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Detectors
•Concept Types

Primarily Glasgow/CNM 
+ brief overview of other groups 

•Concept, Types
–Emphasis: Double Sided

F b i ti•Fabrication
–Emphasis: (Semi-)commercial

•Charge Sharing
•Radiation Hardness
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3D Detector Structure
• Array of electrode columns passing through substrate
• Electrode spacing << wafer thickness (e.g. 30μm:300μm)
• Benefits• Benefits

– Vdepletion (Electrode spacing)2

– Collection time Electrode spacing
∝

∝ g
– Reduced charge sharing

• More complicated fabrication - micromachining
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Planar 3D +ve +ve-ve+ve +ve-ve

n-type
electrode

n-type
electrode

Planar 3D
n-type

electrode

electrons

n-type
electrode

electrons

holes

electrons

Lightly 
doped 
p-type holes

electrons

Lightly 
doped 
p-type 

300
µm
300
µm

300
µm
300
µm

holes
silicon

p-type
electrode

holes
silicon

p-type
electrode

holes
p-type 

electrode

holes
p-type 

electrode

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 2

-veParticle -veParticle Around
30µmParticle Around
30µmParticle



Concept, Types
Nucl Instr Meth A• Invented in 1997 - S. Parker, C. Kenney, J. Segal

– First produced in 1999 - Stanford Nanofabrication facility

Nucl. Instr. Meth. A, 
vol. 395, 328, 1997

• Recent development: R&D towards experimental use
– Improvements in micromachining make larger-scale, reliable 

d i f iblproduction more feasible
– Simplified structure: Double Sided, G. Pellegrini et al.

IEEE Trans Nucl Sci vol 54 no 4 Aug 2007

– Application: radiation-hard detectors for Super-LHC, Synchrotrons

IEEE Trans. Nucl. Sci, vol. 54, no. 4, Aug. 2007 
Nucl. Instr. Meth. A, vol. 592 (1), July 2008

Single Sided Single Type Columns (semi-3D)

Single Sided Double Type Columns (classic 3D)

Double Sided Double Type Columns (new 3D)
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Double Sided Double Type Columns (new 3D)



Activity
• Glasgow & CNM Barcelona (Centro Nacional de Microelectronica, Spain)

– Optimisation of 3D design through simulation
– Fabrication of 3D detectors in CNM cleanroom
– Initial characterisation
– Freiburg, Diamond Synchrotron, RD50

• Overview of other 3D detector projects
Glasgow/Diamond + ICEMOS– Glasgow/Diamond + ICEMOS

– Hawaii/Stanford/ Manchester + SINTEF
FBK (prev IRST) Trento– FBK (prev. IRST), Trento

– VTT
Brookhaven Zheng Li
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SLHC
•Super-LHC L=1035 cm-2s-1

•charged particle dose 1016/cm2

ATLAS/CMS at 4cm in 3 years

ATLAS

ATLAS/CMS at 4cm in 3 years
LHCb (lower L) at 8mm in 6 years
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But higher capacitance…but most difficult fabrication
•RD50 3D working group (Richard Bates)
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M.Moll 2007
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Optimisation of ATLAS 3D structure
D Pennicard et al Nucl Instr Meth A 592 (2008) 16• ATLAS pixel is 400μm * 50μm 

– Different layouts available
– Trade-offs between Vdep, CCE, 3 column

D. Pennicard et al., Nucl. Instr. Meth. A 592 (2008) 16

dep, ,
capacitance, column area…

8 column
Charge collection with Capacitance at each pixel

12

14
 ATLAS 3D CCE

600

7

8  Total C per pixel
 Interpixel C

1016neq/cm2 radiation damage Capacitance at each pixel

8

10

12

7
6

5

8

ct
io

n 
(k

e-
)

400

500 7

6

5

nc
e 

(fF
)Bars show variation in 

CCE with hit position

4

6
4

3

C
ha

rg
e 

co
lle

c

200

300

2

4

3C
ap

ac
ita

n

0 20 40 60 80 100
0

2
2C

0 20 40 60 80 100
0

100
2

Electrode spacing (μm)

Smaller electrode 
spacing improves CCE

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 6

Electrode spacing (μm) Electrode spacing (μm)



Double-sided 3D detectors
• Alternative 3D structure proposed by G. Pellegrini (CNM) 
• N- and p-type columns etched from opposite sides of substrate

– Columns do not pass through full substrate thickness 
– 250μm deep in 300μm substrate, for first run 

Passivation
Metal

UBM/bump

Passivation
Metal

UBM/bump

p+ doped

10μm

Oxide Metal

50μm
TEOS oxide 2μm

n-type Si
p+ doped

10μm

Oxide Metal

50μm
TEOS oxide 2μm

n-type Si

300μm Poly 3μm300μm Poly 3μm

50μm
n+ doped

n+ doped

Oxide

50μm
n+ doped

n+ doped

Oxide
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Double-sided 3D detectors

The
i ti-risation

of 3D production
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Double-sided 3D Production
SiO2SiO2• Column 

fabrication
Si, n-type, 300 umSi, n-type, 300 um

fabrication 
introduces extra 
steps

• Begin with Al/CuAl/Cu• Begin with 
columns on back 
side
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Double-sided 3D Production

