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MPP Project Review 2006 - HLL

Outline

DEPFET  (ILC)
Sub electron noise measurements - RNDR

Back illuminated SiPM (MAGIC, EUSO)
Detectors for SLHC

and XFEL
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HLL - Mitarbeiter

Z. Albrechtskirchigera, L. Andriceka, R. Andritschkeb, A. Bechtelerc, R. Eckhardtc, 
E. Fleischmanna, G. Fuchsa, O. Hälkerb, R. Hartmannc, K. Heinzingerc, S. 

Herrmannb, P. Hollc, E. Hydeb, O. Jaritschinac, N. Kimmelb, C. Koitschc, E. Lama 
Vaquerob, T. Laufb, P. Lechnerc, A. Liebelc, G. Lutza,c, N. Meidingerb, C. Mercka, 

D. Mießnerb, H.-G. Mosera, A. Niculaec, J. Ninkovica, I. Ordavoc, N. Ottea, M. 
Porrob, A. Ramica, R.H. Richtera, S. Rummela, G. Schallerb, F. Schopperb, P. 

Schmalhofera, M. Schneckea, H. Soltauc, L. Strüderb, J. Treisb, A. Wassatscha, U. 
Weichertc, G. Valceanub, Q. Weia, S. Wölfelb, C. Zhangb

a MPI für Physik
b MPI für extraterrestrische Physik

c PN Sensor

WHI:
6 physicists and engineers
4 technicians
2 secretaries
3 PhD students
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DEPFET Principle of Operation

A p-FET transistor is integrated in each pixel

A potential minimum for electrons is created 

under the channel by sideward deplet ion

Electrons are collected in the " internal gate" 

and modulate the transistor current

Signal charge is removed via a clear contact

Fast signal collection in fully depleted bulk

Low noise due to small capac itance and internal amplificat ion

Transistor can be switched off by external gate – charge collect ion is then st ill act ive!
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DEPFET for ILC - 55Fe Spectrum (single ILC pixel)

D1

D2

S
G1

G2
Cl Cl

non-irradiated
Vthresh≈-0.2V, Vgate=-2V

Idrain=41 μA
time cont. shaping τ=10 μs

Noise ENC=1.6 e- (rms)

at T>23 degC

912 krad 60Co
Vthresh≈-4.0V, Vgate=-6.0V

Idrain=40 μA
time cont. shaping τ=10 μs

Noise ENC=3.5 e- (rms)

at T>23 degC
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DEPFETs at ILC speed

Single DePMOS devices

LG = 5µm

fast transimpedance amplifier

BW = 55MHz
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DEPFET + Amplifier

Amplifier

DEPFET only

Goal for ILC about ENC ca.100e-

Fe55 spectrum
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Internal amplification gq

» As long as noise is dominated by r/o chip S/N linear with gq

» PXD4 has L=6μm, some matrices in PXD5 have now L=4μm expect factor 2 better S/N

effective gate length Leff (µm)

g q
(p

A
/e

-)

simulation at ID=50 µA

Leff = L - 2 x under etching of 1.2µm
g q

(p
A

/e
-)

Drain current ID (µA)

(L: nominal gate length)

)(2 thGS
pD

q VV
LdQ

dI
g −−==

μ
(neglecting short channel effects)
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Testbeam at CERN - Position resolution

First preliminary result from CERN test beam,

129 GeV π, 33x23.75 μm2 pixels

position resolution ≈ 2 μm

For 5 σ seed cut

Effic iency ≈ 99.96%

Purity ≈ 99.6 %
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New DEPFET generation ‘PXD5’

Mostly use ‘baseline’ linear DEPFET geometry
Build larger matrices

long matrices (full ILC drain length)
wide matrices (full Load for Switcher Gate / Clear chips)

