ Dependence between wafer and mean g_ observed

500+

-90 -8 -70 -—-60 -50

Im AN
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W67_IB
100 4
‘gm = (-50.0 * 0.6) MA/V |

— Read drain current directly from power supply oo

- g, measured over all drain lines £ o
(not per pixel!) |5
5

. HA . o 701 $

— Previous method: —46.45— with std. of &
UA v §

6.6 ~ over all pixels 60

UA
— Cross-check value: (—50.0 + 0.6) v 501
—22-00 —2:200 —2600 —1;300 —1600

gate on voltage /mV
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onversriromm O PIXEL STRUCTURES

W60_OF1

Im IWAIV

215 220 225 230
columns

Felix

Miller (2017):
Characterization
and optimization
of the prototype

Systematic differences in

um” 200 - rows and columns observed DEPFET
Belle Il Pixel

Vertex Detector
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W60_OF1

700
-50 730 -50
L ® row region 1
B —55.0 - A row region 2
600 725 -55
: —57.5 -
-80
L 720 -60
500 — ~60.0 1
5 g % %_ 62.5
5715 -65 2 ~62.5 1
z 400 =19 % A § £
° = L | m—ES,D-
& — 710 -70
—6754
300
-80 705 =75 —7004
200 700 —-80 —72.5 -
200 205 210 215 220 225 230 ! I | ! ! I |
i columns 0 50 100 150 200 250 300 350 400
B L double row
100 —
. B Systematic differences in
0 50 100 150 200 L]
colurnn rows and columns observed

munira.khan@uni-bonn.de 17



vV

UNIVERSITAT EIINYIN PROJECTION TRANSCONDUCTANCE GM: COLUMNS

W60_OF1

H L ]
B ° .
700 -50 730 _50 —60 1 i .:. k.
600 1 %’ o\:o’.’
725 =55 _ | e pe® o
. 62 :: ] f. °
5 | 0 oo ..'o ¢ 'é °
500 - 64 - % (% % & | 6 | oy
g _ % ; - LIPS e 6 ° ]
\ 5 715 65 < '
2 400 -0 % £ = ."' (A vy ° R
e : i £ » )
& 710 =70 o —66 * [ Y
L LY L ] LI l
300 $e ~ ° ol o
—80 705 -75 L 3 :. o
— —68- e °
200 700 -80 . &
200 205 210 215 220 225 230 ‘ LY
columns [
-9 L -70 - -
100 - . ¢
N Systematic differences in 5 5o 100 150 200 250
50 2 - column
© G rows and columns observed v
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p* source p*drain
MT
eed
alp I,: Measured current ik / internal gate
9q = ) € h . _
T 00y Qsig: Signal charge “2 p* backside
Y
- Signal generated with radioactive 1°°Cd photon =
source (1850 MBq) P4

— 6300 electron-hole pairs in silicon

munira.khan@uni-bonn.de
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30 4
U Ex, _
gg = = 743.8pA/e -
1 Apcp ! Eep

counts

average enerqgy to create ” **]
E., =3.65elV/e” J 9y

W60_OF1

pixel row = 320, column = 124 with cluster size = 1

a=7133+628,u=4070=x0.09 0=0.96 = 0.09

K, = 22.1keV

a * expl(x-u)/(20))

data
e N

Kj = 25.02ke})

]

g
A

electron-hole pair 10
Ex,: energy 10°Cd K 5 1
p: measured K  peak 0

Apcp: DCD Gain

0

10

20 30 40 50 60 70 a0
charge /ADU
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W57_IB

g ----
2500 gq/pA/e‘ 743.91 648.55 517.40
ool — Assumed: gq = 400 —600pA/e”
1000 — All measured with gate-on = 2.1V
— Different source current

400 500 600 700 800
gq / pAfelectron
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W57_1B

300

200

100

50 100 150 200
column

gq / pAlelectren

140 145 156 155 160 170

columns

— Double row effect also visible!

700

680

660

640

620

600

580

560

dq / pAlelectron
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W57 1B
L] .
. o.“‘.. .‘:‘...Jﬁé ® row reg!on 1 o0 ® °
b o . . ° o .‘*'° A row region 2
650 - ...... - oo ” "m. .... e C 700 -
| N EE | g
o It L +
E ..m ® 8
[ ] — .
% 600 ~. Q- 650
< <
a o
= ~ 600 -
[»)] o
c 550 )
]
I S
e = 550 -
500 A GE)
500 -
L ]
0 50 100 150 200 250 0 50 100 150 200 250 300 350 400
column double row
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— Biasing Voltage Studies

> Potential couplings between Implants and FET

— Detailed channel by channel /pixel by pixel characterization

> Deviations between modules
—> More statistics needed for g,! Observed wafer dependent variations in g,

> Recurring pattern inside sensitive area - Several patterns under investigation
— Outlook: Different structures when irradiating modules?

