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[ Outline ]

B Generalities on readout electronics (mostly) for pixel detectors: signal
processing, readout chip floorplan, interconnection, technologies

B Enabling technologies for intelligent pixel detectors: evolution of
technologies for readout chips, CMOS technologies, vertical integration

E  Some examples of intelligent pixel detectors: in-pixel functionalities,
pixel level sparsification
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[ Radiation detectors

B Radiation detection systems may be used to
measure

*  the amount of energy released by a
particle (a charged one, or a photon)
while passing through the sensor volume

«  the position (in one or two dimensions) of
a particle passing through the surface of
a detector (to be intended as a set of

Microstrip detectors
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*  the time of arrival of a particle

«  the number of particles hitting the
detector, or the fotal energy released
by those particles in a given position

E Semiconductor microstrip and pixel detectors
are used to measure the position of a particle

hitting the detector surface (they are also
called position-sensitive detectors)

Al -~ Lmicron

Pixel detectors
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[ Analog signal processing

]

E Depending on the application and on the
required spatial resolution, semiconductor
microstrip and pixel detectors, together with
the relevant readout electronics, may be
required to provide also information on the
amount of energy the particle has released in
the sensor volume (amplitude measurement)

B The signal from a capacitive detector is
first read out by an analog processing
channel, which in its optimum version
includes a charge preamplifier and a shaper
for signal-to-noise ratio optimization

B A discriminator is generally used to
compare the signal at the shaper output
to a preset threshold voltage, therefore
providing information about the presence
of an interesting event (hit/no hit
information)
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[ Readout architectures ]

B The digital hit signal at the discriminator output must be further processed by
circuitry in the pixel or at the chip periphery; processing may just involve reading
out the single hit/no hit bit of information or using it o perform more complex

operations

B Choice of the set of operations to be Monolithic sensor
performed on the data collected in a detector VRST
before sending them out (implemented in the el e
readout architecture) depends on the target —_—
application "

B Also the design approach (hybrid vs monolithic)
and the available tfechnology may impact on the
design of the readout chip; evolution (scaling
down) of CMOS technologies and, in general, of
microelectronic processes (vertical integration)
may help improve performance and include more
functionalities in the readout circuits Pe+ Substrate

P- Epi-layer

Particle track
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[ Functionalities and intelligence ]

B The task of the front-end is measuring the charge delivered by a capacitive
source with the best accuracy compatible with the intrinsic noise of the readout
circuit and with the constraints set by the application

hoise - power - speed - area

B Finding the best compromise may imply using additional blocks (in the pixel or at
the chip level), adding functionalities, extend the set of operations performed on
chip

B On-chip intelligence generally includes the set of functions performed directly on
data, inside the pixel, at the chip level or in a more complicated chip assembly: A-to-
D conversion, zero suppression, data sparsification, buffering, encoding, lossless
compression, error correction, serialization, tfrack discrimination, histogramming

B Other blocks, not necessarily acting on the signal, are used to improve the
performance of the in-pixel readout channel or of the chip as a whole, for
example by adjusting or calibrating some parameters or by transferring to the
chip what was previously done outside: threshold correction circuits, gain
calibration, polarity selection, baseline restoration, DC-DC conversion, clock
generation, I/O communication, logic level conversion
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[ Application needs and technologies ]

E The driving force for the increasing functional CMOS technology
density of readout chips for radiation
detectors is given by the need for:

* higher granularity (smaller pileup, capability
for track separation)

* higher speed (capability for processing hits
at a higher rate)

« data reduction (to limit the bandwidth
requirements for transmission to DAQ)

* higher degree of radiation hardness

3D integration
B The advance in readout chip design is mainly

enabled by
* eVO|UTi0n Of CMOS pr‘ocesses opto electronics or voltage regulations
* development of interconnection techniques IRRpp—

and vertical integration technologies

analogue front end, ADC
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Generalities on readout electronics
for pixel detectors

~




[ Microstrip and pixel detectors \ ]

X
B Ina microstrip detector, \
each sensor element has the : 7
shape of an elongated strip A — L // ﬁ k
(up to a few cm long) and is \\ 7
read out by a dedicated | // ﬁ
processing channel; readout 0/ —7

E

channels are arranged in
arrays of several tens or .
hundreds of elements; typical

pitch is in the order of a few tens of um up to 100 ym; a microstrip
detector provides monodimensional position information

In a pixel detector, each element, featuring a square X
or rectangular shape (pitch may vary between . §+A+A A+A+A+A+k+
several tens and a few hundreds of pm) is again a7 2 v

read out by a dedicated processing channel; reado
channels are arranged in matrices

A A ATATATAVA ™/

including a few thousands of elementary ¥9------2>f 2 2° 2 7 e //
cells; a pixel detector provides T
bidimensional position information 0 %0 Lox
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[ Detectors in high resistivity silicon ]

E Inamicrostrip, alarge area diode is divided info many small regions, readout
separately; production of strip detectors may follow the method of planar
diodes using the somewhat more complicated geometrical strip structure

B Each small strip diode s
consists of a shallow p+ region . |{ \
on a very lowly doped n- particle Front-end
substrate electronics

SO,

B Full depletion and almost p*implant

complete and fast

| strip pitch 7| metal width
collection of the charge strip width .
released in the sensor b
substrate may be 0 i

. . ¢ = contacts
achieved by applying a a 2
reverse voltage of a few L3

tens to a hundred volts

backplanen® Vaep
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[ Position and momentum measurement ]

B A double microstrip detector layer may
be used to obtain bidimensional
information on the position of the
impinging particle (also double-sided
microstrip detectors are available)

B Asingle pixel detector layer is sufficient
in imaging applications, where the
detector has to count the number of
striking par"ncles (typically photons, these are also called coun‘rmg or integrating

detectors) in each element, therefore providing the intensity of the radiation

X0

hitting the detector surface at any single point Zaw

B A double pixel detector layer may be vi. LA layer 1
used to obtain information on the S
momentum (in particular, the direction) ////////// A
of the impinging particle; tracking — = layer 0
detectors usually employ multiple layers Yo~/ P77 .

to improve resolution

/
. \
1 1 > 1 1
/7
7
XO \
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[ Hybrid and monolithic approach ]

E

E

In semiconductor microstrip and pixel detectors, each microstrip or pixel is read
out by a processing channel which generally includes both analog and logic blocks

In most cases, front-end electronics is integrated in a Readout chip Pixe
different piece of silicon from the detector; actually E ~ E
processes for detector fabrication (detector-grade) are = E
quite different from processes for fabrication of Mifhpicn ~s0um | AL | Bumps
microelectronic circuits (electronics-grade) I