Try new DEPFET variants:
reduce clear voltages (required for radhard switcher 
technology) 
(modified implantations, modified geometry)

very small pixels (20µmx20µm, baseline:24µmx24µm)
Add some bump bonding test matrices

long arrays
(256 x 1024, ½ ILC)

wide arrays
(512 x 512, full ILC)

various new
standard arrays
(64 x 256 pixels, 

down to 20x20µm2)

standard arrays
compatible to 

existing hybrids

Rainer Richter, MPI HLL

long arrays
(256 x 1024, ½ ILC)

wide arrays
(512 x 512, full ILC)

various new
standard arrays
(64 x 256 pixels, 

down to 20x20µm2)

standard arrays
compatible to 

existing hybrids

long arrays
(256 x 1024, ½ ILC)

wide arrays
(512 x 512, full ILC)

various new
standard arrays
(64 x 256 pixels, 

down to 20x20µm2)

standard arrays
compatible to 

existing hybrids

Rainer Richter, MPI HLL

512x512 matrix

Production status:
-two polysilicon layers structured
-almost all implantations
done 
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The DEPFET ILC VTX Project

sensor development

thinning technologysteering chips Switcher

r/o chips Curo

radiation tolerance

beam test

55Fe

Simulation
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(www.depfet.org)

Growing collaboration
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Auslese-
knoten #1 Transfer-

gate

Clear #1 Auslese-
knoten #2

Clear #2

Bias
Gate #1 Gate #2

RNDR (repetitive non destructive readout ) 
with DEPFETs – Principle
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How to beat the 1e- noise threshold
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gate
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Gate #1 Gate #2
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Realisation of a DEPFET- RNDR device

» ILC-Type RNDR

» Realised as a four by
four Minimatrix

designed by G. Lutz
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Laser spectra (S. Wölfel)

» Measurement:

» Charge injection with laser during integration
time

» 180 Loops for the readout (duration: 9.18 ms)  
-45 °C

» Measured leakage current:

» ca. 0,4 e- in 180 loops
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• Bias: well ABOVE breakdown 

• Geiger-mode: it’s a TRIGGER device!!

• Gain: meaningless ... or  “infinite” !!

• Bias: slightly BELOW breakdown

• Linear-mode: it’s an AMPLIFIER

• Gain: limited < 1000

APD    SPAD/SiPM

Avalanche PhotoDiode - Single-Photon Avalanche Diode
(after S. Cova)

Array of SPADs connected in parallel 
to one readout node -> SiPM
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Concept of the BIDSiPM for high QE in the
UV

(MAGIC, EUSO, CTA)

» BID SiPM combines
principle of Drift Diode and 
SiPM

» Modulated high field region
necessary to avoid edge
breakdown, modulated
region has to be fully
depleted for electron
collection

» Passive quenching
» Combination of avalanche

region with a drift region
requires sideways
connection of bias voltage
for the avalanche region as 
amplifying unit
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First Prototyping – single sided technology only

New edge termination structure !
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Uniformity of leakage current and breakdown voltage

1 mm2 avalanche diode
overlay of 6 IV curves
different position of the
wafer

1 MOhm in series
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Separation of Center and Edge Currents

Constant area:1 mm2

Different circumferences:

4mm (6x)

5mm(3x)

8.5mm(3x)

16.25mm(2x)

Leakage current

from the center ca. 0.5 pA/mm2
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Dark Rate vs. Temperature

∝T2 ⋅ exp( −1.1
2kbT

)

Shockley-Read-Hall
Generation:

Single Cell
Diameter High 
Field Region: 25 micronT=20°C

T=-70°C

Rate for low
temperatures
higher than
theoretically
predicted from
Shockley-Read-
Hall Generation

Possible reasons:
• Traps 
->afterpulsing
• diffusion of 
electrons
into the high field
region

• tunneling

[1/K]
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Signal Size vs. Bias Voltage

T=0°C 
10°C 
20°C 

Single Cell, 
Diameter High 
Field Region:
25 micron

Signal size proportional Uoverbias
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Photon spectrum

first prototype studies
still with provisional means 
(implanted resistors instead 
of polysilicon ones)
20x25 SiPM arrays
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BIDSIPM - further steps

Merge of Avalanche diode and Drift detector technology

->  backside illumination possible

Integration of readout network (quenching resistor and coupling 
capacitor) into each cell

Next production starts in February 07.