—> All plots for all tested modules can be found in Larissa’s thesis

munira.khan@uni-bonn.de 24
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SVD PXD

12 cm

https://www.mpp.mpg.de/en/resear
ch/structure-of-matter/belle-ii-on-

the-track-of-the-antimatter-
puzzle/belle-ii-a-pixel-vertex-

detector-for-an-updated-

https://belle2.jp/detector/
28.03.2022

- 4 layers of double sided silicon strips (SVD) — 2 layers DEPFET pixel detector (PO}~
> R=3.9cm, 80cm, 10.4 cm, 13.5cm . R=1.4cm, 2.2 cm
- Area~1m? - Area~0.03m?

26


https://belle2.jp/detector/
https://www.mpp.mpg.de/en/research/structure-of-matter/belle-ii-on-the-track-of-the-antimatter-puzzle/belle-ii-a-pixel-vertex-detector-for-an-updated-accelerator

e

. t -channel
UNIVERSITAT R g gate P

p*drain

- Field Effect Transistor (FET): source, gate, drain

T

. eee
— Depleted silicon bulk / intemal gate
n bulk

.
hh

- Fast charge collection in internal gate (~ns) 2 p* backside

> Modulates drain current ID

— Additional FET for clear mechanism source clear gate
> Internal gate cleared periodically i L
» Clear-on voltage applied at clear contact e";ZEQa' | i”;eaiga' clear
— Pedestals: drain current without charge inside internal ) # ' \
gate \@
© ©

Isig =Ip — Iped

27



https://indico.belle2.org/event/2751/contribu
tions/13095/attachments/7153/11097/2020_
09_14_belle2_germany_pxd6.pdf

vV

universiTiTEonmm = VHE PXD MODULE i —

clear
n

- Thickness of active area: 75 um

gate,,,—h
- Rolling shutter readout: row wise =TT
x| X
> Drain current read with ~20 ps integration time (rppteened =
- Controlled by gate and clear voltage pCo-8 i

(analog readout)
S— gate/clear)

- Switcher:
» Control gate and clear lines

(digital
processing)

— Drain Current Digitizer (DCD):
» 256 Analog to Digital Converters (ADCs)
> Digitizes drain current

mounting hole

flexible interconnect F
(polyimide/copper) 75 ym
active area

— Data Handling Processor (DHP):
g ( ) thickness |—2 :Ti‘n:d/i::aznom:m —I
> Processes data further ’
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data/control

MODULE TESTING SETUP

Chiller

water cooling

data

control

control

S Patch panel

power
breakout

board

Module

Cooling block
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— Spread due to:
> Process variations

> DCD gain influence

-~ g, and threshold

- Pedestals need to be uploaded
frequently:

> Temperature

> Radiation

counts

105 i

104 ‘_Q:. :

103

102

spread=262

50 100 150
Ip /ADU

700

600

500

300

200

50

100 150
column

200

250

200

150

100

50

31
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— Differences in pattern for
larger/smaller pixel

> Production of implants

> Lithography masks
overlapping

16er rows

10

[\
[=]

w
o

40

6

8
median row

12

14

—55.0

=57.5

-60.0

—-62.5

—65.0

—67.5

-70.0

—-72.5

32
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1) high voltage (hv) applied to
punch-through contact

2) hv ~ -35 V depletion zone
spreads to the backside

3) Bulk starts to get depleted
4) Bulk fully depleted

Y

\

n implant punch-through
nt. gate/Clear contact
T BNl .. - |
’ Y

n-doped
bulk

0

Y

X,y

n implant
int. gate/Clear

punch-through
contact

1' n-doped
@ H bulk

) N v I
. b . '
- ]

XY

frontside

bulk

backside

frontside

bulk

backside

n implant punch-through
int. gate/Clear contact

yA -_____-__;o__

{ ]

n-doped 1 ]

bulk ¢ ]

¢ |

|\ ”
N S
————

-
>
X?
n implant punch-through
int. gate/Clear contact

y‘\ -_—_-_-__;o_'

i ;

_ondoped ! 1
@ F bulk i O
| h 1
} : .
1 u i
! y ro
] Y ;o
kS \ . 1

X,

frontside

bulk

backside

frontside

bulk

backside

Miller Felix (2017): Characterization and optimization of the prototype
DEPFET modules for the Belle Il Pixel Vertex Detector
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— Optimal bulk depletion
> Homogeneous pixel response

> Highest charge collection efficiency

0Sr (33MBQ)

hitmap hitmap

200

175

150

125

Y
%
i
3
{:F
i
!

5000001 fitted points -
---- max: 36 i
400000 - i B cluster charge ,“ 75
¥ 300000 "
c
3
S
200000 - .
100000 1
hv: - 51V o hv: -46V
0- drift: - 5V drift: - 5V
0 10 20 30 40 50 60 70 80 ] . )
cluster charge /ADU clear:3V. good setting bad setting clear: 3V
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