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The Very Early Days of Solid State Detectors

TIdea of solid state ionization chamber and
first successful realisations:

- 1943: P.J. von Heerden, Utrecht (AgCl)
- 1949: K.G. McKay, Bell (6e - pn junction)

- 1955 - 1965: Si mono-crystals available

- surface barrier detectors at several labs.
Oak Ridge, Chalk River, CEA, ... main moti-
vation nuclear particle spectrometers

- 1961: G. Dearnaley, Harwell :first segmen-
ted detector a pixel detector |

- 1970: first strip detectors - Argonne,
Fermilab, Karlsruhe, Southampton; for
huclear physics and nuclear medicine

- 1970: W.S. Boyle and G.E. Smith, Bell CCD

Several companies in the US and Europe for
detector fabrication (> 7 in 1975)

UH

p+ rectifying junction (V=-80V)
&

[ —
® n-type subgtrate

@
n+ ohmic contact (V=0V)

typical values for Si:

- voltage: 50 - 500 V

* thickness: 0.05 - 1 mm

- signal: 1e/h-pair/3.6 eV

-> mip 25000 charges/0.3 mm

* collection time: 5-50 ns

- diffusion: few um

- sensitive to light < ~1 um, x-
rays 0.2-~20keV,charged part.
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The Very Early Days

Si-detectors can also be used to detect minimum ionizing particles !
(J.E.Bateman, NIM 71(1969)256) _
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most probable
energy loss = 177 KkeV

fwhm = 48BreV

27 %

surface barrier detector
area: 2 cm?

thickness: 500 ym
resistivity: 8 k2-cm
voltage: 400 V

noise: ~ 4000 e (rms)

(detector noise = 35KeV fwhm)
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Fig. 4. Energy distribution produced in C56 by clectrons of energy 150 MeV (momentum resolution a2 2%). The solid curve is

given by Landau’s theory.

Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011



Early Realization of Double Sided Strip Detector

S.M.Gruner BSC-thesis (1972):

the detector aluminum film

n-sio substrate gold film p=si Conelusion
M The feasibility of initiating the fabrication of a large

earea integrated circuit sericonducior detector following our

basic desigzn has been demonstrated both cenceptuelly @nd experi-

(.6x.6) mm2x50 pm n-type Si
B-diffused (+A|): p+n—junc1'ion mentally, The initlal fabricatior of a smell test device has

Au strips: np-junction shown that the construction problems can be overcome. Further,
test with °Sr source + ampli-
fier + scope

testing of the cmall device has yielded attractive resolution

in spece and tire (20 microns; 10 reno-seconds) and has done o

with a simsl to noise ratic vhich allows digital logic handling,
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The Very Early Days of Si Detectors in hep

Segmented active target 1973 (G. Bellini et al. , NA-1 at CERN
Coherent production zt +Si = 3n + Si; and later for charm) Surface barriers: a “mysTic" art

- reliability not guaranteed

TARGET 2 - :
12 5 - but successful experiments

and great potential

siiE
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A
1
1
1
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5
TI11 01 . |

- limited use

This changed in 1974 with
- discovery of J/y

- paper by Gaillard, Lee und
Rosner on charmed particles

p - discovery of charm (1975)
. (lifetime cz ~ 100 pm)

- discovery of t-lepton

. - discovery of beauty

" > Hunt for high position reso-

FRAMM PIISA .-:
fa . ldtion electronic detectors
Fig. 3. Sillcon disk N iialina e (a friendly competition between

gaseous and solid state approach)
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The Hunt for High Resolution Electronic Detectors

But there are 3 reasons why the development of high position
resolution Si-detectors took off in the late seventies:

e . -

"a“'- .n_.(_;.I . ,‘_'.,|'.-:.