Open issue: optical crosstalk  

Optical photons generated by the avalanche process itself trigger 
neighboring cells

Reduction of parasitic capacitances-> reduction of generated charge

-> reduction of generated photons

If this is not enough: Optical insulation by V-groove etching becomes 
necessary.
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Backside thinning – based on wafer bonding

» New: 150mm Ø wafers! 

» New: Wafer bonding and thinning in industry

» New: Processing in HLL main lab

⇒ Still in R&D phase:

⇒ 1: process test structures on SOI wafers

⇒ 2: mechanical samples 

sensor wafer

handle wafer

1. implant backside
on sensor wafer

2. bond sensor wafer
to handle wafer

3. thin sensor side
to desired thickness

4. process DEPFETs
on top side

5. structure resist,
etch backside up
to oxide/implant

Industry: TraciT, GrenobleHLL HLL main lab HLL special lab

sensor wafer

handle wafer

1. implant backside
on sensor wafer

2. bond sensor wafer
to handle wafer

3. thin sensor side
to desired thickness

4. process DEPFETs
on top side

5. structure resist,
etch backside up
to oxide/implant

Industry: TraciT, GrenobleHLL HLL main lab HLL special lab
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PiN Diodes on thin Silicon

ρ ≈150 Ω.cm

CV Curve: depletion at 50 V

IV Curve: Irev<8pA at 50 V 20 diodes Irev (50 V): <100pA/cm2

Thin diodes have excellent leakage currents.

Processing of the SOI wafers and removal 
of handle wafer 
does not degrade devices!

rev2



Slide 24

rev2 These are encouring results not only for DEPFETs but also for our back illuminated avalanche diodes as we will see later 
rar, 12/16/2006
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Prototypes

Thin (50 μm) silicon 
successfully produced at 
MPI. 

- MOS diodes.
- Small strip detectors.
- Mechanical dummies. 

1.3 x 10 cm2 plus 
stiffening frame & 
reinforcement bars.

-No deterioration of detector 
properties, 
keep Ileak < 100pA/cm2
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R&D for a novel pixel detector for SLHC

R&D on thin (O(50μm) FZ silicon 
detectors:
Based on well known pixel sensor 
technology.
Can be operated at 1016 n/cm2

(Vdep, Ileak, CCE).

3D integration (sensor – electronics; electronics – electronics):

Alternative to bump bonding (fine pitch, potentially low cost?).
New possibilities for ASIC architecture (multilayer, size reduction). 
Optimization of rad. hardness, speed, power.
Impact on module design (ultra thin ASICs, top contact, 4-side buttable).

Can lead to an advanced module design: rad hard with low material budget
MPI will work with Fraunhofer IZM, Munich.

Si pixel sensor

BiCMOS analogue

CMOS digital
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Proposal for the LCLS+XFEL detector

insensitive gaps: ≈ 800 µm

Full Frame imaging
area per chip
512 x 1024

pixel size
75x75 µm2

Total sensitive 
system area:

59 cm

The full sensitive area
of the system is 59 cm2

with 75 µm pixels, 1024 x 1024

CM
X

CM
X

CM
X

CM
X

CM
X

CM
X

CM
X

CM
X

total area
per chip:
29.5 cm2

readout time per 
frame: 4 ms 

i.e. 250 fps

devices are in 
preparation, fabrication
ready:  mid. 2007

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC
ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC
ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

16 ADC
outputs

16 ADC
outputs

hole diameter: 3 mm

transfer of signal charges

Chip 2: area 29.5 cm2

format: 1024 x 512

Chip 1: area 29.5 cm2

format: 1024 x 512
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1000 ns

1000 ns

1.28 cm
(128 pixels)

Device proposal for the XFEL: CDD+int. frontend  
(phase I, prototyping)

256x256

2x256 channels

1 MHz

100µm pixel

room temp.

103-104 X-rays

QE>80%@10keV

ENC<30 el.

