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Fast Pixel Detectors

CLIC requirements

resolution:
pitch: 10 pm (binary)
25 pum (analogue)

occupancy: (3 cm)
frame readout: 10 um pitch
or
25ns time resolution for 25um pitch

power: 100 mW/cm?
duty cycle: 150 ns on every 20ms
even for 100us readout time: 1:200
=> 20W/cm?2 with power cycling

pattern recognition
time stamp: 25ns

material: <100um Si



State of the art: hybrid pixels

As=#£  Face to face interconnection: ASIC - Sensor
~HWgurdring  ATLAS Pixel Module™

Type0 connector
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FEs bump bonds

dimensions: ~ 2 x 6.3 cm?
sensor wglﬁlﬁg_nzs_zg x 6.3 cm

Definitely not low mass!
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Monolithic Detectors

Integrate readout electronics (amplification) into sensor

Nno interconnection
low mass

Examples: —
CMOS sensors (MAPS)

‘standard CMOS'’ process p
use un-depleted epi layer as sensor
complex CMOS circuit (limited to NMOS)

small signal, slow charge collection

DEPFET ——
depleted bulk

fast, large signal n /; :\

limited signal processing

Fairly different detector architectures
In common:
low mass => ideal for high precision detectors
slower than hybrid pixels
moderate radiation hardness
(ok for e*e-, not for pp)



CMQOS Sensors

Ag¢=+¢ Charge collection by diffusion (in un-depleted epi layer)
CMOS readout electronic integrated. Small signal, yet S/N > 20)

NMOS

. Moser ) :
ck-Institut '
hysik nt

Performance limited by NMOS

Use only:
slow, no complex processing
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Advanced CMOS sensors

Digital section

2D CMOS Analog section
technology a ¥
I

Deep N-well
sensing electrode

P-type epilayer or
substrate

triple well, deep p-well => full
CMOS possible (complex, fast)
but still suffers from slow collection
of small signal (VIPIX)

High resistivity epi (IPHC) using
XFAB-0.6 PIN process

1 kQcm -> ~ 14 um depleted
Charge collection within 5 ns

INMAPS (RAL): deep p-well shields
PMOS completely

High resistivity substrate (1-10 kQQcm)
10-20 um depleted

Charge collection within 5 ns



DEPFET

Ap-L9=2E  FET on fully depleted silicon
Baseline for Belle 1| PXD

H.-G. Moser
Max-Planck-Institut FET gate ;. Qmplifi%
fur Physik P sdurce n cle SISt =
o P drain
. 8o e Granularity (resolution, occupancy)
—— ‘internal gater | 20um pitch ok
| "-Si bulk Readout speed
| back contac :
" ek contact slow: frame readout O(10 ps)
Thickness

gate DEPFET- matrix reset .
o P I e 50um, with good S/N
S e Power
o ‘J‘j' - - - ol -
= a3 }L 3 un t: <100mW/cm? (rolling shutter)
AR Fill factor
I A7 el L high: monolithic wafer scale sensors
=L i B Bt L Add functionalities (calibration, O-suppression,

l : 0 A N IR clustering)

%LE";‘,L" - \V L mv\ No (only in readout ASIC)

15. Oct 09 o %3333 Radiation hardness

ok to 10 Mrad




How does it work?
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Gate-oxide; C=C_, W L

; Gate l
Td

P-@@=nel
Internal
gate

Source Drain

A charge q in the internal gate influences a
mirror charge aq in the channel

(o <1, for stray capacitance)

This mirror charge is compensated by a
change of the gate voltage:

AV = /|C= /(C.WL
CLIC09 *4q G/ (Co, )
CERN
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FET in saturation:

2
W (: :g s\/
Id = 21— 2?1 /»GO‘)’(‘ SX?NLth_)&thj

|- source-drain current
C,. sheet capacitance of gate oxide
K mobility (p-channel: holes)

V,: gate voltage

V,,: threshold voltage




Intrinsic Noise

Ap- Doz 11
g2z ) e2 g, 1 a° e2 C?
ing- 9. = 9n ENC?) = —KkT T KT
Using: 9, =a-~ 302 0.2 7 302 z'
H.-G. Moser q (aé“j q On
Max-l?lanck-lnstitut
far Physik A similar expression can be deduced for a diode and charge sensitive amplifier
(CSA):
Resat
& Shaper
,. :F-':Iﬁfm_nl ; RO InteqrEen .
[ ks Caﬁ-« i - II_[l R N I T
=y ch L~ |
C’ e? . .
<ENC2> - kT —t - However, with C;: total capacitance (Cp+Ci+....)
g, 0°7 (and o = 1, of course)
CLIC09 Achieved: 40e noise at a BW of 50MHz (S/N 100:1 for a 50um sensor)
CERN However: usually noise dominated by external components

15. Oct 09
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Test Beam

| Cluster spectrum with 3 by 3 pixels | ‘E':::*":M:m';; |
.“ f . | Mean 16%5
3000, f
250 I TB 2008

