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@ Cornerstone specs for a DEPFET system @ILC
(/¥4

:- small pixels (~20um) for excellent single point resolution (~3um)

:- minimal material
- thin sensors with large S/N; minimize support, services, and cooling material

:- the DEPFET runs in a rolling shutter mode (read-out during the bunch train)
- due to background, take as many frames as possible to minimize occupancy!

- our goal is ~1/50pus frame rate, 1/50ns row rate (innermost layer)

:- radiation tolerant up to ~1Mrad and ~10!2 n.,/cm? for 10 years operation (e" in the MeV range)
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® The ILD VXD <-> Belle II PXD Mg
HLL

I
Three double layers (DBD) Berllum shll 1 L e | Alternative approach: Five single layers (LOI)
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| 1L0LOIS5-layerlayout Belle 11 -

Radii 15, 26, 38, 49, 60 14, 22
Sensitive length 123 (L1), 250 (L2-L5) 90 (L1), 122 (L2) mm
Sensitive width 13 (L1), 22 (L2-L5) 12.5 (L1-L2) mm
Number of ladders 8, 8,12, 16, 20 8, 12
Pixel size 20x20 (L1-L5) 55x50 & 60X50 (L1), 70x50 & 85x50 (L2)  pm?
r/o time per row 50 (L1), 250 (L2-L5) 100 ns
Number of pixels 800 8 Mpix

Belle II PXD Belle II PXD ladder:

(almost) prototypes for L1 and L2 of ILD LOI layout!!
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@ DEPFET all-silicon module

DCDB (Drain Current Digitizer) lx .
gate, =t active area
Analog front-end
clear,
; xPx
X[ X
gate,,—1rfd
clear, AMS/IBM HVCMOS 180 nm
P e . _x = Size 3.6 x 1.5 mm?
Amplification and digitization of DEPFET signals. (i centen XX
pixel center)

= Gate and Clear signal
= 32x2 channels
SwitcherB = Fast HV ramp for Clear

(Zife'}irer;eris = Rad. Hard proved (36 Mrad)

= 256 input channels
= 8-bit ADC per channel DCD-B

= 92 ns sampling time (analog readout)
= new version w/ 50ns sampling time under test
= UMC 180 nm

= Rad hard design

(digital
processing)

DHP (Data Handling Processor)
First data compression

flexible interconnect F
(polyimide/copper) 75 um

active area

thickness

Key to low mass vertex detectors

|_2mm/420pm_|

rigid frame

> h|ghest integration!
Thin sensor area
- EOS for r/o ASICs
- (perforated) silicon frame
w/ steering ASICs

TSMC 65 nm
= Size 4.0 x 3.2 mm?
= Stores raw data and pedestals

differential data = Common mode and pedestal
transmission (= 1.6 Gb/s)

correction
R LAV - . D.até reducthn (zero suppression)
(AI/Al/Cu) = Timing and trigger control

= Rad. Hard proved (100 Mrad)
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@ Sensor and r/o electronics

PXD6 Belle II design

Thin (50 pm) sensor 32x64 pixels
Pitch 50x75 pm?2

SwitcherB and DCDB at full speed
Belle II prototype power supply

99% Efficiency
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MPG,

: Beam tests with the full system

dankinndi

|
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ams

DCDB readout at 320 MHz - 100 ns row time

S/N for MIPs: 20-40 depending on gate length

& resolution

Charge (ADU) o+l
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@ Belle II system test in the DESY Beam

| Hit density in XY |

pot 11x6 mm

PRI BFE——
0 80 100 120

-
N Igsi JJ First time that a large (480x192 pixels), 50 pm thin, multi-
. chip module has been produced and operated

09D = ~m e T EE EEe
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@ Belle IT system test in the DESY Beam

Telescope

Telescope

5 GeV electron under 1 Tesla field
SVD real data

Track reconstruction

PXD and telescope extrapolation




@ Towards a real ladder

Transition from test systems to integrated modules
» PCB for the various matrices ..... “hybrids”

» first bump bonded chip on PXD6 prototype matrices
& 2 metal layers, not the final geometry, simple 3 metal
> need still support PCB for I/O
> not perforated balcony