Detector and front-end electronics have to be I

externally interconnected; microstrip detectors are

typically connected to the front-end electronics

through wire bonding techniques; bump bonding is Signsl charee
instead the mainstream technology for pixel °

detector-to-electronics interconnection Fully -depleted sensor

Sometimes, detectors are monolithically integrated with the front-end
electronics; a choice has to be made, in this case, between electronics-grade
processes (with possible limitations to the detector performance) and
detector-grade processes (with possible degradation in the front-end
electronics properties)
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[ CMOS monolithic sensors ]

E.  CMOS MAPS operation is based on the presence of a (relatively) high resistivity
(about 10 to 1000 Qecm) epitaxial layer, 5 to 20 ym thick (available in so called
opto technologies); they are widely used as imaging devices in the visible
spectrum; their operation have been adapted to particle tracking in high energy
physics experiments and electron microscopy

e The impinging particle releases electron-hole Sensing Diode —— y

pairs along its track and, in particular, in the — Metal layers /
epitaxial layer; this holds also for photons in  |Polysilicon ' T

| I—

the visible spectrum, which simply have a <« N+ y |/
shorter range in silicon 3 NMOS trans. inpixel | N+ Well /] P+ Well

e The epitaxial layer, which is sandwiched /\/\
between the low resistivity substrate and 520
: -20 um
surface P+ wells, acts as a potential well;
therefore, the charge released in the

can diffuse to one of the N+ collecting

epitaxial layer is confined in the region and A
- P++ substrate

electrodes (at least the fraction of charge V4
which does not recombine) Particle
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[ Point resolution ]

B There is a trend to reduce the pitch of semiconductor detectors to improve
resolution; this has an impact on the readout electronics, which has to be designed

in such a way to fit into interelectrode spacing

¢ Resolution has to be intfended here as the
l/ root mean square error made when position
x=0 is assigned to a particle hitting the
detector between -P/2 and P/2

P/2 0 P2

, _ , Resolution may be improved by measuring the
Let us consider The case of‘ SImplg binary signal amplitude in a cluster of sensors (not
readout (recording just which strip or pixel is just hit/no hit information) and calculating
hit); the position resolution of a detector the center of mass of the cluster

with electrode spacing P can be calculated as

<(<>)><><>1 i i i

VrxPdx=—, r==, (x)=0
_,2 12 P (x) — D __J

Vy,>Vi> Vv,

14
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[ Hit information processing ]

E  Once a hit has been detected, amplitude analog information at the shaper output
can be discarded or retfrieved in one of four possible ways

5 5 Pure binary readout; analog

! Set—Reset| . . . . .

i flip—flop - information is discarded, just

i (SR-FP) | | hit/no hit information is provided

v | by the readout chip for each
p th :
. Pure binary readout channel
T o~ | Time over Threshold (ToT);
network } amplitude is converted to a time
| R | duration by comparing the shaper
Ce Ve kL output to a preset threshold
‘ \_Time over threshold :
- Shaper e
c | ; Peak & hold; peak voltage at the
l TP | h shaper output is sampled and
Q80 | " 1 77 transferred to the chip periphery
- I CstoreI I
5\-_1???}{(?6_*_1;_191_???_61_99! ___________
T __g? In-pixel A/D conversion; peak voltage
Storage —<ADC —-%  at the shaper output is sampled,
: —"  converted to a digital word and
' _In pixel A/D conversion transferred to the chip periphery
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[ Time over Threshold (ToT) ]

E

The Time over Threshold (ToT) technique provides a direct amplitude-to-fime
conversion; the signal at the shaper output is compared to a fixed voltage at the
input of a threshold discriminator; the signal at the output of the discriminator is
a digital pulse, whose duration is equal to the time during which the signal at the
shaper output exceeds the threshold; digitization is easily achieved by computing
the logic AND between the discriminator pulse and a reference clock and by
counting the number of clock pulses

Shaper output

e If the signal at the shaper output returns to the
baseline with a constant slope, then a linear
relationship exists between the peak amplitude at
the shaper output and the ToT duration (the rise
time of the shaper output signal is assumed to be

negligible)
Discriminator ToT = Vpeak ) v*h
haper

output dVv,
dt

L. Ratti, Intelligent front-end for pixel based instruments: front-end and novel ideas - INFIERI 2013 Summer School 16



[ Range compression with Time over Threshold (ToT) ]

E

out

-0.5

-15

In the case of linear (constant shape) filtering, the peak voltage-to-ToT duration
relationship becomes a non linear one; in particular, a compression of the
characteristic may be achieved in such a way that both high resolution at small
input charge and high dynamic range can be obtained

0.5

10 ——

10 20 30 40 50 60 70

Q,/Q,

L. Ratti, Intelligent front-end for pixel based instruments: front-end and novel ideas - INFIERI 2013 Summer School 17



[ General features of readout chips ]

E A readout chip for semiconductor detectors includes both analog and digital blocks;
it contains a section where a cell is periodically replicated based on the detector
chip geometry, and a common (completely digital) section servicing all the cells

B The analog front-end performs the
task of amplifying and suitably
shaping the charge signal in order
to maximize the signal to noise
ratio

<>

B Digital blocks may perform several INJOUT

tasks, like data selection
(sparsification), zero suppression, hit
counting, analog-to-digital conversion,
time stamping, data storing, buffering

and serialization (or parallelization) F"°"*;z'c‘f| Zeef“;f: é;;"meef;')' for-

Common (back-end)
section

VIVIV|IVIV|V
VIVIVIVIVIV
VIVIVIVIV|V
VIVIVIVIVIV
VIV|IVIVIV|V
VIVIVIV|VIV

E A readout chip has to provide digital information in a form that requires the least
readout bandwidth and processing time possible before being stored in a disk;
therefore, as many functions as possible are moved from the acquisition system to
the chip itself
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[ SuperPix0 chip for hybrid pixel detectors

B Fabricated in a 130 nm CMOS technology - mixed signal chip for hybrid
pixel

B Sparsified readout based on a macropixel structure

A - ! A ——
e .~

Blledie ) : Analog and digital
Digital back-end : : front-end 4096

and I/0 circuits % channels (128 x 32),
s L e 50 um pitch
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—/

[ SuperPix0 cell

Photograph of the prototype

N .