LY . L e [ AT
. ' v D

- discovery of short-lived
particles; lifetime ct ~ 100 pum
defines required resolution

- highly developed Si-technology
for electronics (crystals + the
planar process)

- development of miniaturized
electronics (thick film hybrids
- VLSI) generally available

- Several hep groups started to
learn the art of silicon sensors

aramt

o
T v, 6

1"

and u-e!ec’rrpniqs (in close col- high resolution bubble chambers: SLAC - CERN
laboration with industry) (production charm-anticharm)
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The Early Days of Si Strip Detectors in hep

Still surface barrier technology: :;',J;‘;;g E’l"g'ao)

PISA group (Amendolia et al. 1980) >
Si-strip sensor with 600 um pitch

2400! T T T T T T T T T

/ 2000} broken readoul

¢ broken bond >

Amendolia et al., —1 charge to neighb.

NIM 178 (1980)

CERN group ( Hyams et al. 1980) . l
Si-strip sensor with 300 tm pitch g 150 ] %
- demonstrate vertex reconstruction | ]
(within the NA-11 experiment) 1000, /
- demonstrate capacitive charge 1
« o e 600 SEN T S TN T O T [ | (PP P I M figs 1 }
d|V|S|on (Thanks "'o br‘oken ChannelS) a1l 42 43 44 45 46 47 48 49 5O 51 52 53 54 55 56 57 58 59 €0 61 62 63 64
STRIP NUMBER
UH Fig. 10. Hit distribution over 24 strips in the 10 GeV beam. Amplifiers on strips 43, 44, 52 and 62 were not working. Strip 59 has
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Transfer of the Planar Process to Detector Fabrication

Kemmer 1979, TU-Minchen, tfransferred the highly developed Si-technology
for electronics to detector fabrication :
+ industry (P. Burger - Enertec/Canberra)

85 — n-Si WAFFER
,Si0;
[L . OXIDE PASSIVATION
W PHOTOLITOGRAPHY
OPENING OF WINDOWS

Fa—-m:ﬁ DOPING BY ION IMPLANTATION ‘
, B : 15 keV 5x10%cm? ki

P tas! As’ 30keV 5x10"° cm?
— LT
= ANNEALING AT 600°C, 30 MIN
Al
s W W

AL METALLIZATION

—a= 21 AL PATTERNING AT THE FRONT

e rf AL- REAR CONTACT

J. Kemmer, NIM 169(1980)499 and NIM 226(1984)89

UH
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Getting Organized

1983: 3" European Symposium on Semiconductor Detectors at Munich

3}

s
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Si-strip Detector Telescope in CERN NA11 Experiment

NA-11/32 experiment: .

- spectrometer for the study of >
hadronic reactions eg nBe->charm+X o

- 1981: 6 planes Si-strip detectors

* 24x36mm?2, 1200 strips/sensor I |
strip pitch 20 um, 280 pym thick E |

c
K
4
U9 Fl} Ausleseelektronik

leil'chen -
spur

—Tum Aluminium
=02 um Si0;
~ p’- Implantation {Bor)

* Si - Kristall
(n-typ)
* 60 um readout 2> ©=5.4 um \ : Tt
* 120 pm r‘eadouT -> G=7.8 pm ' “_nr‘:-: S - n" - Implantation (Arsen)
* total <2000 channels R e ~~ 1 pm Aluminiam
* 100% efficiency B.Hyams et al., NIM 205(1983)99

NA-11 target region
I MSD
A

' A
— noon e " II |
Be

10 CM I 2 zsmmT—_’z

Polababadabolbabalalal _ 100mm
| SIDE VIEW TARGET REGION
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Results from the NA11 Experiment

NA-11/32: Charm physics results Observation of Dg = ¢

- lifetimes D*, D9, Dg, A, ...
- observation and mass of Dy
- hadronic production of
charm particles (QCD)
Impact of NA11/32:
- demonstrated excellent perfor-
mance of Si-strip detectors

- demonstrated excellent perfor-

mance of pixel detectors
(> CCDs have been added in NA32)

- testing ground for new ideas
and concepts (= Si drift ch.)