» Belle-II PXD Module (two modules form a ladder)
- three metal layers, Cu as LM only on periphery
— MCM: 4 DCD, 4 DHP, 6 Switchers - ~3000 bonds/module
— Cu as UBM, bumps partly on thinned perforated frame
— passive components soldered to substrate
> I/O and power over Kapton cable

Metal 3 (Cu)
Metal 2 (Al)

Solder
Bump

\ »\x - 7 |

Silicon Substrate

Poly-Si 2 Wire bond pad
\ \

Poly-Si 1 Metal 1 (A1)

—

BCBII
BCBI
Implants in :

sensitive DEPFET’
region

D O gy )
e S s-g}_’sw;t

01005 term. res §

50.00um
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® Test vehicle E-MCM

Extensive test program

1818

Interconnect technology
Powering, control, DAQ
Signal integrity, timing ...

: S

Sons/dive ./ﬁf’ B RS === Lessons learned are being applied to
:tdver P1:pkpk(C1)  P2:ampl(C1) P3:max(C1) F4:min{C1) F'S:sde\r(;ﬂ Fé:mean(C1) F7:base(C1) F&:top(C1) ﬁnal mOdUIe IaYOUt

value g.90v 6.267 V 946V 560 mv 1956V 7317V 1749V g.018v

status 4 v 4 v 4

104V 200V
5.00 ns 5.00 ns

_ X1= -100.40ns AX= 108.00ns
amv] X2=  -140ns 1AX= 9.259 MHz
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MPG,
@ DEPFET at the ILC: the challenges

HZ /

Z :- small pixels (~20um) for excellent single point resolution (~3um)

7[ :- speed: the DEPFET runs in a rolling shutter mode (read-out during the bunch train)

- ~1/100ns row rate state of the art (at Belle II)
- our goal is ~1/50ns row rate

> under investigation with new DCDB pipeline
& Variable pixel size in z would help to reduce #pixels per column

9 :- minimal material down to very small angles
- thinner sensors with large S/N

-> minimize support, services, and cooling material
- low mass cooling

ion?2?
X resolution DUT | hxreso - forward region??

| X resolution DUT | hxreso
Entries 17291 Entries 42874
Mean 0.07408
RMS 1.066

o= Mean -0.005929
o
Go1l- RMS 3.559

pdf

107 Test Beam Data

20x20x450 pm3
I Single point resolution: 1 pm
102

102

1 tracks
no B-field

o=3.5um

ILC (Simulation)
20x20x50 pm3 3
Single point resolution: 3.5 um 17

20 15 -10 -5 0 5 10 15 20
X inum

‘Physical limitations to the spatial resolution of solid-state detectors’ arXiv:1404.4535
LCWS, Belgrade, October 2014
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@ Reducing material in the barrel region

@

Cu Layer 0.007 Cu Layer 0.007 ILC 1st layer ladder: 0.13 %Xo

Bumps 0.002 Belle Il 1st layer ladder: 0.21 %Xo

Bumps 0.002

Switcher 0.006 M Sensitive
M Sensitive
M Frame
B Frame
i m Switcher
m Switcher
W Bumps
B Bumps
m Cu Layer
m Cu Layer

Frame thickness 525 pm 400um

Sensitive layer 75 um 50um

Switcher thickness 500pum 75um

Cu layer only on periphery only on periphery
Total 0.21 %X0 0.13 %X0

- less material with small modifications/improvements of module technology within reach
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® Thermal management and material

»

»

»

»

»

=

1W sensor&SWB - gas cooling 8W DCD&DHP

Belle II

» 9W/half ladder, 8W at EOS

» Active (CO,) cooling at EQOS, cooling block
Power distribution at ILC very similar

Power pulsing - 1/2007??, 1/100??, 1/50??

Air cooling mandatory (and most likely possible)
at EQOS still high power density, active cooling might be needed

- How about silicon integrated cooling channels there ????