D R i I E hi

Hole etching
SiO2SiO2

• Deep Reactive Ion Etching
– F plasma etches away base Si, n-type, 300 umSi, n-type, 300 ump y

of hole
– CF2 coating protects sidewall

250μm

CF2 coating protects sidewall 
– Limit on depth : diameter 

ratio

Al/CuAl/Cu
10μm

ratio
– 250μm depth, 10μm 

di tdiameter

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 10



Double-sided 3D Production

• Deposit 3μm poly-silicon

Column filling and doping SiO2SiO2

• Deposit 3μm poly-silicon
• Phosphorus doping through 

poly
Si-n+Si-n+

poly
• Passivate inside of column 

i h SiO
Poly-n+Poly-n+

with SiO2

TEOS
J ti

TEOS
J ti

yy

PolyJunction PolyJunction

(p+)

2.9μm2.9μm
n-Si
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Double-sided 3D Production
Finished detector

P i ti
Al/Cu

P i ti
Al/Cu

• P+ columns fabricated 
on front side

PassivationPassivation

• Contacts on front
250μmSi-p+

Si n+

Si-p+

Si n+• Backside coated with 
metal for biasing 10μm

Si-n+Si-n+

g
Poly-n+

Al/Cu

Poly-n+

Al/Cu
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Finished 3D devices

3D guard

Typical device layout – Strip detector, 80μm pitch
Devices include: Pads, strips, pixels detectors, test structures

3D guard 
ring

Bond pads

Collecting 
electrodes

Bias 
electrodes
(back 
surface)

80μm
SEM after polysilicon 
deposition and etching Pixel on Medipix detector

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 13

deposition and etching



CV
Lateral depletion around

1/Capacitance, Pad detector

Lateral depletion around 
column (~2V in sim.) • Pad detector – 90 * 90 columns, 55μm pitch
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Strip detector IV
• 128 strips 50 holes/strip pitch 80μm length 4mm128 strips, 50 holes/strip, pitch 80μm, length 4mm
• Measured with 3 strips and guard ring at 0V, and backside biased
• Strip currents ~100pA (T=21˚C) in all 4 detectors
• Can reliably bias detectors to 50V (20 times lateral depletion voltage), no breakdown
• Capacitance 5pF / strip 
• Guard ring currents vary: strip detector 4

1.0E-04
Guard ring currents vary: 
– Highest 20μA at 10V
– Lowest 0.03μA at 50V

strip detector 4
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)
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Neighbours

1.0E-11
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Irradiated strip detectors 

5×1015 neq/cm2

Ljubljana, Triga Reactor

• Currents too high to bias to full depletion
• Simulation: V(lat depletion) = ~50V• Simulation: V(lat. depletion) = ~50V

I(50V) ~ 20 µA/strip at 20˚C
reasonable value α 6×10-17 A/cm
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– reasonable value α ~ 6×10 17 A/cm



Landau Strip MIPDAQ: Lars Eklund (Glasgow)
Software: Tomasz Szumlak (Glasgow)

• Fitted with Landau convoluted with Gaussian
• Most probable valueMost probable value

– 24.6 ADC counts
Hit spectrum from• Typical noise

– 1.75 ADC counts

Hit spectrum from 
CNM 3D

• Signal/noise
15 1– 15:1
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Cluster Size: Planar vs 3D
l 3D

38% 84%
Planar 3D

38%
single 
strip

84% 
single 
stripstrip strip

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 18•Careful study as sensitive to data processing (cluster thresholds, FIR filter)



3D Pixel Medipix2 test
• 3 Medipix2 (+ 1 planar) bump bonded at VTT
• USB Interface for Medipix (CTU Prague)USB Interface for Medipix (CTU, Prague)
• Tested Diamond Synchrotron J. Marchal (Diamond)

N. Tartoni (Diamond)
3D - Example diffraction ring 
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Powder Diffraction Ring



Spectral scan
• Monochromatic beam 
• Threshold scanned through signal into noiseg g
• Charge sharing reduced in 3D detector

– self shielding geometry
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Line Spread Function Variation
 

1800 1200
Edge Spread Function, with smoothing - 3D, THL385
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Glasgow / Diamond + ICEMOS
L di li f• Leading supplier of: 
– SOI, trench etch and refill technology 
– Not a detector fabricator !Not a detector fabricator !
– Boron doping outsourced

(F
) Test Structure

10μm diameter, aspect ratio ~27:1

ta
nc

e 
(

First fully industrial production
•A few test structures 

C
ap

ac
it

had larger diameter holes
•Etch rate much higher
•Etched all the way through wafer
W f b k

Lo
g 

C•Wafers broke
•One fragile surviving wafer
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Hawaii/Stanford/Manchester + SINTEF Sherwood Parker, 
Cinzia DaVia et al.