- learning- + communication-
environment for junior and
senior Si-experts

(R.Horisberger, D.Dorfan, S.Parker,
V.Liith, + many more)

UH
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Si Vertex Detector for e*e-: SVD at Mark-II at SLC

Parallel o Si-detectors > development of VLSI readout chips
(CAMEX: G.Lutz et al., MPI; Microplex: Hyams, Walker, Shapiro; ...)

Sept.1985: Proposal to add SVD to Mark-II (Adolphsen et al.)
Layout: ,Coke Can®

Si Detector

Vertex Drift Chamber o F—V'}')‘::: :
(Inner wall) ) V g
]{1 Fon-our /
TF 7

(512 Strips)
.‘:—- Silicon Strip r Capacitors Thin Cobie
Detectors E
et e” :
0
_ . (1)
Beam Pipe \ 1 Layout- ,,Ladder‘
Soldering
Cable
s110A2
— =

387

57T10A1

Impact parameter
resolution ~20 ym

1
-200 -100 0 100 200

IMPACT PARAMETER (um)

Fig. 40. The impact parameter measurement relative to the
single-event vertex. for tracks with transverse momenta above

3.5 GeV/c. The points represent the measured tracks. the PrOTOTYPe ,,Laddef'“ r'eﬂdy for‘ beam test
histogram shows the results of a derasled Monte Carlo simula -
U'H tion.
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From MARK-IT to LHC
Following the pioneering success of MarkIT - Si vertex detectors for
all 4 LEP-detectors, TeVatron, B-factories, HERA, RHIC and > LHC

Example: CMS Tracker the largest Si tracker ever built!
precision tracking in the harsh LHC environment for |n| <25

S-l-r.ip deTeC-'-or.s: 0‘; 0;‘3 ?{.5 //?7 /;0'9 /1.1 j/f‘ 1.3 ’/f' 1.5
9.3 M channels 1zooJ T JORE
210 m? sensor area L i e
10 barrel layers o _\_q:eB__ : | | | | | :| ZI i ! | L
9 (+3) endcap disks s ! s || |l |’ i || |l || || ﬂ e

T ’ITEF T L
(Hybrid) Pixel detectors: o ““TER=TIO |1 b v -+
* 66 M channels 200 T T e -Double-sided modules
~1.1 m? sensor area ) o e it iSingle-sided modules
3 barrel layers 0 400 800 1200 1600 2000 2400 2800
2 endcap disks : :
Tracker running with
i I =4 3 . ) o . ,
innermost layer at r cm 97.8 % strips and 96.5 % pixels operating
at design resolutions and efficiencies
UH
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CMS Tracker

The building blocks of the Si-strip modules and

J:J'H i lll’!’!‘!'» l’

-eal‘ﬂ

e
":;‘. e

Quasi-industrial assembly (quality controll)

iti Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011
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Si-pixel modules

Powercable

14



CMS Tracker - "The non-sleeping Beauty”
View of the CMS Tracker during installation in 2007
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CMS Tracker: Producing Physics Results

HH-mass spectrum Some of the challenges:
| - events with many interactions/
=7TeV: L. .=40pb-! .
[s=7TeV. Liu=40p | Y bunch crossing (@ 25 ns)
E po o Jy - Particle densities in heavy ion
810°E | interactions
E LA“\JI . .
210° ‘ - radiation damage
85 9 95 10 08 T he
= ) ‘ CMS Experiment gt LHC CERN ™.} | i
3 Jpj, STy Ronieven o0 Erans | 1 /)
\ int i| Lumi section: 4 { v /
oA 10* ’ Qr:ml"(.:ro!ssmg 787615 {1886 ! { 4 ,"
< - } Iyl <0.5 K N /1 /] -
o 7o : | e\ ‘ ‘ / | ‘
£ 10k y .‘ 4 =
L% M’N"“‘ \ q)‘;‘ i :
7 B ". ‘
102 1 i LT i
26 28 3 32 34 36 3.&72& : 1&
w'u invariant mass [GeV/c] ﬂ'p' - (GeV.’c"’)