Cooling flange for Belle II

whv
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: MPG,
@ Integrated micro-channels .
AL/

a) oxidation and back side implant of top wafer
/ c) process = passivation
| / Top Wafer & ‘

N R —

I_l Handle <100> Wafer |_| X 7

open backside passivation

Custom made SOI Wafer etch stop Si02\ / \ |_|
active area

e ﬁ b) wafer bonding and grinding/pelishing of top wafer d) anisotropic deep efching opens "windows" in
cross sections

handle wafer

A spin-off of SOI approach : thinned all-silicon module with integ. cooling

- idea: integrate channels into handle wafer beneath the ASICs
.- channels etched before wafer bonding = cavity SOI (C-SQI)
:- full processing on C-SQ], thinning of sensitive area

.- micro-channels accessible only after cutting (laser)
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@ feasibility study

~4mm

l

"

[ !rnuw"u-wmmnliﬂ
R R BB D R

~10 mm




® feasibility study

PEEK tubes with 360 um OD

3D-printed adapter
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® Water cooling

5W on EOS, water at
flow 0.1l/h, p=2.5b

Very effective cooling! “Large” AT expected and confirmed by simulation (just water!!)
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@ Simulated temperature profile

0.01 (m)
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@ Simulated velocity profile (water)
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@
@
@

[ 000225  0006/5

- non-optimal corners, new layout currently under study
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@ temperature vs. time

65

60

55

- A~ 5|
o % o

Temperature [°C]

[95)
W

30

LCWS, Belgrade, October 2014

MPG=

@

1+ Mass flow= 0.1 I/h (2.5 bar)
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Extremely encouraging first results!! To be continued in the framework of AIDA H2020
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@ Stepping forward — all-silicon petal

LC Detector concepts require pixelated forward discs

» SiD : vertex detector end-cap
» ILD : forward tracking discs

MPG,

(/¥4

- Adapt all-silicon ladder to the forward region: “all-silicon” DEPFET pixel petal

»
»
»
»

»

Concept

Thin sensitive region: R= 3.9 to 13.4 cm
Radially varying pixel size

r/o at the outer edge with bump bonded ASICs
Steering ASICs on frame

Technology as for the barrel all-silicon ladder
- SOI wafer, etched back to SiO2
- if needed add narrow radial support bars

LCWS, Belgrade, October 2014
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@ all-silicon petal




Summary

» The DEPFET Belle II all-silicon module is to a large extent a prototype for a
ILC vertex detector

— Read-out and steering ASICs flip-chipped to the sensor silicon

- average material budget 0.21 %X, including all support material
» Further reduction of the material budget pOSSIble - 0. 13A %X0

- Reduce support silicon by ~125 Hm,

5 Thinner steering ASICs on the “bSIcony” (~75|.|m)

» New exclusively ILC related activities ar'e:
5 Micro-channel cooling at the end-of-stave
L feasibility study/fonflflllcon DEPFET forward discs

- "\ e 1.
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@ Requirement II: higher read-out speed

» 100ns per r/o = 2048 rows per half-ladder, 2-fold r/o = ~1/100us frame rate state of the art

» possible improvements (with current f/e electronics and ADC)

L Sensor technology: a third metal layer in the sensitive area is within reach

- 4-fold read-out with small pixels = 1/50us frame rate

b optimization of cluster size for shallow(er) tracks
- Introduce three regions in z with ~25um/50um/100um pixel pitch in z (similar to Belle Il)
- #rows reduced by factor ~2 = 1/25 us frame rate possible

P =

e °f ERL < Zpitch 20um
.

c 55E < = Z pitch 50um
2 sF g 14 + Zpitch 75um
E a5 F 4 RPhi pitch 20pm § v Z pitch 100pm
*°F g " "
g °F N 10

e

L] w
o W
L=z o

T[T
»

15 \‘\//‘
) = N I KRR R B B 2 B.SChwen/(e/‘
0 5 10 15 20 25 3oderee35 r R T
© [degree] 00 10 20 30 40 50 60 70 80
1 1 . " . . o) " @[degree]
r-resolution varies between 2.3 - 3.5 ym z-resolution is similar for © < 45°, degradation for shallower tracks

state of the art is factor 2 too low for ILC vertexing
> improve technology

> optimize pixel size, improve technology
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@ Requirement I: better single point resolution

Test Beam Data ILC (Simulation) Test Beam Data
20x20x450 pm3 20x20x50 pm?3 - 50x50x50 pm3
Single point resolution: 1 pm Single point resolution: 3.5 pm Single point resolution: 10.4 ym
| x resolution DUT | _hxteso [y resolution DUT | _hreso _ —E—
niries
.._a E Mean 0.074 ...a Mean -0.005929 0 F Mean 0674
o RMS 1.0 %o _ RMS 3.559 E RMS 104
2
A1l =
107E :
102 r
1025—
10E F
10