• Semi-industrial production full 3D
– Polysilicon filling and boron doping performed 

t St f d

•21:1 Aspect ratio

at Stanford

ATLAS 2E

10A

•Wafer bowing-2
0
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nt
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•Voids in filling
-10
-8
-6
-4
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•C
ur

•Good hole etching performance
ATLAS 3D pixel produced
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•ATLAS 3D pixel produced



Hawaii/Stanford/Manchester cont..

Stanford fabricated devices •Fast timing applications
•FP220 in ATLAS trigger

•Most advanced radiation results
Results for different pixel configurations

Chris Parkes, University of Glasgow Vertex 2008, Utö, Sweden 24

•Results for different pixel configurations



VTT (Finland) Juha Kalliopuska et al.

Single Sided Single Type
(semi-3D) • Large area strip and pixel 

detectors (~10 cm2)
– Strip
– Pixel with MediPix2

• Edgeless devices• Edgeless devices
• Plan full 3D run at end of 2008

Semi-3D Strip
Semi-3D MediPix2

Image
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FBK (Trento) Maurizio Boscardin et al.

• Single Sided Single Type
• Double sided double type

– First batch made

strip
detectors

pixels

1

A

First batch made
– Depleted 2V
– Some devices 60 μm 

190um
B

biased up to 200V

3D diodes

μ
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Breakdown distribution
14
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3D diodes
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Panja Luukka, Helsinki,  Uli Parzefall, Freiburg



Summary
• 2008: the year 3D moved from 
hand-crafted to IKEA-rised ?

– Double sided 3D detectors
– (semi) commercial fabrication(semi) commercial fabrication

3D t i d t t• 3D strip detectors
• 3D pixel detectorsp

• rad hard: mm to cm from SLHC beam• rad hard: mm to cm from SLHC beam
• Reduced charge sharing, edgeless
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Backup
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Finished 3D devices
SEM after polysilicon 
deposition and etching

Pixel on Medipix detector

Polysilicon and column

Polysilicon
Dry etching 
of the poly

Polysilicon and column 
(under passivation)

SiO
2

9.4μm

Passivation (SiO2
and SiN)

Bump-bond 
contact
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Calibration of results – 3D
• Noise centroid and spectral peaks used to find 

calibration
3D1 - Energy calibration - 20keV included

450
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Analysis of spectra
• At threshold = E0/2, most hits are counted once

– Some hits between 3 or 4 pixels may be missed
• Peak fit gives total unshared hitsPeak fit gives total unshared hits
• Spectrum is flat around E0/2, so no need for deconvolution

x 10
6 3D1 - Signal spectrum vs Energy - 15keV
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Spot scans – some 3D results
Scan used 5um step size, as shown

7*7 grid to ensure coverage of 30 35um region
B C

7*7 grid, to ensure coverage of 30-35um region

Can see sensible variation in response

Raw data doesn’t let us see any loss at centre ofAD Raw data doesn t let us see any loss at centre of 
pixel

AD
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Analysis of corrected edge images
• Finding edge position

– Masked noisy pixels
Within each column of pixels found midpoint of edge to 0 1 pixel precision using– Within each column of pixels, found midpoint of edge to 0.1 pixel precision using 
interpolation

– Applied line fit to the results to find the equation of the edge across the detector –
Results at different THL settings are very consistentResults at different THL settings are very consistent

Corrected edge image Edge fit
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Finding the Edge Spread Function
• For all unmasked pixels, plotted count rate vs distance from the edge to get the 

oversampled Edge Spread Function
• Used a smoothing function to find the moving average (orange line below)g g g ( g )
• Differentiated to get the line spread function – next slide

Edge Spread Function, with smoothing - 3D, THL385
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Line Spread Function
• Derivative of ESF

– Corresponds to the pixel’s response when a narrow line is scanned across it
• Also applied a little more smoothing to the result (green line below)Also applied a little more smoothing to the result (green line below)

12
Line Spread Function - 3D, THL385
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Line Spread Function
• On right-hand-side of plot, signal level is variable

– Due to variations in beam intensity in illuminated region
– This variability will be present in the plateau region limiting our ability toThis variability will be present in the plateau region, limiting our ability to 

see if there is any structure present

12
Line Spread Function - 3D, THL385
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Analysis of LSF
• Due to charge sharing, the charge collected by a pixel will vary with hit 

position, as shown below.
M di i 2 li th h ld t h hit S th LSF ill h f i l b t• Medipix2 applies a threshold to each hit. So, the LSF will have fairly abrupt 
edges, even if there’s a lot of charge sharing.

• However, the variation in the width of the LSF with the threshold setting will 
be greater in devices with a lot of charge sharing.

Charge collected 
on central pixel Ideal pixel 

response

High threshold, 
narrow LSF

Real pixel 
Low threshold, 
wide LSF

response
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Variation in LSF with threshold
• Width of LSF varies more with threshold on planar than on 3D
• Rising and falling edges are steep, with approximate plateau in the middle of the pixel

For each data set found the full width half maximum next slide• For each data set, found the full-width half-maximum – next slide
NB: On 3D, the measurement at THL400 is approaching the noise edge, so the LSF 

becomes more variable 

16
Line Spread Function - 3D

 16
Line Spread Function - Planar
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