LHC machine +experiments:
- verified Standard Model,
- ready for New Physics

f : ’/’." .;»/-/'7’.‘.:'{‘ 4 ; "‘ ’.' \ >4' ]
13 interactions within 1 bunch crossing !
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Silicon detector area [m?] in different experiments: 1981 - now

£

Silicon Detectors in hep and Space Experiments

£ L HEP 214

100 -+ B space p4—83
0
11
10 353558
24 2006 27 1}
- . 163 202 21
1 o_”ovnos,uuuss‘”’ "B I
02
0.!20“"
0.1 son
o02002
||||||||||||||||||||||||||||
).001
- 2 o 3 -1 ]
|45cm2 3§ % : g § §§g§§§t‘-‘8 < i :
g o 98 3¢ v2° :
= g < ~
= 2
- ~5 orders of magnitude since 1981
- Si detectors are used in (practically) all hep- and in many space-experiments
P Y P Y spa pe
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Si-Strip Detectors for X-ray Science

Just one example: MYTHEN (PSsI)

Si-strip sensors: 320 pm thickness
1280 8 mm long strips with 50 pm pitch

- counting rate: > 2x10° per strip

- max. no counts 24 bits (16,777,216)

- energy range 5keV (90%) - 30 keV (8%)
- frame rate: 25Hz (24bit) - 500Hz (4bit)

MODULE = Readout of 1 strip

SENSOR||ASIC .. 128 _
1280x _||: CHANNEL |
STRIP : || :

; Am;z}nf' er Comparator ~ Counter |

an ’
! HV : shaper -
Figure 1 A highly successful example:
(a) Photograph of the MYTHEN detector installed at the powder . .
diffraction station at the SLS and (b) a zoom on the modules building the - r‘edUCTIOH Of measurement time for'
detector. The numbers indicate the main elements of interest: (1) . : ~
MY THEN detector layer; (2) He-filled box behind which is fixed the data powder diffraction by ~10,000

acquisition system; (3) analyzer crystal detector: (4) center of the
diffractometer; (5) beampipe: (6) silicon microstrip sensor; (7) front-end
electronics; (8) connector to the data acquisition system.

B.Schmitt et al., NIM-A 501(2003)267
Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011 18

- acquire data before radiation damage
- time resolved measurements possible



Pixel Detectors: Invention and Principle of CCD

2009 Nobel prize: W.S.Boyle and 6.E.Smith  Principle of charge shift

2V

10V2-10V 2V

2V 1092Vi0oV 2V

sl ol

Invention Charged Coupled Device, the first

: : L : 2v 10V 2V 2V
(practical) solid state imaging device I
Test device :; -

1 week e —
after ideal () Containing
(1970) e

2v 10V 10\!;
Picturephone

Well collapsing

- -~-~|—'—
Well just created
()

i —
~ ——
-5

f

+ CCD inventors

Shift pattern for 2-d CCD

collecuon

horizomal
shift

vertical
shaft

horzonial horizaontal

shift

shilt

honzontal
shif1

vertical
shift

R

g ik

- — L R

il) readout node

6.E.Smith NIM-A 607(2009)1 urg - iWoRID-13 4.-7. July 2011
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CCDs as Pixel Detectors for Photon Science

Use of CCDs for imaging pioneered by astrophysics

- high sensitivity compared to film
- low noise (few electrons when cooled)

For X-rays: external scintillator > record image
Starting point: scintillator > X-ray film

image intensifier 1978 image intensifier

> photogr. film — > > Vidicon(s)
> Si Intensified Target
> Image Plate

1968 1997

fiber optic bundle
> CCD

\: \ 5 tm
\\4 \“ » PHOSPHOR
IMAGE TUBE E 4-STAGE L N _is \étgec&
m\/ IE FIBER OPTICS ) . a N L AR T L
QL INPUT WINDOW
X - RAY [ B
[ W N 4
SCINTILLATOR 1 10
ON FIBER OPTICS
keN X-RAY

TTTTTTTFTITTTIT
) =a
o
<]
23
2

UILITITHL
8

I
| N

59, eFFICIENEY

Gain in sensitivity (measurement time) by
many orders of magnitude and in data
quality (PSF - Point Spread Function)

200 PHOTONS

UH
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\

1§ 9, EFFLC,

30 pHoTON S

j._/ 359, EFFIC.