Expandable to:

512x512

1024x1024

(no dead area)

DEPFETs

DEPFETs

256 channels

Vdrift ≈ 13 µm/ns (i.e. ~3.5V/30µm bias) 
Tdrift, max = 1000 nsdrift velocity calibration

with electron injectors

256 channelsΔx=100µm
Δt=8ns 

1.28 cm
(128 pixels)

The final pixel size will
be 100µm < x < 200 µm
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0E+0 5E+3 1E+4
counts

277.5 eV FHWM
 (29.6 el. rms)

Imaging and spectroscopy of a Fe-55 source @ 100 kHz
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Pixel 180µm x 180µm

A.Castoldi, C.Guazzoni, P.Rehak, L.Strüder, et al, Trans. Nucl. Sci. 49 (3) June 2002

270 eV FWHM @ 300K @ 0.25 µs
(28.6 el. r.m.s.)

FWHM = 11 ns
Δt = 55 ns

Frame frequency=100 kHz

198 eV FWHM @ 223K @ 0.5 µs
(18.7 el. r.m.s.)
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Detector technologies and Projects

• DEPFET – ILC, Bepi Colombo, Symbol-X, XEUS, XFEL
• RNDR with DEPFETs

• pn-CCD – eRosita, XFEL
Si Drift Diodes, XFEL

• Avalanche photodiodes
Si Photomultiplier (BIDSIPM) - MAGIC, EUSO, CTA
AA-pnCCD - HTRA

• Thinning Technology – ILC, MAGIC, SLHC

• Back thinning based on wafer bonding becomes a key technology
for many projects!
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Conceptual Module Design of a SLHC pixel module

Work on conceptual module design:

use potential of 3D technology.
reduce material: reduced thickness,

higher integration -> less services.
Cooling pipe
Support/head spreader 
(Carbon/TPG?)
Thinned sensor/frame
Multilayer chip
Flex-bus
Module control/data link

Cooling of ASIC & Sensor: 
~ 100 μm Si  ΔT < 10mK for p=50μW/pixel (50x200 μm2).

Material (X0):
Sensor & ASICs: 0.12 – 0.26 % 
Carbon/TPG (.5 mm): 0.2 %
Flex, MCC,.. ~0.1 %

-----------
0.42-0.56 %    & less support & services
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Through Silicon Vias

•Hole etching and chip thinning
•Via formation with W-plugs.
•Face to face or die up connections.
•2.5 Ohm/per via (including SLID).
•No significant impact on chip performance
(MOS transistors).

ICV = Inter Chip Vias
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The X-ray position along the drift is 
obtained from the electrons’ drift time

Tdrift~1000 ns / 12.8 mm

Linear Linear –– Silicon Silicon --Drift Detector Drift Detector -- simulationsimulation



Halbleiterlabor
der Max-Planck-

Institute
für Physik und 

extraterrestrische 
Physik

Rainer Richter
MPI - Project 

Review
18. 12. 2006

What are possible applications?

ENCtot = sqrt(ENC2
fano + ENC2

el.noise)  

» Ultra low noise detector for x-rays

• low energy x-rays

• strong red-shifted x-ray sources
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Efficiency & Position resolution

First preliminary result from CERN test beam,

129 GeV π, 33x23.75 μm2 pixels

position resolution ≈ 2 μm

For 5 σ seed cut

Effic iency ≈ 99.96%

Purity ≈ 99.6 %

Number of clusters with tracks

Total number of clusters
Purity =

Number of clusters with tracks

Total number of clusters
Purity =

Number of tracks with cluster

Total number of tracks
Efficiency =

Number of tracks with cluster

Total number of tracks
Efficiency = Pr

eli
mina

ry

(Jaap Velthuis)
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PiN Diodes with Different Support Sides

1cm

Diode Side
Diodes on 
thin part

Support 
wafer side

Support bars 
over implant
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The 3rd round - SOI Wafers in preparation…

4 "full size" 1st layer ladders 
100x13 mm2, 1 and 3 mm frame 
along the long side

Diodes with
various areas

MOS-C with
various areas

Some test
structures

Alignment marks
in BOX to find the
partial p-implant 

after bonding 

n+

Al

SiO2

p+

unstructured n+ on top
structured p+ in bond region

Implants like DEPFET config.
n+

Al

SiO2

p+

unstructured n+ on top
structured p+ in bond region

Implants like DEPFET config.

Al

SiO2

p+ Al

SiO2

p+

unstructured n+ on top
structured p+ in bond region

Implants like DEPFET config.