50 um
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FE-I4 chip for the ATLAS IBL

B CMOS 130 nm mixed-signal chip 20.2 mm

40 double-columns

20 mm |
[ o [l_olo olo [&)[®) olo oo [ Ol 4-pixel region
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H Hit Processing [ Hit Processing k"%/ (FEND)
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. 14 Hit Processing l Hit Processing _Q
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™~ rzoﬁe*l%gnpress il s ] CMD DCD « Command decoding and trigger
A — Enc
periphery £ c‘,’{::m Ge':i:,:m, bACs C°£23:;’fe':°" EFUSE Serializer /| IOMux+ Bypass | managemenT
N

o Pads diagnostic recording and reporting

StopMode, CalPuls, Ref. | LDO | Conv. Decoder [~ 1oMux
InMUX, EFUSE, = B | + Integration

T [ o ii _{crxGEN | - Internal signal monitoring and
N | Voltage | Shun § omman /1 [fascx [ 14
PLL

T

AltComp... [Fed Fieime & W AL e Ve i « Data formatting and high speed

-In [3] [4] [3] Clock Clock -Out

serialized output, including clock
generation
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[ FE-I4 chip digital core

- 500 pm

[ ] Read and Memory Management
[ ] Latency counter & Trigger Management
[
[

] Hit processing
] ToT Counter and ToT Memory Management

« TOT and threshold encoding
* Local association and hit storage
» Triggered hit retrieval with time stamp matching

M. Garcia-Sciverez, “"Towards
the Next Generation of Pixel

Readout Chips”, Pixel 2012
Conference
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[ FE-I4 elementary cell

v

< 250 um
TDAC T
£ 3
‘% synthezised digital region (1/4th) 5
discri
Preamp FDAC Config Logic l
FDAC
4 Bit
e local Vin ~ local
D—1 + | feedback Vire D + | reshoid
I tune ? ‘tu\ne

—__feedbox |- —|  feedbox |
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1 Preamp _”_ Amp2
Cinj2

L. Ratti, Intelligent front-end for pixel based instruments: front-end and novel ideas - INFIERI 2013 Summer School



-

Enabling technologies for intelligent
pixel detectors

~




[ Nanoscale CMOS and 3D integration ]

E

New applications of semiconductor detectors in high energy physics (silicon vertex
trackers) and photon science (high-resolution imagers) set demanding and often
conflicting requirements on the front-end electronics

more electronic intelligence squeezed in smaller pixel cells

larger amount of data stored in the chips and then transmitted outside
lower power

higher radiation levels

minimum amount of material and dead areas

The potential of current microelectronic processes (including interconnections) has
to be exploited, in particular

 standard, nanoscale CMOS technology
« vertical integration technology
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[ Evolution of microelectronic technology

No roadmap, room for new ideas:
monolithic sensors, 3D integration

More than Moore: Diversification

Non-digital content
System-in-package

Information
Processing

Digital content
System-on-chip
(SoC)

Evolutionary roadmap
nanoscale CMOS
More Moore: Miniaturization
Baseline CMOS: CPU, Memory, Logic
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[ Industry scaling roadmap for CMOS

Feature Size | 2000 (1200 | 800 | 500 | 350 | 250 | 130 | 65 35 20
[nm]
Minimum
| .
NMOS . . . . -T. ITI -T- ] : O O
I
10pum .
H E Nominal Dennard 1974 Intel 2005
N Feature
- 5um ' '
L\ b
1umE =N o
o 3
N L
® 90nm Gate Length: 1.0 um 35nm
100nmL | Gate Oxide Thickness: 35nm
§ Physical / \JlfSnm Operating Voltage: 40V 12V
s Ga¥e ~ I22nm
. Length ~N Classical scaling ended in the early 2000s
= n due to gate oxide leakage limits
[
10nm l l ' I Bohr, "the new Era of Scaling in a SoC world",
1970 1980 1990 2000 2010 2020 2009 ISSC
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[ Nanoscale MOSFET devices ]
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: Rt i 1 *
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Lewyn et al, "Analog circuit design in nanoscale CMOS technologies”,
Proc. IEEE, Vol. 97, no. 10, Oct. 2009.
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[ Technology innovations for device scaling ]

-
High-k

L

wr
b8 s ‘
LF g

Y. rd

o Silicon

Copper + Low-k Strained Silicon High-k + Metal Gate

B Copper has replaced aluminum as a means to increase conductivity while a series of
ever lower-k dielectrics has been introduced to reduce wire capacitance

B Mechanical stress (compressive or tensile strain) is introduced in the silicon channel
to enhance carrier mobility and drive current

B Gate dielectric is made thicker (still reducing gate capacitance) by using materials
with higher dielectric constant than SiO,
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[ Reasons for CMOS scaling ]

E

B

Industrial microelectronic technologies are today well beyond the 100 nm frontier,
bringing CMOS into the nanoscale era

Digital performance (speed, density, power dissipation) are driving the evolution of
CMOS technologies towards a continuous shrinking of physical feature sizes

Analog performance remains essential for the processing of signals delivered by
semiconductor detectors

Front-end electronics may benefit from scaling in terms of functional density (small
pitch pixels) and digital performance - analog design is a challenge (reduced supply
voltage and dynamic range, statistical doping effects, ......... )

For a full integration of analog and digital circuits in the most modern
semiconductor technologies, design advances are needed to exploit the full
potential: digital signal processing may be used to overcome analog limitations,
analog circuits may be used to monitor the performance of digital circuits and their

power consumption

30
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[ Chips for vertex detectors at colliders ]

Commercial Commercial
Commercial Military full custom synthesized
rad-soft rad-hard (rad-hard) (rad-hard)
3.0 um 1.2-0.8 pm 0.25 pm 0.13 um

11K transistors 90M transistors

D

1988 1990 1996 1998 2003 2011
Top quark gﬁzign Higg§ boson Ell_JIt(t;re
discovery quark candidate : .

discovery discoveries

Mixing matrix

M. Garcia-Sciverez, “"Towards the Next Generation
of Pixel Readout Chips”, Pixel 2012 Conference

31
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[ Rad-hard logic in detector front-end chips ]

E Logic circuits in radiation detectors front-end
o e5nm chips lagged Moore's law due to the need for
enclosed layout transistors (ELT), but are now

catching up
100

—— Rad Hard
——o— Commercial

g 10

0

&

‘G

g

=

E 1

O

L

g

0.1 .

0.8u-RH 0.25u-ELT 130nm 65nm

L. Ratti, Intelligent front-end for pixel based instruments: front-end and novel ideas - INFIERI 2013 Summer School 32



[ CMOS 65 nm low-power

B After the 250 nm (LHC) and the 130 nm node (LHC upgrades, XFEL,...), our
community appears to be very interested in the 65 nm CMOS generation: several
prototypes have been already fabricated and tested

B Among the wide choice of options
of this technology, the low-power
(LP) flavor is less aggressive than
other variants (thicker gate
oxide, smaller gate leakage,
higher voltage), and is more
attractive for mixed-signal chips
where analog performance is an
essential feature

B LP devices are optimized for a
reduced leakage (larger
equivalent oxide thickness,
different level of nitridation with
respect to other flavours,
different silicon stress)

Gate Current Density [A/cm?]