I ! 1
= RIS SNR=~ 134 (450 um)
! | W
o001 N =360pA/e"
o o

0 1000 2000 3000 4000 5000

Module 0 Module 1 Module 2 Module 3 Module 4 Module 5
TB 2008 CCGME-S90K02 CCGME-90K02 SIMCME-S90K00 CCGME-S90103 CCGME-S90100 CCGME-90I00
32x24 pm 32x24 pum 32x24 pm 24x24 um 32x24 um 32x24 um
X residual [um] 29 2.2 2.3 2.0 3.1 3.4
Y residual [um] 2.3 1.7 1.7 1.7 2.2 2.6
X resolution [jtm] 2.1 16 19 13 26 24
Y resolution [jtm] 15 13 1.2 1.2 18 17
Check performance of different designs
32x24 pm?2; L=6 pm W=20um: g, = 360 pAle
20x20 pmz; L=5 um W=10um:: g, = 650 pAle

Results are for ‘ILC’-like pixels (small pitch) and thick detectors
Comparison and tuning of MC simulations => performance at Belle I



DEPFET Projects
AVTAYS S 3 {/}; ILC vertex detector: 25x25 um2 pixels, 20us frame
/

readout, 50um thick

H.-G. M :
N ot =, Belle Il vertex detector: 50x75 um? pixels,
fur Physik A/17i/6;cm 10(20)us frame readout, 50um thick
./ CMm

IXO wide field imager (X-ray detector, frame
readout)

DSSC x-ray imager for XFEL: 200x200um pitch,
single pixel readout, 200ns time resolution
Bump bonded hybrid technology

Min, size given by Aluminum pitch

(Bum)
Smallest cell operated up to now:
20x20um?
128x128 matrix worked well in TBO9
CLIC09 : :
CERN Smaller pixels need improved process
15. Oct 09 technology (plasma etch)




Intrinsic Speed
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3D Interconnection

Basic Problem:

How to integrate good sensors and good electronic circuits?

3D Interconnection: Opfical Fiber In Ontical Fiber Out

Two or more layers (="tiers”) of thinned semiconductor d«
“monolithic” circuit.

=Different layers can be made in different technology
(high ohmic, BICMOS, deep sub-u CMOS, Si

»3D is driven by industry:
»Reduces R,L and C.
="Improves speed.
»Reduces interconnect power, x-talk.
=Reduces chip size.
»Each layer can be optimized individually.

Designer’s Dream

Si pixel sensor

BICMOS analog

CMOS digital



Advantages of 3D for HEP detectors

i P 7-bit TDAC, SEU _
A”A7>2 f- /+rg?sTrp/5—bitGDAc /Latches / gg;ouplmg

Multilayer electronics: 4 ==

H.-G. Moser. . - e -
Max-Planck-Institut  Split analogue and digital part 3
rehysik - yse different, individually optimized’
technologies: Y« o >
-> gain in performance, power, 50 x 400 pm?
speed, rad-hardness, complexity. (0.25 um)
-> smaller area (reduce pixel size or May shrink to
more functionality). ~50 x 50 pm?
< (130 nm)
4-side abuttable devices:
-> no dead space.
-> simpler module layout.
-> larger modules.
(reduce complexity and material) 3 Pixel Layout?
Conventional CMOS sensor
CLIC09 (optical, similar: MAPS)
CERN

15. Oct 09 13
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HEP

SLID inferconnecis

applications

Evolution of hybrid pixels
=Thin devices
—=Smaller pitch

— (need good FE-ASIC!)

{Earvices)
Wire bond connection

_______________________

clear gate

N clear -
P drain

A

deep Nn-doping

i
Intermc) ate
depleted b

n=5i bulk /

P back oMt et

Posl processed Hond pad

Improved CMOS sensors

Transfer most (if not all) of the

PMOSFETSs to 2nd tier (VIPIX)

High CCE

1= tier  More functionality

Or

Use high resistivity CMOS as 1st tier (IPHC)

Use DEPFET as first tier
(intrinsic amplification, simpler FE-ASIC)
Problem: power: all pixels on 80W/cm?

=>scaling: L ~ 1 pm => 1 W/cm? 14
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Fermilab 3D-IC

First 3D-IC Tezzaron “’"“"”"““/—-
Multiproject Run o [

I
Broad range of architectures [ anex_// \J
and applications: T T
a
N

MAPS o

Bottam Wafer

- Convert 2D MAPS device to a full
CMOS 3D design, with digital readout

Mete: top and bettom wafers are identical.