4

S.M.Gruner, Transaction ACA 34(1999)11
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CCDs as Precision Position Detectors in hep

1 mm?

|

NA32 target region: CCDs + strip detectors

2 CCDs ~2cm behind target
256 kPixels/CCD of (20 um)?

C.Damerell et al.,
NIM 185(1981)33,

SUPPORTS AND

NIMA 541(2005)178

COOLING

CCDs
Bl B2..__ B7 T H p V1 VR..o. ve
—t ——— =
0° =140 £ 140 90° Q° —t+——] —
sue 90° e 00 sue
Y 10
(mm)
0 1 1 1 1 l | 1 1 1 ‘ -:
0 50 100
Z(mm)
CCDS
(DETAIL)

J
1.0

- superior pattern recognition convincingly demonstrated

> C. Damerell et al. join SLD@SLC to build the best vertex detector
built so far (with respect to resolution and material budget)

- +
o Ac>pK =
2
+
L ‘8
- -5
g K o on‘:f e
— 0.6 o
> 6 Fa A |
_++’ é \19
\
« x .
|
8
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I R . 1 S |
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CCDs: VXD3 Vertex Detector for SLD@SLC

n 3544, EVENT 6476
1956 i
R Pol: R

VXD3@SLD S:Rn:v%‘m
-installed in 1995

-307 MPixels (ATLAS: 80Mpixels !)
-0.4% X, (multiple scattering)

-1s* layer < 3cm from beam)

By far most performing vertex
detector in ferms of resolution

- reference point for ILC
vertex detectors

Run 333%44. EVENT
47-APR-19396 06:05

Sourra: Run Data Pol: R
Trigger: Enargy CDS Hadron
Bsam Crossing 1215252296

6476

8um impact
parameter
resolution

Hamburg - iWoRID-13 4.-7. July 2011 22



Hybrid Pixel Detectors

Idea: separate sensor and electronic > flexibility but additional material

Concept: Special features:

Detector particles - read-out chip directly mounted on
e ) top of detector by bump bonding
13
PR Sy {T ’ ! - every pixel has its own electronics
- Qame - technology for electronics and
¥ Sensor | sensor can be chosen separately
o o .
o (eg high-Z sensor + Si readout;
Porel Read-out optimize for radiation hardness,...)
" Ep S Limitations:
Radiation hard
- amount of material for precision
Pixel electronics (jUST one exqmple) vertex detec:rot' (m}lh‘iple SC?Ttering!)
T T also power dissipation - cooling
{  [Vrushok ; __I ! - read-out speed and dynamic range
H cormrection : 15 bit REI . . .
i Tlobal  |Com; = ; (in particular for X-ray science)
{  sum Tresp{+ ! courter | mao . . P .
(= : I | Hep experiments using hybrid pixels:
| N Enber N Ex | ] I - CMS (66 Mpixels of 150x100 um?)
! [knsabb :ia“* Reset } | - ATLAS (80 Mpixels of 40x400 um?)
1 1
1 ]
c= I

1.
cu_T Analog Block lg Digital Block - GDLICED, PHEBNIX (B)NL), FAIR-expts.
B R B e e ANDA, CBM, ...)) ...