102 E T T T T

=
o
-

=
(@)
o

107 L

Foundry B
GP devices

Foundry A
LP devices

90
Technology Node [nm]
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[ Moore's law for DRMs ]

new “Moore’s Law” on documentation volume
seen from the 14™ floor at Fermilab perspective

G. Deptuch
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[ CMOS sensors with hybrid pixel features

E

Some (more or less standard) properties of less scaled CMOS technologies have
been exploited o add some new functionalities to monolithic active pixel sensors

 deep N-well monolithic sensor

SO
@&\ ® eStandard N-well

Buried N-Type layer @ 5
© ® %(D < P-epitaxial layer

NWELL SUE NWELL
DIODE CONT NMOS CONT PMOS

- — pr—
DEEP PWELL

SUBSTRATE
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[ 3D integration of microelectronic circuits and sensors ]

B 3D infegration is an emerging technology that can

ﬁ%@ v form highly integrated systems by vertically stacking

Chemical & and connecting various materials, technologies and
e functional components together

FIF sensors,
&4  |magers

Nano
Device

B Intense research activity ongoing in academia and
industry: MIT Lincoln Labs, IBM, INTEL, SEMATECH,
Tezzaron in the US, CEA-LETT, Fraunhofer Institute
and IMEC in Europe, T-Micro in Japan

B Presently pursued applications

e vertically integrated, high resolution CMOS
imagers

e 3D stacked flash memories

e 3D integration of processor and memory
subsystems

J.-Q. Lu, K. Rose, and S. Vitkavage, "3D Integration: Why,
what, who, when?,"” Future Fab Int., no. 23, pp. 25-27, 2007.
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[ Advantages of 3D integration ]

B
2D SoC

S
B| c Long Global B
wire

shorter wire

Replaced by /7 E— 7

[~ C LD/

3DIC _/ A 757 -

Replace long horizontal with short vertical
intferconnects, addressing

power dissipation (more than 50% of
dynamic power consumption is due to
interconnects in modern processes)

. . . switching capacitance
RC delay (increasing exponentially from (diffusion, gate,
technology node to node) interconnects)
crosstalk (more of an issue in mixed signal circuits)

form factor

B Enable the integration of heterogeneous devices and technologies (memory,

logic, RF, analog, sensors,...)

o) — =7 -
e cost reduction (as compared to SoC) ? = =
. nhew functionalities can be implemented p = @‘H @7;@
‘ 17 —J , 1 v :'*. 1 - 4 B
E  Enable higher fault resistance = X?* —= ==t
thanks to the high connectivity —
of 3D ICs — — e
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[ Applications of 3D integration

2007 2009 2012 32014 0>

—
g 1000 _ CMOS Image sensor
— (Sensor + DSP + RAM)
L
:g 3D Stacked memory
o (NAND, DRAM, ...)
g 100 TEERILE Logic (multicore processor
E — T with cache memory)
= Flip chip > AR NNES”
= solder bump Via size~5-30um M M
= pitch
E —.:--ml/
ol 3 IIIIIIIIII:I
g 10 vassen | SHMMESEZS  Vertical
c IIIlJIIIIII' device on
g Via size=<2pm CMOS
o (NTC, NW,
- Multi-level 3D IC NEMS)
E (CPU + cache + DRAM +
C 1._ Analog + RF + sensor + 1/0)
8
;E Low density 3D via High density 3D via
® ITRS EEEnmf"'I Chip-level bonding wafer-level bonding
= min Global
metal pitch P. Leduc, "What is 3D integration and what metrology is needed".
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[ Benefits for pixel detectors ]

B More efficient and uniform ground and power e
distribution (against voltage drops)

B Separation of digital activity from low-noise
analog part (analog and digital circuits do not
share the same substrate)

¢

QY

G. Deptuch, "Front- —— e ———
end electronics 4 3D S| 9 <
technologies,”

‘(T )

ol

d‘gital imp - A*e\ *6\

©
cagedq V_er"rically Integrated 3|5
fosciovkt SO " N " IR " O S B I

Ttaly, April 22-24
2010

B Post-process thinning (3D wafers obtained by
fusion techniques are as rigid as monolithic
structures) = less material

B Dead area reduction (readout electronics can
ana]og substrate be designed with Vil"TUG”y no per'ipher'al
circuits = 4-side buttable detectors)
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[ 3D-IC Consortium and AIDA ]

B International laboratories and universities with interest in HEP formed a consortium for
the development of 3D ICs (http://3dic.fnal.gov)

BE.  The Consortium made a considerable effort to organize and finalize the first
multiproject run (share the costs by sharing the area) in the Tezzaron/Chartered
130 nm 3D technology

v' Consortium was comprised of ¥ Benefits:
17 members from 7 countries = Sharing of designs
= Fermilab, Batavia = IRFU Saclay SDoefv'I'eMl/cc)lE‘)'g\err“-‘c.) o:afnp seC|a|
= University of Bergamo = LAL, Orsay pProg . .
.:g_' = University of Pavia = LPNHE, Paris u Developmen’r of libraries
© = University of Perugia = CMP, Grenoble and test structures
X< 8= INFN Bologna . : .
§§ = INFNPisa = University of Bonn Desugn review
= INFN Rome : 2@4 PL\)ni}/ersnpy |of dScience = Sharing of results
= CPPM, Marseilles echnology, Folan . :
= IPHC, Strasbourg = Universitat de Barcelona FrequenT meetings

= Cost reduction

B The WP3 of the AIDA project (Advanced European Infrastructures for Detectors at
Accelerators) aims at establishing a network activity to enable access to vertical
integration technologies
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Some examples of intelligent pixel
detectors




[ Monolithic active pixel sensors in CMOS technology

COLUMN LINE

SELECT

Elementary cell

amplifier

l To the col.

P-type, high resistivity, epitaxial layer

acts as a potential well for electrons
(Feasibility with non epitaxial CMOS processes has been
demonstrated by Dulinski et al., IEEE TNS 51 (2004) 1613)

Electrons diffuse until they reach
the n-well/epi-layer junction

Charge-to-voltage conversion is
provided by sensor capacitance

Extremely simple, mostly 3T, in-pixel
readout configuration (no PMOS

G”OW@d) (Examples of advanced functions integrated at

the pixel level are available in the literature: G. Deptuch et
al., NIM A512 (2003) 299)

B CMOS MAPS might be thinned down fo a few tens of microns with no
significant degradation in charge collection

B Functional density and circuit complexity at the pixel level may be
limited by fill factor constraints and PMOS unavailability
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| DNW MAPs ]

E.  MAPS may satisfy the requirements
(resolution, multiple scattering) of the
experiments at the future high

Standard N-well luminosity colliders

B DNW monolithic sensors were proposed
to improve readout speed through
sparsification techniques

