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Topics

• Past predictions 
• How good are we at “forecasting (imagining?) the future”?

• Revisit some major innovations that allowed scaling to go-on for 50+ years

• Sub 10 nm devices are now on the market
• … and few atomic layers are left
• are we approaching the end of the road?

• Possible innovations allowing growth for another generation
• (Several) new devices from IEDM 
• (One) innovative circuit from ISSCC (If interested, please see backup slides)

• What use to make of sub-10nm transistors in HEP
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Past predictions (1971)
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The foundation paper (1974)
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Past predictions (1989)
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Past predictions (2001)
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What do we want from a transistor anyway? (sorry analog engineers…)

• A transistor (a digital transistor) is a device that “should” have the 
following characteristics:
• works as a switch (on or off)
• three terminals: an input, an output, a control
• makes a “sharp” transition between the two states (open or closed) in a 

time as short as possible (i.e. carry charge quickly through it)
• no leakage current when off (Ion/Ioff >[>] 106)
• … while delivering high current when on (drive strongly the load), 

Ion,min ~ 1mA/um
• control terminal induces a transition between the two states with a 

voltage drive (Vtr) as small as possible: P = ½ C Vdd
2 (today Vtr ~ 1/2 Vdd)

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

In fact modern deep-submicron devices have “horrible” analog characteristics 
and analog designers have a hard time to achieve what was “easy” 20 years ago



Brief review of breakthroughs in the last 20 years

• Lithography
• Computational lithography
• Immersion lithography
• EUV
• …

• Strained Silicon

• High-K Metal Gate

• FinFET
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Problem #1: velocity saturation

• Beyond a certain value of the electric field, electrons (and holes) are not 
further accelerated by an increase in the VDS voltage

Modern transistors operate here.
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Si Detectors operate here



Faster carriers: Strained Silicon (1)
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Strained Silicon (2)
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Problem #2: leakage through gate oxide
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High-K gate dielectric 
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How to get to FINFETs
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If one gate (i.e. control surface) is good, 
then two (or three or four) are even better
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Toshiba
1983

Hitachi
1991

IBM
1994

Berkely
2000

(*) Apparently a Japanese 1980 patent pre-dates all 
these publications but I have not been able to locate it. 



Multi-gate devices

• Intel: Tri-gate
• TSMC, GF, Samsung: Finfets
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Subthreshold slope improvement
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10 nm Finfet
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FinFET dimensions

From the ITRS 2011 report
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GAA nanowire transistor = FINFET++ 
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GAA nanowire transistor
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and yet…
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New Ideas
Negative Capacitance Transistors (Ferroelectric Transistors)
Tunneling Transistors
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What does Boltzmann have to do with 
microelectronics?
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[A little Gedankenexperiment (1)]
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[A little Gedankenexperiment(2)]
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[A little Gedankenexperiment (3)]
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[A little Gedankenexperiment (4)]
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A real exercise
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NC gate stack
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Other non-Boltzmann limited 
devices
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Tunneling Transistors: History
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Tunneling Transistors: Principle
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Tunneling Transistors: Example
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Summary: low supply voltage devices

• Currently with devices powered between 0.8 and 1.2 V, we use about 
400-500 mV (~70-80 mV/dec * 6 dec) in just turning them on.

• If one could reduce reduce the “transition region” to about 50 mV 
(SS ~ 50/6 = 8-10 mV/dec)  
• Then it would be conceivable to have a digital logic supply at 

150 mV therefore saving:

Power saving: (1.0)2 / (0.15)2 = 44 times

(i.e. you could recharge your mobile phone less than once per month)
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Other problems ahead
Interconnects
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What is more important: Transistors or wires?
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Metal Pitch [nm] Metal tickn.[nm]

0 56 40

1 81 42

2 73 40

3 76 37

4 80 75

..