!E'f%
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Early Hybrid Pixel Detector for X-rays

First Ge pixel detector in 1961 " r ey e %
6. Dearnaley —F——=-]-—-_¥ ‘
( $ t ON CHIP :
DECODER
S.Gaalema at 1984 IEEE-NSS : St | ? ?.'."'J?d : |
MOSFET ' |
A e L CRRE
S e o : |
| “
¥ DETECTOR | 008 pF | o !_ | ‘ﬁl ngl
B I' wreshaion | | | "'"'_L |
[ cAPACITon_| 1— |
DETECTOR ki |
Mux ! )
Voer S arTl m“‘f} oo ros
wOwIUAL PXEL |
CHARGE STORAGE | l
AND RESET CIRCUITS I | o | ‘
\ ! - 3w
—I-a;m OFF CHIP
& CIRCUIT LOAD
Performance:

- 600x600 pixels (20 pm)?

- 50 e (rms) noise

- random access to every pixel

- average power 1 uW/pixel (for 1kHz readout)

was used to read out Si and Ge detectors
S.Gaalema IEEE Trans. NS-32, No.1(1985) 417

Fig. 2. Typical planar hybrid sensor chips
'“
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Charge Integrating Hybrid Pixel Detector for X-rays

Task: Fast time resolved imaging with ps frame rate = counting not an option

- integrating readout

Single pixel readout architecture (group S. Gruner)

Input stage Storage stage Output stage

HY (———— [ . A
1 | IR N\

| | |} |

ISE | _RE OE!

&L{>CJIV _ HN : i |

R
IR 17T

|E
_I I
|
I
4
N
——
| &%~
~_
/
o\
=

Specifications and performance:

- Si: 92x100 pixels, (150 pym)?; 300 um thick
- 8 storage cells; min. integration time 1 us
- capacity: 17,000 8.9keV X-rays

- non-linearity <0.2% (full range)

- noise: ~20 keV (X-rays)

- 1.2pym HP process: GEC-Marconi bump bond
- 100 pyW power/pixel

- limited radiation hardness

UH 6.Rossi et al J.Synchr.Rad 6(1999)1096

iti Robert Klanner - Univ. of Hamburg -

Application:

ps time-resolved x-ray radiography of multi-
phase, direct-injection gasoline fuel spray
- Verify fluid dynamics simulations

0.75 0.80 0.85 0.90 0.95 1.00 1.05

[_38 — . X-ray transmission

192 us

Supersonic jet of Diesel fuel spray in la'rm SF6

- image area (61.7x7.5) mm? [built-up from
images (13.5x2.5) mm?]

- shockwave: increase in gas density ~15%

MacPhee et al., Science 295(2002)1261
iWoRID-13 4.-7. July 2011 25



X-ray Counting Hybrid Pixel Detector(s)

Several examples: Medipix1, Medipix2, Medipix3, PILATUS1, PILATUS2, ADSC, ...
development chains > continuous improvements + profit from technology advance

Example: PILATUS (PSI)- specifications and performance:
pixelsize: (172 pm)?

max. rate: 1.5 MHz/pixel

dynamic range: 20 bits (1,048,576) no noise !

read-out time: 5 ms

frame rate: 10-100 Hz

1s'generation PILATUS module 1stgeneration PILATUS 1M PILATUS 6M

B.Henrich et al.,
NIM-A607(2009)247
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X-ray Counting Hybrid Pixel Detector(s)

Example of an early measurement with PILATUS1

Electron density map

T :
o :;;‘-' R of Thaumatin
S o
= ﬁﬁ:"#‘:’ C. Bronnimann et al.,
P e J.Sync.Rad.13(2006)120
g : :
gg‘!' e 2 Swiss Economic Award
oy ’{ ..é
L DECTRIS
AR ‘ (NPt
) K
4 A ? il
UH e AN I
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Pixel Detectors in hep

Hybrid-Pixels in use in hep since 1995

needs micro-electronics because of large no. of channels !
- pioneered in fixed target heavy ion expts. at CERN

- e*e” colliders (DELPHI)

- pp- and ion-collider; in particular ATLAS,CMS,ALICE
CMS Pixel Detector: 66 Mio. pixels

- 3 barrel layers at 4.3, 7.2, 11.0 cm

- 2 forward disks

| W )\~ Sensors: n on n Silicon 265 — 270 um
ATy o 150 x 100 um pixels
Bump-bonded to PSI 46 Read Out Chips