P-substrate

E A DNW is used to collect the charge released in the substrate

B A classical readout channel for capacitive detectors is used for Q-V conversion
- gain decoupled from electrode capacitance

B NMOS devices of the analog section are built in the deep N-well

e Using a large detector area, PMOS devices may be included in the front-end
designh = charge collection inefficiency depending on the ratio of the DNW area
to the area of all the N-wells (deep and standard)
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[ DNW MAPS front-end architecture

]

Ve

i

Thoroughly described in IEEE Trans. Nucl. Sci., vol.
56, no. 4, pp. 2360-2373, Aug. 2009.

o |

Ini

~

%

Cr
DNW collecting Charge
electrode preamplifier

I
I
C2

RC-CR shaper

Vi

- To the digital
‘ section

Discriminator

B Sensor and front-end (analog and digital, not shown) electronics
integrated in a 50 um pitch pixel (130 nm CMOS technology)

E  Continuous time shaping, selectable peaking time (200 and 400 ns),
30 uyW/channel power dissipation, C;*300 fF, W/L=14/0.25 for the

preampli input device
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Layout of the elementary cell (Apsel series)

Shaper feedback
network MIM ca
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[ MAPS matrix with data driven readout ]

B A dedicated readout architecture to perform on-chip data sparsification has
been implemented in the Apsel4D prototype

 time stamps are generated in the chip periphery and associated to hits
« matrix logically organized in macro-pixels (MP, 4x4 pixels)

* two lines from the periphery to each MP (one tfo communicate the arrival of a
hit, the other to freeze, reset and re-enable a hit MP)

 data are brought out of the matrix through horizontal lines running along each
row and shared among the pixels in the row

column
enable lines
(in common) Macro pixel (MP)

S 4x4 pixels

Data
lines B
(in common)

private

%n Dummy ma‘rr-nx
o] :‘-«-st?n Periphery readout logic

out bus
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[ Beam structure at the ILC experiments ]

B The International Linear Collider (ILC) is a linear e* e~ accelerator, which will be
operated at 500 GeV/1 TeV

e The beam structure at the ILC will feature 2820
bunches per train, each lasting slightly less than 1 ms,
with an interbunch period of 330 ns and a repeftition
rate of 5 Hz

B The operation of many monolithic pixel readout chips
has been tailored on the beam structure of the ILC;
therefore, in some of these chips, an acquisition
interval (corresponding to the bunch train period) and
a readout interval (corresponding to the intertrain
period) have been envisioned

. 09 ms | 0.2 337 ns

Digital readout
/
I

< bunch train interval > < intertrain interval —*
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| DNW MAPS for the ILC (SDR series) ]

E A different DNW MAPS version has been developed (in a 130 nm CMOS
process) for applications to the ILC vertex detector, requiring relatively small
point resolution (5 ym or better); this translates to severe constraints on the
pixel pitch, which was reduced to 25 ym with respect to the Apsel series

MAPS (50 pm)

Layout of the
elementary cell of the
SDRO MAPS chip

wr gz

\ 4

25 um

S

48
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[ Shaperless front-end for DNW MAPS (SDR series) ]

B The analog front-end has to be simplified taking into account the reduced
dimensions of the elementary cell; the signal processor only includes a charge
preamplifier, whose bandwidth is purposely limited to reduce noise

Charge preamplifier Discriminator

0.04

0.02]

Preamplifier output [V]

-0_02\:\\\\\\\\\\\\\\\\\

0 5 10 15 20 25
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[ Digital front-end (SDR series)

]

E The elementary cell includes a 5-bit time stamp register and a
set of logic blocks implementing data sparsification; the 5 time
stamp bits are fed to the register by a Gray counter located at
the chip periphery (5 bits allow the bunch train interval in the
ILC beam structure to be subdivided into 32 time slots)

& During the bunch train period, when a pixel is hit, its
discriminator fires and sets the hit latch; the hit latch output is
used to freeze the content of the time stamp register

4T

From the
discriminator

10T

i 4] Master Reset

Get X bus

4|

»

S
R

Q
Qb

Lat_en

y

hit latch

token
passing
core

control

time stamp

Implemented by INFN Pavia from a
FNAL idea

Get Y bus

To the time
stamp buffer

From the time
stamp counter
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[ Digital front-end (SDR series) ]

Implemented by INFN Pavia from a
FNAL idea

kAt the end of the bunch train period, when the readout phase
begins, the latch_enable signal is switched off and the token is
launched through the MAPS matrix; each hit pixel, after Get X bus Get Y bus
receiving the token, gets hold of the column and row buses at the
next cell clock rising edge, and releases position and time stamp
information within a cell clock period; within a very short time, 4|
the hit latch is reset and the token is released and sent out to
the next hit pixel or to the matrix output ~ L

To the time

{ 4] Master Reset stamp buffer
From the
discriminator 10T
» S
Q
R ob
B | Lat_en

time stamp
register
bus From the time

token COE,t:rm stamp counter

passing
core

y

hit latch
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[ Token passing readout for DNW MAPS (SDR series)

Readout CK
4
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ra
4/
7

Serial data

- -
Cell CK
A4 A Time A 4
=1| M scamp [ %22
1 1 Buffer 1 1
_IGell gxpl- |° | Jcell gxp-
First (1,1) TS (1,2) TS
token in ~Tkin Tkout ~Tkin Tkout
4 1
Yb Yb
"1L| Y=1 f lg Jg
(2,1) ool | . (2,2) pg
| TkoutTkin-« Tkout Tkin-
4 iy | gvo I g¥b
Y= . ! i | I
. Cell gxp- . Cell gy
Last | (16,1) g (16,2) g
token out ] .
Tkout Tkin-~ TkoutTkin-
4
E[:::] 1 Yb Yb

Stamp

1 Buffer

- 4

X=16
2 1

Cell gxb
(1,16) g

TkinTkout

-

ngb

Cell gxb
(2,16) g

TkoutTkin

L

ngb

Cell gXb

(16,16)TS
Tkout Tkin

L

ngb

-

'
P Buffer 16

5

Time
Stamp

gXb=get X bus
gYb=get_ Y bus
TS=Time_Stamp
Tkin=token_in

Tkout=Token_out
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[ 3D

pixel sensors

Vertical integration processes represent a .
technological leap in the design of monolithic Conventional MAPS
radiation sensors

In a conventional monolithic sensor

the sensor and the front-end electronics share pixel area, with
a consequent loss in collection efficiency and/or fill factor; for
the front-end electronics and sensor to coexist in the pixel,
non optimized design solutions for both have to be accepted

control and support electronics is placed outside the imaging
area, where they form a dead region for the sensor

In the 3D version of a monolithic pixel sensor

the sensor area can be fully active, resulting in a four-side
buttable chip;

