
How can Moore’s Law help 
making better detectors?

Larger and cheaper detectors need 
smaller and more powerful chips.
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Simplest Instrument of all
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Measurement accuracy: ± 1/16” (from Bosch online catalog).

TDC resolution < 10ps.
Very likely SPAD based optical receiver.
Much greater convenience for certain measurements.
…



Instrumentation

1960 Price 1960 Adj Price 2015 Price

Type 551 dual beam 
30 Mc scope

2,600$

Preamplifier 400$

Total 2 ch scope 3,400$ 21,620$

TDS2001C quad-ch ~1,000$
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Electronics in cars

• 1965 Car
– Ignition (really electronics…?)

– ?

• 2015 Car
– Engine

• Fuel Injection
• Emission control
• Hybrid engine control
• …

– ABS
– Safety

• Air bags
• Emergency brake

– Transmission
– Driver Assistance
– Navigation
– Cellular Phone
– Entertainment
– Audio

Target for 2030 is the full ADAS (Advanced 
Driver Assistance System), i.e. fully 
autonomous (co)pilot. 
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Value of Electronics in Cars
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State-of-the-art processor 
for ADAS
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Sensors in ADAS System
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___________________________________________
From Intel’s White Paper: “Advanced Driver 
Assistant System”



Evolution of FE electronics
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Courtesy of J. Kaplon (CERN) : 
Front-end for 2015 MPA chip for CMS



Complex Data Processing in DosePix
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1-2 Analog FE
3 DACs
4 Digital circuitry

• 22K transistors/pixel
• 130 nm CMOS
• 8 metals (3 shown here)
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50th anniversary of G. Moore’s paper
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50th anniversary of G. Moore’s paper
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Who’s scaling

Moore’s Scaling Dennard’s Scaling
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1965 statement still true in 2014

A. Marchioro / VCI 2016 16_____________________________
from M. Bohr, Intel IDF 2014



What scaling?
Feature 1970 [1] 2015 [2] Ratio

Wafer Area f=4” f=12” 9 x

Lithography 10 um 14 nm 700 x

Performance 92 KHz 3 GHz 32,000 x

Price/Transistor 1/60,000 x

Energy/Comput
ation

(1/2 C1V1
2) (1/2 C2V2

2) ~1/50,000 x
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_______________________________________________
[1] 1970 numbers are based on Intel 4004 processor
[2] 2015 numbers are based on Intel 14 nm technology



Or my scaling…
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Scaling revisited

The fundamental objective that the microelectronics 
industry has pursued in the past 50 years may not 
have been:

“How to make transistors smaller and smaller at each 
new generation” 

but rather:

“How to make transistors (i.e. functionality) cheaper 
and cheaper at each new generation”
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Why do we need advanced 
technologies?
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Power used in (digital) integrated circuit:

P = Pdyn +Pstatic

=a ×N × f ×C ×Vdd
2 + Ileak ×Vdd

with:

a : activity factor

N : number of transistors switching

f : operating frequency

C : wire+transistor capacitance

Vdd : operating voltage

Ileak : leakage current (i.e. current when device is off)



What do we want from a transistor anyway? (sorry engineers…)

• A transistor (a digital transistor) is a device that has to have 
the following characteristics:

– to work as a switch (on or off)
– make a transition between the two states in a time as short as 

possible
– has no leakage current when off
– has to deliver high current when on (to drive strongly the next 

stage). 
• Unfortunately this it is not uncorrelated from the previous 

requirement

– make a transition between the two states with a voltage drive 
(Vg) as small as possible

– control terminal should not be influenced by input/output 
terminal(s)

– be physically small (otherwise other “parasitics” ruin the party)
– Must have complementary type (i.e. a second type which is 

turned on when the first is turned off using the same “control”).

• Good “analog” characteristics are desirable but by far not 
necessary or even important for the the majority of 
applications. 
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Strained Silicon

Timeline of significant innovations
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1997  1999  2001  2003  2005  2007  2009  2011  2013  2015

Node 180      130      90     65    45       32        22    14  [nm]
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High K-metal gate

Wet litho

FinFET

Cu metalization

SOI



Technologies around the corner

• FinFet

• FDSOI

• TSVs

• Wafer-to-wafer stacking

• Truly 3D monolithic CMOS

• New materials (III-IV, Ge, GaN, SiC, etc.)

• New phenomena: non kT/q controlled 
thresholds slopes
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Refresher: 

the classical planar transistor

Gate Oxide



FinFET: a new device with a long incubation

27

IBM – 1992Hitachi – 1991

Toshiba– 1987Hitachi(?)– 1984
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FinFET Detail
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• Lg same for all devices

• Hfin >> Tfin

• Top Ox same as Lateral Ox -> Tri-Gate, 
– if >> Lateral Oxide -> FinFET

• Wfin = 2 * Lfin (+Tfin)

• W S,D >> Tfin

WD



Multi-Gate variations
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Intel’s tri-gate
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Intel TRI-Gate
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Typical FinFET dimensions
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From the ITRS 2011 report



Technologies around the corner

• FinFet

• FDSOI

• TSVs

• Wafer-to-wafer stacking

• Truly 3D monolithic CMOS

• New materials (III-IV, Ge, GaN, SiC, etc.)