Total Area: 0.78+0.28 m2
66 Million Pixels

Performance from data: position resolution o, = (12.8 + 0.9)um: o, = (32.2 + 1.4)um
- design specifications achieved
- highly efficient b-tagging / secondary vertex recognition in complex environment
- essential tool to search for New Physics at the LHC

it Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011 28



MAPS: Monolithic Active Pixels

For hep: inactive material + sensor thickness > interactions + multiple
scattering > degradation of performance (in particular for e*e-)

- monolithic sensor - readout and thinning of substrate
Example: CMOS-MAPS (R.Turchetta et al., NIM-A 458(2001)677)

p 20 pm N
A 1 .\E\*':—H L3 Reset transistor
P well :im n; Wwell \Rl}sm‘u VDD VDD
Lz 2 2t L L M2

r 4

Collecting node 1

M ~ ot
L]
GaxD)|

S/%E ]
R P

—

T8 0 8 OV OV 8 VYNV RNY YYD

\ Substrate (P type)

: i
Outstanding features: - standard VLSI technology - low noise (5e rms)
- small (>10 pym) pixels - thinned down to 50 ym
problem: readout time - low power - random access

UH
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MAPS: Monolithic Active Pixels

State of the art: MIMOSA-26 (EUDET -telescope)

- 0.35 ym CMOS OPTO process

- 572x1152 pixels of (18.4 ym)?> > 10mmx21mm

- 80 MHz read-out: zero supressed, binary with data sparsification ->
reduction of data volume by factor 10 - 1000 (depending on occupancy)

position resolution (CERN beam test)

- 112 ps integration time
‘ Ax ~ Ay ~ 2.7 ym
Sensor 0
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Principle of Sideward Depletion

below full depletion

impact on anode capacitance

T T ANODE~-DIODE CAPACI!TANCE (Built in:0.2 V)
] _____________________ 900y “
L L L \ R .
N N T w “'\«_\-
g fem—— o ~—

above full depletion " "‘*\\

1 i
b= 4 W
o !

T < -
[+ 8 v
< t
o 10 i DEV. #1 !f\.

DEV. o2 \\':;
| I L
o 0.1
- below full depletion: \ 20
VOLTAGE (V)
parallel plates | .
-> C ~ area Fig. 12. Capacitance versus voltage plots of 1w of the test

devices provided on the wafer for monitoring ity doping uni-

- above full depletion: formity.

- line (or point) - plate P.Rehak et al. NIMA235(1985)224

- C ~ In(area) )
. . . . full depletion
- collect charge from a large area with minimal capacitance
- large area low noise detectors feasible
UH
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Si Drift Detector as 2-D Tracking Detector
- Cathode strips > drift field

- segmented anode > transverse position - time-of-flight > longitudinal pos.

-LV -HV
O ® 100 ) / T h
of R
2 * ,
o // / ! .
Hrlo— &5 7 77 7 7 L Lol
ne substrate
2

7.

s

v

LV, : potential (near the anode)...

achieved performance: 2 um in lab (laser light)
10 pm in test beam
18 pum in actual experiment

iti Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011
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Emilio Gatti

and Pavel Rehak: Silicon Drift Detector SDD

Robert Klanner - Univ. of Hamburg - iWoRID-13 4.-7. July 2011
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SDD with integrated JFET-> Low Noise X-ray Detector

anode
52 mm @
integrated FET field strips ‘ ) .
£
n- silicon £
<
[s0]
back contact
Mars Exploration Rover (MER)
10 gl .
zh @ fre —— Meridiani Staub
g | | | —— McKittrick nach Schleifen |
‘ * = Untergrund
1 a + = Mars-Atmosphare ]
8 | g
- E. K
g = |
£ oi | | ;

0.01 ':'
L.Strider, IEEE-NSS Rome 2004, T O
R.Rieder, MPI fiir Chemie, Mainz s e NI —_—
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The Family of Detectors Based on Sideward Depletion