3-D Pixel

circuit density and functionality is increased due to the
availability of multiple layers of electronics

each layer of the detector can be optimized from the
standpoint of the fabrication process
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[ Key technologies for wafer level 3D integration ]

B Several process sequences have been developed to fabricate wafer stacks; many
of them depend on the following enabling technologies

= Through silicon via (TSV) formation: fabrication of electrically isolated connections
through the silicon substrate; the diameter of the TSV is dependent on the degree of
access to an individual stratum, which in furn depends on the application

e Thinning of the strata: stacked layers may be thinned to below 50 pm in memory stacks,
25 um for CMOS silicon circuits and to below 5 um for SOTI circuits

e Alignment: a precision better than 1 ym is required

e Wafer bonding: may be obtained through oxide to oxide fusion, direct copper fusion,
copper/tin bonding or polymer bonding; bonding can be made between two wafers,
between a die and a wafer or between two dice

B Wafers to be bonded may come from the same process (homogeneous
integration) or be based on different technologies (heterogeneous integration);
if the different layers of the circuits perform qualitatively different tasks (for

example, sensing and signal processing) then the most suitable technology can be
chosen for each layer
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[ Vertical integration processes ]

1st wafer

< NAND 8 Stacked Memory Card >

y v 8 Chips el
7 metal _ o Anwid

/ "/ +oxide
v/ / +2d wafer
&/ ’ substrate

S

&
£

< 2 layer MAPS for particle tracking >
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[ Tezzaron/Chartered homogeneous 3D integration ]

B Inwafer-level, three-dimensional
processes, multiple strata of planar
devices are stacked and interconnected
using through silicon vias (TSV)

B 3D processes rely upon a set of enabling
steps
e TSV formation

E Substrate thinning (below 50 ym)

e Inter-layer alignment and
mechanical/electrical bonding

B Tezzaron Semiconductor technology (via 1 = i el Y
middle approach) can be used to vertically ’3
integrate two layers specifically _gh

processed by Chartered, now
Globalfoundries (130 nm CMOS, 1 poly, 6
metal layers, 2 top metals, dual gate N
option, N- and PMOS available with
different V,,)
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[ Migration to a 3D process (SDR series) ]

B, Use of a 3D process makes it possible to separate analog from digital section
to minimize cross-talk between digital blocks and sensor/analog circuits

Analog section Digi’ra'l/sec‘rion Digi‘ral/sec’rion
) 0

_______________

DNW sensor

Analog\section

DNW sensor

= Tier 1: collecting electrode (deep N-well/P-substrate junction) and analog
front-end and discriminator

® Tier 2: digital front-end (2 latches for hit storage, pixel-level digital blocks
for sparsification, 2 time stamp registers, kill mask) and digital back-end (X
and Y registers, time stamp line drivers, serializer)
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| Analog FE and discriminator: the SDR1 3D MAPS ]

1st layer : 2" layer
v Vfok :
- AVDD ' AVDD bvDD
— 4 :
e I
- |
it
f - — . Vv, =
- AGND
H 2 2
C. DGND
20 pm pitch B Power cycling capabilities
E W/L=20/0.18 ®  Charge sensitivity (6g):
E Iy=14pA, power 800 mV/fC
dissipation=5 pW B  Equivalent noise charge (ENC): 35 e-
B Cy=200 fF B Threshold dispersion (AQ,): 36 e-
E  ~1ps peaking time (28 e- from the SFE, 22 e- from the

discriminator)
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[ Digital front-end

B

Digital front-end complexity can be increased; double hit detection,
two 5-bit time stamps and a kill mask can be included

Time
StampQut

-

o
"3
ar
e
-
D o
g Y
MLatch =7
Enable = u § E
Y Y ¥ o v
from the = =
discriminator 5 Q
-—- o b @ |
FRSAK FFD TSR-1 RO_EN
> Cp
LR Q —
K Q TN T_OUT
Y
| | 8T RO_EN
|
KillMaskin —=—p Q| ) Q Q |
b il
FFD FFOR
- Fro 5] | Tsr2 ROEN
KillMaskClk —»——>cp >CP N
cP
Q Q 5 _
i < Q TN T ouT
R 10KEen passing core ‘-&;
2
ST RO_EN
Q| NAND |
—— KillMaskOut )

TimeStampln
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[ Digital front-end

B

During the bunch train period, the SR FF (FFSRK) is set, and the relevant time stamp
register gets frozen, when the pixel is hit for the first time

Upon a second hit, the D FF (FFDR) is set and the

Time
StampQut

-

It
"3
. . n
relevant tfime stamp register gets frozen ¢
T
5O
NLatch =3
Enable =d = z
¥ Y ¥ Q v
from the = =
discriminator . ..: s Q
-———— . D Q |
FRSAK FFD TSR-1 RO_EN
>cp
L 1R a —
K Q TN T ouT
_ | e—
| | sT RO_EN
|
KillMaskin ——p ol 4 b @ a |
D
FFD FFOR EFD ROT EN
KillMaskClk —=——=cp =P . - 5 | TSR2
a a 5 _
a ) Q Q T N T ouT
token passing core ¥
=
e
ST RO_EN
Q| NAND |
— KillMaskOut )

TimeStampln
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[ Token passing readout architecture

\oo

gX=6etX

gY=6etY
TS=TimeStampOut
tki=TokenIn
tko=TokenOut

Time stamp
counter

y
ReadOutCLK .
sects g DataOut
> MUX =
8 Y .
) T ) T ) T—
FirstTokenIn X=1 TSBUF X=2 TSBUF X=256 TSBUF
-3 1 :_M_l t A —— t Y
d D tki__gX D tki_gX_|—> 1ki| _gX_|—>
J' TS P J' TS > J' TS >
Lgd| tko gY tko gY Lgd| tko gY
— v-1 |« E = = = =1 1y
I
D 1ki|_gX ) D 1ki|_gX_|—> tki|_gX_|—>
J- TS > J TS > J TS =
Lyd| tko gY tko g¥Y Lgd| tko gY
P yo2 ~ A * 14 * —_—1a {
| |
D tki|_gX | D tki|_gX > tki|_gX :I
TS 1 > TS 1 > TS | >
Lgd| tko gY tko gY Lyd| tko gY
—| y=240 |« 1y 1t v —1—1 v
h
LastTokenOut
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[ Elementary cell layout: bottom and top tiers ]

Inter-tier Inter-tier
connections connections

Analog section and N-well Digital section and
discriminator NMOS discriminator PMOS
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[ SDR1 test results ]

| CELL ENABLE (when it is low, it enables the FIRST-HIT FF)