11 1000 1000



Metal/Gate ratio in different technologies

Tech [nm] M1 Width/Space Ratio M1 Width/Lgate

250 320/320 1.28

130 160/160 1.53

65 90/90 1.5

28 50/50 1.7

14 (Finfet) 28/28 2
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Ultra-scaled metals
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Ultra-scaled metals (2)
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What’s next for HEP
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CMS-HGCROC BE Architecture

L1A
Memory

512 x [78x30] bit

On-chip
Event Builder

L1A

Serializer A
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Event Builder Architecture for HGCROC

Reduced Instruction Set
Processor

DAdd[10:0]

Instruction
Memory

512 x 16 bit

Data
Memory

512 x 16 bit

DData[15:0]

IAdd[11:0] IData[15:0]

Input Event[2500:0]
Output Buffer
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Power comparison: 16-bit RISC for FE electronics

130 nm 65 m 28 nm 
(estimate)

7 nm FF
(from 1,2)

5 nm
(speculative NC)$

fosc [MHz] 300 300 300 300 300

Vdd [V] 1.2 1.0 0.9 0.75 (.25)

N_cells 62325 65428

Area [um2] 1,501,000 454,000

Ptotal [mW] (one 
processor)

102 40.9 (14) (2.2) (0.24)

P/channel {*} [mW] 13 5 (1.7) (0.26) (0.03)
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Processors + I/D memories
Full Verilog, synthesized and routed with Innovus tool, no optimization

___________________________________________
{*} Assuming 10 processors per FE chip
{$} Assuming only Vdd scaling from 7 nm FF
{1} Shien-Yang Wu et al, IEDM 2013
{2} Shien-Yang Wu et al, IEDM 2016



How many electrons are needed to switch a logic gate ?

• 65 nm:  ~ 2500 e-

• 28 nm: ~ 850 e-
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Digital Amplifier for small cell Si sensor
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800 e-
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2 x min size inverters
28 nm

Sensor



Digital Amplifier (2)
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And what about 5 nm?

• A 5 nm “transistor” switches with < ~100 e- input signal

• That is the signal produced by a MIP particle in about 1um of silicon

Significant issues still exist in the integration of an 
appropriate sensor with very low parasitic capacitances 

(intrinsic and extrinsic), but from the point of view of 
the sensing electronics, it may well be possible to design 

a pixelized detector with sufficiently small cells to be 
read out entirely by simple inverters.
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Take home message
• ”Brute-force” growth (was called “scaling”) is being replaced by “more-sweat” growth

• More sweat also implies more investments, much more investments (especially human)!

• But lots of opportunities are still open for creative designers.

• Much functionality can still be added to detectors for physics

• The impact of “digital” is still very small in HEP, replace “quantity” of data with “quality” of data

• Beware, gain in analog may even be < 1

• More exotic technologies (TSVs, wafer stacking, adv. packaging...) may become available 

also for low-volume, but history teaches that one should bet on mainstream opportunities

• New engineering “structures” may be mandatory to exploit the above!
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Thank you
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Recent Circuit Trends
q Complex Architectures

q In memory computing
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Complex Architectures

• Where to use Intelligent Machines ?
• Self Driving Cars
• Data (Image/Video) Filtering (i.e. pattern matching)
• Robotics
• Medical (diagnostics, imaging etc.)

• Good for Technology:
• It requires huge computational resources (unlike IOT…)
• People (at least some) will be ready to pay more for new powerful hardware 

and this can support the development of more advanced techs (“virtuous 
circle”)

• Useful for HEP?
• Hopefully finally something can be done for new forms of event filtering, 

tracking and pattern recognition
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NN basics
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Memory access cost
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from V. Sze et al.: Efficient Processing of Deep 
Neural Networks: A Tutorial and Survey, 
ArXiv:1703.09039v2  

from S. Mitra: Abundant Data Computing



DNN basics

AM Seminar CERN 2019 57

Input Hidden Output

!" # =%
&
'&" !&(#)

* !" +
1 -. !" > #ℎ1
0 -. !" < #ℎ1



Complex Architectures
• Keywords: Neural Networks, Machine Learning, Neuromorphic 

Computing, Convolutional NN, Deep Learning, etc. etc.
• Impressive hardware @ ISSCC:

• 7.1 - Samsung - 11.5 TOPS, 1024 MACs, 8 nm, for mobile
• 7.2 – Toshiba, 20.5 TOPS, + 2 ARM cores + 4 DSPs, 16 nm, for automotive
• 7.3 – Univ. Michigan, 0.88 TOPS, 240 mW, 28 nm
• 7.5 – Tsinghua Univ., 14.9 TOPS, 330 mW, 65 nm
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A 2.1TFLOPS/W Mobile Deep RL Accelerator with 
Transposable PE Array and Experience Compression 

KAIST,  Korea 



NN-like computation in memory (0)
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NN-like computation in memory (1)
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NN-like computation in memory (2)
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NN-like computation in memory (3)
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NN-like computation in memory (4)
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Computing in Memory for NN
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