]

: (

: 1]l 111 L1 \‘\\\\‘\\\\l\l\\‘\\
10 20 15 10 -5 0 5 10 15 20 S0 40 0 N A0 0 1 N N & 5
Xinum X in um dx[l.lm]

- Required single point resolution with small DEPFETs achievable

1 tracks

-3
10 3 no B-field
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® The end of stave (EOS)

LCWS, Belgrade, October 2014 25 Ladislav Andricek, MPG Halbleiterlabor



® flying needle tester




® Vertexing ata LC MPG(7
HZZ

> From the pixel sensor point of view there is no such thing like “the” linear collider!
- ILC with various CM energies
— and CLIC with up to 3TeV

> Beam structures of ILC and CLIC are very different

|
'. ' b (at 500GeV)
727\s 156ns
200ms pause I 20ms: A IO
1312 bunches 312 bunches
550 ns apart 0.5 ns apart

> The DEPFET approach takes advantage of the beam structure at the ILC
- record and transmit 15-20 frames per train in “rolling shutter” mode
- Stand-by during pause to reduce over-all power consumption

> CLIC would (probably) require time stamping of frames read during train
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@ DEPFETs in a nutshell

fully depleted sensitive volume

=  fast signal rise time (~ns), small cluster size

In-house fabrication at MPG HLL
. Wafer scale devices possible
. Thinning to (almost) any desired thickness
. no stitching, 100% fill factor

no charge transfer needed

. faster read out
amplifier ] better radiation tolerance

Charge collection in "off" state, read out on demand

. potentially low power device
internal amplification
. charge-to-current conversion
r/o cap. independent of sensor thickness
Good S/N for thin devices > ~40nA/um for mip

P*back contaet

a) oxidation and back side implant
of fop wafer |

‘ / Top Wafer &

¢) process = passivation

/etch stop Si02\ / \

b) wafer bonding and R . . /' d) anisotropic deep etching opens "windows"
grinding/polishing of top wafer open backside passivation in handle wafer

‘ Handle <100> Wafer
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@ First test results — Gate, Clear and signal transmission

LeCroy

i LeCroy ! -
be |
I
i

|
—p—
) IR T BEE
U e il
| | - s | e e
’ (\W\’ = >Gate

o v %@ Gate 2 4 |
f Gate-1 ! - . MW]F
i ]
‘ | 1 1 |
T ! \
StdVer P1.pkpk(C1)  P2:ampl(C1) P3:max(C1) P4min(C1) P5sdev(C1) PBmeaniCl) P7:base(C1) P8:op(C1) . ' g
value 870V 6271V 939V 688 mv 2594V 6725V 1837V 8108V 3 ! L
status v L4 v v v StdHor P1rise(C4) P2fall(C4) P3:period(C4) P4freqiC4) Powidth(C4)  PE:duty(C4)  P7:.delay(C4) P8:npoints(C4)

value 12707 ns 185408 ns — — — — — 2500e+3
status E A

. kS 3 G & 4

figger GG
50.0 ns/div] Auto 8.86 V|
250kS 5.0 GS/s] Edge Positive]

X1= 1060ns AX= 1046ns
X2=  -14ns 1AX= 9.56 MHz

2.00 Vidivi 2.00 Vidiv|
6000vors] 4760V orsf
8.652 V]

X2= 107.2ns 1/AX= 9.29 MHz

Off-module data transmission
1.6 Gbps @ 10 m cable

waveform
Display

50.0mvQ
Mean Min Max Std Dev

L Jjem i i S N S Next step is to mount a small DEPFET
Matrix and test performance on the
Bench and in a test beam
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@ E-MCM - everything but the DEPFET

3 metal layers on periphery
bump bonded steering and r/o ASICs 4 layer kapton cable attached
and wire bonded to Si-Module

for I/O and power

VPR
b

screw through Si
mounting to cooling structure

space for a load capacitor bank long “drain” lines connected to DCD input,
DEPFET Matrix for switcher test

more passives to emulate load of DEPFET cell, EMC tests

wire bond connections to small matrix »  Electronic Multi-Chip Module
bias connections of matrix via kapton
» basically an electrically active prototype of half-ladder

» even beam tests are possible with small piggy-back matrix
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