Silicon drift detector Fully depleted pnCCD

5

12 um epitaxial layer

270 ym

] = fully depleted detector volume (n-Si 2.5 kf2em)

entrance window (p+ back diode) depletion voltage

Controlled-drift detector DePMOS

Gale (OV
Clear (0V) Drain (-3V) ate (V) Source (0V)

L~
- ot depleted .~ N

280um depleted silicon bulk
‘ .
incident
radiation
- ‘ *
p* back contact (-115V)

!E'f%
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Fully Depleted pn-CCD (eg EPIC on XMM-N, CAMP, ...
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@,
back side contact =

- charge from entire thickness collected and stored in potential trough (below ®,)
- by modulating potentials ®; > transfer charges until they reach read-out electrode(s)
- channel stops prevent that charges spill to neigbouring rows (eg from n > nz1)

- high quantum efficiency for X-rays due to full depletion (CMOS CCDs ~ 20 um thick !)
- backside illumination allows for thin entrance window (min. detectable X-ray energy !)
- high transfer efficiency (uniform response)

- pixel size down to ~30 um

- good radiation hardness because of pn junctions (no potential steering through oxide)
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pn CCDs in Heaven
XMMNew’ron satellite

Pn‘CCD e "sim?ﬂ i
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-
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Detectors at the LCLS and other FELs

Experiments at FELs - unprecedented requirements for detectors:

- energy resolution and dynamic range (O ->10° photons)
- segmentation and readout-speed

- charge densities and radiation dose (1 66y @ EXFEL)
Beautiful instruments existing + under developments - iWoRID13
Example for a running detector: CAMP (CFEL MultiPurpose) detector

C1 |electron detector
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Femtosecond X-ray Protein Nanocrystallography

Example: CAMP@LCLS

- Most macromolecules cannot
be grown to crystals of suf-
ficent size for conventional
crystallography™)

- X-ray dose required to study
crystals will destroy them

- can fs pulses at FELs pro-
duce diffraction pattern
before damage occurred?

- experiment with CAMP at
LCLS: 102 1 .8keV y/pulse of
10, 70 and 200 ns, focussed

to 7um (FWHM) > 70 MJ |

record 3M diffraction patterns
of 0.2-2um nanocrystals of
photosystem I (structure known)

*)so far only 300 unique structures
of membrane proteins deciphered !

UH

Rear pnCCD
z =564 mm)

_
Front pnCCD
(z =68 mm)

Interaction
point

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-pm-diameter jet at a velocity of 10ms
perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas™. Two pairs of high-frame-rate pnCCD detectors'? record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.

H.Chapman et al., Nature 470(2011)73
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Femtosecond X-ray Protein Nanocrystallography

a 21 70 " Upper font detector
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Diffraction pattern of single 70 fs pulse Structure (c) 70 fs pulse; (d) conventional
method truncated to 8.5 A resolution

Single shot femtosecond nanocrystallography demonstrated !

> excellent Si detectors were necessary for this success
- further developments are required and under way to meet the challenges of the
hew X-ray sources - one of the main themes of IWORIDI13
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Outlook and Summary

Looking back on > 4+ a century of development of solid state sensor

and detector systems:

an exciting story of fascinating developments

solid state detectors enabled important discoveries + precision measurements
the developments have major impact on industry and science outside of physics
frequently there has been amazingly little exchange between groups

the close collaboration between academia and industry has been importan

Looking forward:

- rapidly developing technologies bring new opportunities - they will help
solving the many challenges posed by the new science ideas and the new
experimental facilities, like Free-Electron Lasers, the High-Luminosity LHC,

the International Linear Collider, etc.
- I also hope that there will also be completely new ideas, like in the past the
CCD, the concept of sideway depletion, the DepFET and more

My thanks to:
- the many students + colleagues with whom I had the privilege to collaborate
- the colleagues which provided me with information for this talk, in particular
to H.Graafsma and S.6runer
- the organizers of iWoRID 13
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