B. 3D interconnection and

token-based dlngGI MASTER RESET
r'eadouT CIZCTPOHiCS fu”y | (when it is low, it reset the FF)
functional !
. VIH V|1 pa ouTPUT
B No coupling between the .
digital and analog sections Hit | Reset

v 4 OUTPUT SIGNAL
of the FIRST-HIT FF

““““““““““““““““““
. —+—2nd latch | | 1 —+—2nd latch | |
—®— 1stlatch | | —=&— 1st latch | |
I Pixel (2,5) | I Pixel (0,4) |
08 - - 08 4
> = ‘ > F
2 06| ‘ S 06 -
a ‘ a
N / |
@ L ‘ © L
E’ 04 - g 04 -
T r ‘ T I
02 [ 02 I
0 9 O essasmappessaetentttd 00 A |
I T T N T 1
368 372 376 380 384 388 392 396 400 368 372 376 380 384 388 392 306 400

Voltage Threshold [mV] Voltage Threshold [mV]

L. Ratti, Intelligent front-end for pixel based instruments: front-end and novel ideas - INFIERI 2013 Summer School 63



[ 3D MAPS: test beam results

Telescope
module 1

Telescope
module 2

efficiency (%)

Rotating —
plate

efficiency vs. threshold

100.0 -
99.5 -
99.0-
98.5 1
98.0-
97.5 1
97.0-
96.5 1
96.0 -
95.5 1

xgégﬁg

chip#12 O
chip #53 A
chip #55 +
simulation X

'3

X
+
@

¥
d
_l_
f

SESOE S
threshold (DAC counts)

qglx

B 3D technology may provide some
advantage fo DNW MAPS in

terms of detection efficiency
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[ Quadruple well CMOS technology

B

E

E

Charge collection efficiency of MAPS structures developed in a standard
CMOS process can be affected by the presence of competitive N-wells
needed for in-pixel logic suited for a fast readout

In a quadruple well CMOS process, a deep P-well is used to shield the N-wells
from the sensitive layer of the device

Different epitaxial layer options - high resistivity epitaxial layer (1 k€2-cm)
expected to provide better charge collection properties and higher bulk
damage tolerance

NWELL SUE NWELL NWELL SUE NWELL
DIODE CONT NMOS CONT PMOS DIODE CONT NMOS CONT PMOS

©

DEEP PWELL

EPITAXIAL LAYER

SUBSTRATE SUBSTRATE

Standard resistivity epitaxial layer High resistivity epitaxial layer
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| Apsel4well pixel layout ]

Pixel layout w/o DPW layer DPW (yellow) and NW (pink) layers

W=8um L=15uym D=27 ym
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[ Apseld4well detector

Ml ]
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| Apseldwell pixel layout ]

[ |
| e,

Ces Shaper Discriminator T —

PIXEL
PATHs 3 o 1
C'I RDI‘::I,L g § = l .ATE‘:I-.”’; WIT .
TStamp N = !
Fese: W B ' |
" mask ¥ Y .

o5 L " | L > % ﬁ

= — L1 Y
T —_ Vth LaichEna o orour
Vs
Charge lomir § In-pixel logic
Preamplifier |=l_

B 4 interconnected N-well diffusions as collecting electrode

B Charge PA, shaper and threshold discriminator

B In-pixel logic with tfime stamping capabilities, readout can be data-push or
triggered
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[ In-pixel logic ]

Bl Complex in-pixel logic can be implemented without reducing the pixel collection efficiency.
Readout can be data push or triggered (only selected time stamps are read out)

E  Timestamp (TS) is broadcast to R —— BN T e — '“:
pixels and each pixel latches the | = |
current TS when fires i jateh i

| From ‘| HitFF l = ValidHir | |

B Matrix readout is TS ordered | comparator . — 7 |

* A readout TS enters the pixel | é e Hit
and a HIT-OR-OUT is | & | Column

. ' RESET, = | chain

generated for columns with | MASK = |
hits associated to that TS ; Enable | o] .

«  mA column is read only if HIT- oz 3 ‘ |
OR-OUT=1 | K E| |

« DATA_OUT is generated for ' DATAline % o S i
pixels in the active columns T S R B 20 B
with hits associated to that b | 5
TS, LI : “there are hits”
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[ Ancillary electronics in readout chips ]

B Readout chips for semiconductor detectors also include several blocks aiming to
optimize chip operation -1 10
| |

g Threshold dispersion is one of the most important
parameters affecting detection efficiency in a DAC
readout chip; it arises from systematic and random
variations in device parameters; as a consequence

: ) . . Y%

of threshold dispersion, two binary channels with DAC

identical input charge may feature different —> Vo >

responses (one fires, the other one does not) From the N f In-pixel
shaper logic

Raw thresholds “Tuned thresholds n -

black = 500e blafzk = 500e V. +V

white = 6000e white = 6000e bl th

140
120
100

3

g 80
% g D/A converters, with the relevant
40 registers (one set for each channel)
20 are used for finely tuning the
0 threshold and reducing the channel

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 . .
column # column # dlsper'smn
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[ Ancillary electronics in readout chips ]

B Readout chips for semiconductor detectors also include several blocks aiming to
optimize chip operation

Bk The possibility to inject a well known amount of charge at exactly the same input node of the
charge preamplifier where the real sensor will be bonded is often required in a readout chip for a
twofold purpose:

1. to make an extensive (involving all the channels) and possibly automatic functional fest of the
chip;

2. to enable channel-by-channel gain calibration and threshold dispersion optimization, again
possibly through an automatic procedure;

the test signal amplitude is generally controlled by means of a programmable DAC register

e Inamultichannel circuit, like the ones used for pixel or microstrip readout, some cells may happen to
be malfunctioning or exceedingly noisy, therefore appearing as always firing; since such channels do not
provide any useful information, they could be switched off or simply disconnected from the readout
flow to free some bandwidth; this is generally achieved by loading a kill mask during the chip
configuration phase, indicating which channels should be marked as dead

g Off chip data tfransmission is generally performed using low voltage differential signaling (LVDS) levels
(faster and more robust against common mode noise); therefore, CMOS-to-LVDS and LVDS-to-CMOS
conversion circuits are needed for communication from and to the chip
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| 3D hybrid pixels ]

B Development of a 3D front-end chip to be vertically integrated with fully
depleted detectors through some more (bump bonding) or less (direct bonding)

standard technique
Digital
section e T 5 g
Z : Direct

Bump Analog - -_---”_--°°C bondin
' g (e.q.
?ond;[nng) section — Ziptronix,
e.g. iptr
—) a2 ! 2nd layer T-Micro)
8 detector layer 8 8 detector layer 8

B Connection through direct bonding techniques may provide some advantage:
* less material in the detector region

* more mechanical stability for possible post processing steps (e.g., thinning)
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[ Superpixl front-end chip for hybrid pixel detectors ]

E 2-tier design (130 nm CMOS process), 50 um pitch
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[ Superpix1l analog front-end features

Main front-end design features
Preamplifier Input Device 18/0.25
[um/pm]
Analog Power Dissipation 135
[WW/pixel] '
Peaking Time (Qinjec+ =16000 e-) 250
[ns]
Charge sensitivity 48
[mV/fC]
ENC @C,, = 150 fF .
[e- rms]
Threshold dispersion
(before/after correction) 560/65
[e- rms]
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[ The threshold dispersion issue ]

Bl Inamultichannel binary readout circuit, "
random and systematic variations of

. . . Ck ]
process (doping) and geomeftrical (device ¥ lz S
dimensions, thickness of the various .
involved layers) parameters may be Vi
responsible for introducing non “/ Tt ' -
uniformities in the parallel path followed QGl% f logic
by the signals | Vi, ?