Thin backside
of top wafer, use
circuit B only

On bottom
wafer, use
circuit A only

Make contact to
backside of
metal on B circuits,

separated frori the sensor and the
analog front-end - Italy, France

TSV
Readout chips for high resistivity pixel sensors ~7
Sy
- Conyert MIT LL 3D SOI design S
to the Tezzaron/Chartered _ —
process - Fermilab Inter-tier —

bond pads™_

- Convert current 0.25 um readout pixel

electronics to a 3D structure with separate anolog Emmmomommoonmm e

and digital tiers - France/U

- X-ray imaging/timing chip - Fermilab/BNL/Poland L. EE

- 3D chip with structures to test feasibility of a 3D
integrated stacked trigger layer. - Fermilab

Valerio Re - IEEE 3D-IC Conference, San Francisco, ~—sems < -1ini-

Consortium of about 15 institutions from US, France, Italy, Germany, Poland

h-
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Silicon Photomultiplier
l_' fn;_ 81" Resistor Al - conductor

Aﬁ-[_\.;v?z"f‘Basic building block: avalanche photodiode operating in Geiger mode x

Sullz
\\“*. ; :-l}lll]-;ld P
H.-G. Moser £
Max-Planck-Institu Substrate p+
fur Physik
Vi
D‘* — Giciger il'cgim]
|
—— L_/ Dirift region
I
The device is operated above the breakdown voltage B |
Photons are absorbed in depleted silicon, create e/h pairs w0 “ 4 ® x [um]
Avalanche amplification (Geiger breakdown) occurs
Passive quenching by integrated resistor (limits current)
The signal size (“amplification”) is given by the overvoltage and
the cell capacity
Q =C x AU (~ 10°) binary signal of fixed size! _w' e nines _ -
Array of cells all connected to a single output: B
Signal = ¥ of cells simultaneously fired i
CLIC09 T |l
CERN If probability to hit a single cell << 1 | ﬁ
15:0ct 09 => Signal proportional to # photons A

Peak Voltage (V)



Aply=1t

H.-G. Moser
Max-Planck-Institut
fur Physik

CLIC09
CERN
15. Oct 09

Very good photon detector

Simple, robust device

Photon counting capability

Easy calibration (counting)

Insensitive to magnetic fields

Fast response: <1 ns (100ps demonstrated)
Large signal (only simple amplifier needed)
Good guantum efficiency

No damage by accidental light

Cheap

Low operation voltage (40 — 70 V)

Many applications possible (replacement of PMTS)  Hamamatsu S10362

. : o : 1x1 mm?2
But: no position resolution within matrix 1600 pixel

Pixel size: ~25 x 25 um? |

8 um avalanche cell already produce at MPI HLL 17



Smart SIPMs as tracker

Aplyzit Connect ASIC chip to SiPM

H.-G. Moser For each pixel: signal detection & active quenching (optional)
Max-Planck-Institut

fur Physik

-Fast timing (no stray capacitances)

-Binary device (small pixels needed!)

-High efficiency (80 e+e-/um for a MPI, one suffient to triggef)
-Large signal: 10° - 10% e

-Ultra thin sensitive layer: 2-5 um

clock |||||v |||||v ||||v |||||V/|/||||v LI

Could be made using

SiPM
*Bump bonding
(not for 10um pitch) HV CMOS
CLIC09 ) :
CERN *3D Integration

15. Oct 09 CMOS digital




Possible Problems

2
Af"af')’ £ Dark rate (noise occupancy)
~ 1 MHz/mm?
H.-G. Moser
Max-Planck-Institut . . . . .
fiir Physik Single pixel occupancy (10 x 10 pm?2 pixel, 150ns integration)
—=1.5 x 10-° (with 25ns time resolution): 2.5 x 106
CI’OSS talk Efficiency E (V/em)i¢
g :
0(10%) in 1 mm2 ?? S os )
% 0.6 — i :::l:_":
Reduce by operating at lower voltage 85 ! o
MIP: 80 pairs/um 4 F »
10% single electron efficiency: >98% fora MIP . © f //_.../-"

F SRR E—— d._x’f:’ff P BT
=>Lower dark rate 30 35 40 T 50 55 | Isc
=>Lower cross talk Efficiency -

. . ¥
Fill factor: l_' ;s HQb,m;-‘_a_!_;_wn;luum;
5102
»80% for large pixels (but including structures) & (rmu;
drift region underneath HF may help /‘ g
CLICOg -dOUble Iayer SenSOl'o Substrate p+
CERN
15. Oct 09 19
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Conclusions

Fast Pixel Detectors:

Hybrid Pixels (LHC-like): too much material, large pixels
CMOS Sensors: too slow
DEPFET: too slow (frame readout)

Advanced CMOS: very interesting. Key: PMOS & high resistivity epi

3D integration: solves many problems:
evolution/combination of hybrid pixels, MAPS or DEPFETSs

—=Most promising way to go!

Avalanche arrays (SiPMs with single pixel readout)
ultrafast timing (< 1 ns) possible
needs 3D technology
potential drawback: fill factor (dead areas)

20
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SIMPL: Undepleted bulk as resistor

hig

Photon S

h field region cathode

anodes

depleted

non depleted
resistor

isolation
non depleted

Shaping o}/”eglectrical field (naturally du to implantation profile)
Bulk under HF region remains un-depleted, acts as resistor
Bulk in between HF region is depleted (isolates the pixels from each other)

Counts

1000 4

100 o

NN
0.05 0.10 0.15 0.20

Pulse height [V]

No structures needed (poly, Al)
-> small pitch possible

21
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