• New phenomena: non kT/q controlled 
thresholds slopes
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Intro: about switching transistors
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The kT/q limit, or 
the “Boltzmann tyranny”
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Source Source

DrainDrain

Vg = 0
Transistor off

Vg > 0
Transistor on

H H-Ψ

To change the current in a MOS transistor by one order of magnitude,

it turns out that the gate voltage has to be changed by:

SS = ln(10)
kT

q

If the static leakage in a multi-million transistor chip has to be 
Ioff

Ion
<10-6  then

the transistion region between off and on will have to span at least:

VTRAN = 6 × ln(10)
kT

q
» 360mV



Quantum tunneling devices
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Source Source

DrainDrain

Vg modulates the
Tunneling width

It turns out that certain devices can actually be built with atomic dimensions

where band-to-band tunneling can be achieved with SS < 60 mV/decade.



Sub 60mV/decade FETs
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Scaling summary: 
Is scaling really finished in industry?

• If one calls “scaling” only the (2D) 
miniaturization of transistors, then definitively 
Dennard’s scaling is closer to saturation than 
Moore’s.

• If instead one calls scaling the reduction in cost 
(somehow) of the $/transistor on a chip, then 
several more generations are ahead of us.
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RH ADCs, circa 2002
Commercial

• Bipolar tech
• 595 mW, one channel

– FOM:   7.2 pJ/conv

Custom (designed for CMS)

• CMOS

• 120 mW / channel: 

– FOM: 1.4 pJ/conv

• No need for input and output 
adapters
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2015 State-of-the-art published ADC FOM: ~ 0.01 pJ/conv



Tracker FE chips: APV
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CBC key features

• 130 nm CMOS 

• 256 channels

• 300 uW/ch on ~ 5 pF sensor 

• previous generation >  675 uW/ch

(normalized on 5pF)

• noise ~ 850 e-

•Built-in Logic to form trigger primitives

APV25 - ~2000 CBC - ~2014



High complexity FE for trackers:
the MPA

• Functionality
– two layers sensor to find promptly “stiff” 

tracks through prompt combinations of 
hits in FE chips
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MPA Proto (3x16 channels)

• One macro pixel 
(1500x100 um) contains:
– normal analog FE for 

amp/shaping/discriminating
– clustering logic
– re-alignment logic
– pixel-strip trigger logic
– storage for L1  2,000 logic gates + 512 

bit SRAM/pixel
– periphery with 3,000 gates common 

logic/pixel

___________________________________________
From talk by D. Ceresa @ TWEPP 2015



High Speed Links: The GOL {$}

High density, low power CMOS 
allowed not only to implement a 

high speed serializer in a chip, but 
actually three to combat SEU effects
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{$} Paper presented at LEB 1999

Serializer FOM: ~ 200 pJ/bit



2016 Links
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High density pixel design: RD53 pixel
• Architecture and floor-plan for large pixel chip

– Memory size: 
• 2x2 macro-pixel -> 8 hits buffer

• 4x4 macro-pixel -> 16 hits buffer

– Memory size is the critical issue for a 50x50 um 
pixel

– Benefits from higher density technology in:
• Power

• Buffer sizes

• Logic implementation, triplication

44

RD53A

A. Marchioro / VCI 2016_____________________________________
from J. Christiansen, RD53 Collaboration



SRAM Density Comparison

Node SRAM Cell Area
[um2]    {$}

KBits/mm2 Relative Density 
Gain

130nm 1.2 814 1.0

65nm 0.55 1776 2.2

28nm [bulk] .1 ~10K 12

14nm [Finfet] 0.05 ~20K 25
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______________________________
{$} From various published sources 



FE memory with FinFET

TSMC Finfet Based SRAM @ IEDM 2014

Cell size: 0.07 um2

Min Operating Voltage: 0.45V

Access time @1V is 0.6ns

Application example:

If trigger latency @HL-LHC taken to 
25 us, the tracker F-E would need a 
1K memory per channel, i.e.

a 128Kbit buffer:

128 103 * 0.07 um2 = 8.9 103 um2

=> 94x94 um only !

(~ 100 x 100 um2 is the area of a 
bonding pad!)

Operation @ 0.5V => ¼ of the power
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from Shien-Yang Wu et al: An Enhanced 16nm CMOS Technology Featuring 2nd Generation FinFET Transistors 
and Advanced Cu/low-k Interconnect for Low Power and High Performance Applications, IEDM 2014

IEEE Copyright License # 3713701218108
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Conclusions

• Innovation in building new scientific instruments is not limited by the 
availability of electronic technologies! 

• Advanced technologies are nevertheless complex and require strong 
engineering teams, i.e. more collaboration and coordination in our 
small community.
– Only workable model:

• Ride carefully well established commercial mainstream technologies
• Stay with a single supplier: partnership is mandatory
• Join forces: foster support of libraries of high level, well constructed, 

truly portable IPs
• Be professional: demand strictly controlled and documented design flows

• Production cost is NOT dominated by the ICs themselves but by other 
elements, often our “boutique-like” assembly procedures

• Making more “disposable” detectors?
– Already done in some detectors: can we extend the idea?
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THANK YOU
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