E.  Two channels, nominally identical to each Vin+AViy,
other and featuring a common threshold Cr
at the inverting input of the -

discriminator, may provide different J
responses to the same charge pulse at ; Tty Lol
the preamplifier input Qél % ya e
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[ Threshold correction analysis ]

QS w4

Bl The output range of the Y T
DAC, 6oy, (o4, being the
threshold dispersion
before correction), is
subdivided in 2" intervals

S~

n-1 10
| === | |
DAC
VDAC 0
"V bl n <th> PV, )
N~
In-pixel
logic Bl Ineach cell, the threshold correction is
N obtained by programming the DAC so as to
VitV shift the actual threshold as close as possible

= to <v1-h>
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Optimum DAC configuration for threshold correction ]
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[ Threshold correction

-

\_

Threshold tuning procedure

~

With threshold scan
techniques the threshold
voltage is measured for each
channel

¥

y

A

The average threshold voltage
value is calculated

)

-

v

For each channel, the
difference between its
threshold and the average
value defines the bit sequence

~

v

The bit correction sequence is
loaded during the programming
phase

J
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[ Requirements for applications at FELs ]

B Free electron lasers are bound to become the predominant tool for the
investigation of natural phenomena in several fields: structural biology, chemistry,
material science, atomic and molecular science

B FELs emit high intensity beam of ultrafast X-rays
* energy range: 100 eV to 10 keV (A from 10 nm to 0.1 nm)
* pulse duration: tens of femtoseconds to picoseconds

 repetition rate: 100 Hz (continuous mode) to 5 MHz (burst mode)

B A wide dynamic range is
foreseen for the signal emerging
from the X-ray interaction with
the samples under test - 1 to
10000 photons (= 80 dB) and
single photon sensitivity =
severe requirements for the
front-end channel noise and

sensitivity properties and for - . o Bal gt
the ADC resolution t=-=2fs 1=213 t=5fs t=10f8 1=201s i=501s
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[ Gain calibration circuit

E Developed for the
DSSC (DEPFET sensor
with signal
compression) chip

E Programmable internal
pulser for application
to a 2D X-ray imager

B 8-bit resolution needed
to meet the sensitivity
requirements for the
front-end channel

Chip Periphery

n x m Plxel Sensor Matrix

1

1

7>

il

Signal
injection

Pulser

En + _______ En +
Pulser
Signal
r injection r
|
Inject
signal ) 11
Pixel Cell
Pulse
amplitude

8 bit
Current
steering
DAC

Gain

L .
Pixel Cell

1

N/

_______ En+

Signal
injection r

Signal
injection

Pulser

(n,1) 4 (n,m)

Pixel Cell

Pixel Cell

M. Manghisoni et al., "High Accuracy Injection Circuit for Pixel-Level Calibration of
Readout Electronics”, 2010 IEEE NSS Conference Record
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[ Pulser configuration

B Unary current source architecture with 255 cells arranged in a two-dimensional
array (16x16)

E  Thermometric selection of current cells

Input Registers

4
/ > Column Decoder
16
\4
1| 2]3]4]s
5 Out+
4 |3 |16 —>
[l 8 Ly 255
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[ Pulser operation ]

E. DAC current is

mirrored into each pixel

by means of a 10:1 I ijocton
mirror e 8 k 8 k —
amplitude +_ 8 bit 0.5p —
B\ Mirrored current is 1 Stoorng i
switched from one branch i —— DAC = =

of the differential stage
to the other to produce a
voltage step at one -

terminal of the injection fect B
capacitance 20 - I 20
L

E.  Charge injection into each
pixel cell is disabled both 200 104
by opening a switch in
series with the injection
capacitance and by turning |: 2
off the mirror current |

Cell /
Enable 7

-

Pixel Cell
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[ Voltage drop along power

and ground lines ]

E

Resistivity on the power and
ground lines may be responsible
for an unwanted voltage drop =2
non-uniformity in the behavior of
nominally identical circuits

M2x I—o———— H: M2

10:1

|:M2

Pixel Cell

- —— W

<

l GND Pixel Cell

Vs voltage in M1 is forced to be
the same as in M1x by virtue of
the large gain A of the amplifier
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[ Dead area issue in radiation detectors

Bl  Modules of limited size

Bl Gap between modules = missing
data

[ A AR ER D =
Sl 1300 52 g e U ]

Bl Dead area generally
corresponding to the area taken
by the readout circuits at the
periphery of the chip

B, The sensing layer itself may
include some dead area (e.g.,
guard rings)
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[ Enabling technologies for 4-side buttable modules ]

active edge sensor

Conceptual proposal for a 2D

X-ray imager
high density
interconnect low density
bond

peripheral TSVs
pads

low density
bump bond

bump
bonding

high density TSVs
9 y readout .
chip active edge
sensor
front-end+ADC P TR T YR TSN TEY T YTTTNTPRT
- 1 1 ;/ ]
iiii-ilil-iiii‘

hybrid board
digital readout+memary yorid boar
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[ Conclusion ]

E

Pixel detector requirements for next generation experiments at high luminosity
colliders and X-ray sources are extremely challenging

* high granularity = small room for electronic circuits
* high hit rate = high speed, on-chip memory
* data reduction = hit discrimination capability

* radiation hardness

More functionalities need to be built into the readout chip to satisfy the
specifications

« front-end performance improvement

« data selection and hit discrimination (bandwidth reduction)

Technology evolution (both in the ‘'more Moore’ and the ‘more than Moore' sense)
makes it possible to follow the trend and, actually, has a role in enhancing it,
leaving room for creativity and continuous innovation
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[ Vertex detectors in future HEP experiments ]

B Experiments at the future particle colliders (or upgrade of present colliders)
will set severe requirements for the front-end electronics

small amount of support
material and interconnection

— — [-H“n de'l‘eC'l'or‘s

low mass cooling |y .
power dissipation \

high functional

High grnularity] wy. () densty
plTCh ‘ data ™
large ~ sparsification |
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loss due to PMOS
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hardness by design
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