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Quiz?
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• Annual worldwide precipitation: 
• 5.4e14 m3 of rain

• Diameter of average drop: 2.5 mm
• Drops/m3 = 15.3e6
• Total number of water drops: 8.2e21

What is the item produced in the largest number today?
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Topics
• Refresher: what is a MOS transistor and how does it work?

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

• Revisit the major innovations that allowed VLSI 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 current research
• Innovative circuit from 

• What use to make of sub-10nm transistors in HEP
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MOS Transistor Nomenclature
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L

L is the defining parameter 
of a given CMOS technology.

Called the channel length, it
is (actually was …) the smallest
dimension that could be 
fabricated in an integrated 
circuit.

L is the distance that charge
carriers have to traverse to bring
current between the two
terminals of a transistor.

W
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Real NMOS Transistor
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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
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Lilienfeld (1926)
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Lilienfeld: right and wrong
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_______________________________
J.E. Lilienfeld patent, page 2

_______________________________
J.E. Lilienfeld patent, page 3
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O. Heil (1935)
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W. Shockley (1950)
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Atalla (1959 & 1965)
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Kahng (1963)
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Wanlass, Sah (1963)   MOS -> CMOS
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Si and SiO2 – The chicken and the egg
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Self-Aligned Gates
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Note: In his recent book “Silicio”, F. Faggin gives a slightly different story of who actually invented what
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Problems and Predictions

”Prediction is very difficult, especially about the future”

Niels Bohr

A. Marchioro - ISOTDAQ School - 2022 17

17

Past predictions (1971)
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The foundation paper (1974)
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Pre-Dennard Scaling
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Past predictions (1989)
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Past predictions (2001)
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Brief review of breakthroughs in the last 20 years

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

• Strained Silicon

• High-K Metal Gate

• FinFET

A. Marchioro - ISOTDAQ School - 2022 23
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Problem #1: velocity saturation

Modern transistors operate here.
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Si Detectors operate here
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Faster carriers: Strained Silicon (1)
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Strained Silicon (2)

A. Marchioro - ISOTDAQ School - 2022 26

f
r
o
m
 
A
.
 
K
h
a
k
i
f
i
r
o
o
z

e
t
 
a
l
.
,
 
S
y
m
p

V
L
S
I
 
T
e
c
h
 
2
0
1
2

26



6/17/22

14

Problem #2: leakage through gate oxide
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High-K gate dielectric 
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CMOS Timeline
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What is actually “wrong” with infinite scaling?

• The 1974 Scaling theory (Dennard et al.) essentially looked at the 
transistor as a two-dimensional (planar) structure.
• This worked ok up until about 2010

• Classical scaling is only as good as one manages to keep effects in the 
third dimension (“short channel effects”) small, but it fails to describe 
the behavior of a MOS device when all dimensions are reduced, and 
doping are increased, and voltages are not reduced (enough).

A. Marchioro - ISOTDAQ School - 2022 30
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Raising from the surface
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Short channel effects

•When the channel (L) of a MOSFETS becomes shorter 
than about .35 um, the following phenomena start 
appearing:

• Velocity Saturation
• Hot Carrier Degradation
• Drain  Induced Barrier Lowering (DIBL)
• Vt dependence on L
• …

A. Marchioro - ISOTDAQ School - 2022 32
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How to get to FINFETs
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If one gate (i.e. one control surface) is good, 
then two (or three or four) are even better

33
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Toshiba
1983

Hitachi
1991

IBM
1994

Berkely
2000

(*) A Japanese 1980 patent pre-dates all these 
publications but its content and validity is confusing. 
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Multi-gate devices

• Intel: Tri-gate
• TSMC, GF, Samsung: Finfets

A. Marchioro - ISOTDAQ School - 2022
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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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Nanosheet: a horizontal FinFET !
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Nanosheet process flow 
from  US Patent 11,121,233 B2, owned by Tessera Tech (*)
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IEDM-2021 paper 26.1
Vertical-Transport Nanosheet Technology for CMOS Scaling beyond Lateral-Transport Devices (IBM 2021)
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Other ‘vertical’ transistors
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IEDM-2021 Paper 26.4
“Highly Stacked 8 Ge0.9Sn0.1 Nanosheet pFETs with Ultrathin Bodies …“, NTU
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3nm Ultrathin Bodies

43

50 years: 1978 to 2028
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XOR2x1 (10 transistors)
(today)

2 Fin FinFET
360 x 154 nm 
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… more details
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130 nm

65 nm

7 nm
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and what about “beyond” Nanosheets ?
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Mo, W, etc.

Transition-Metal-Dichalcogenides

Advantages:
• Monolayer Channel thickness, C/2 = 0.615 nm
• High mobility
• Large bandgap, good SC effects control

Chalcogen

Note: no doping as in Silicon
- NMOS is obtained with MoS2

- PMOS is obtained with WSe2
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Why bother with these materials?
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the mobility of TMD materials is 
better than the one of Silicon 

(for the same thickness) 
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and yet…
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New Ideas
Negative Capacitance Transistors (Ferroelectric Transistors)
Adiabatic Circuits
Tunneling Transistors
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Turning on a MOSFET
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Max Vdd in < 28nm
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What does Boltzmann have to do with 
microelectronics?

𝑆𝑆 =
𝜕𝑉!

𝜕(𝑙𝑜𝑔𝐼")
=
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[A little Gedankenexperiment (1)]
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[A little Gedankenexperiment(2)]
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I(M1)

vin
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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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@IEDM 2018, Negative Capacitance devices occupied 3 sessions and are 
mentioned in 16 papers 
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Adiabatic Logic Circuit
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CMOS Logic: charging and discharging 
capacitors
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tr1
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Charging a Capacitor

• A capacitor charged from a 
battery has a total charge:

𝑄 = 𝐶 ∗ 𝑉$

and the energy required to charge 
it is:

𝐸 = 𝐶 ∗ 𝑉$ ∗ 𝑉$ = 𝐶 ∗ 𝑉$)

• The energy stored on a 
capacitor C is instead:

𝐸* =
1
2𝐶 ∗ 𝑉$)
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Charging capacitors with minimal effort

A. Marchioro - ISOTDAQ School - 2022 61

C
+

VB

C+
½ VB

+
½ VB

𝐸* =
1
2
𝐶 𝑉$)

𝐸+,#-." =
1
2
𝐶 𝑉$)

𝐸* =
1
2
𝐶 𝑉$)

𝐸+,#-." =
1
2
𝐶 (
𝑉$
2
))+

1
2
𝐶 (
𝑉$
2
))

=
1
4
𝐶 𝑉$)

61

Other non-Boltzmann limited 
devices
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Tunnel diode

A. Marchioro - ISOTDAQ School - 2022 63
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Devices with internal gain
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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) to turn 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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… and for the CMS tracker…
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… in fact the CMS tracker used 2.5V transistors. If we could use 0.25V transistors 
the savings in power would be (2.5)2 / (0.25)2 = 100 times less cables!!!
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Building new Scientific Instruments 
with Microelectronics
An example from High Energy Physics
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How many electrons are needed to switch a logic gate ?

• 65 nm:  10uA x 50ps ~ 3000 e-

• 28 nm: ~ 850 e-
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Digital Amplifier for small cell Si sensor
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800 e-

injected
2 x min size inverters

28 nm

Sensor
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Digital Amplifier (2)

A. Marchioro - ISOTDAQ School - 2022 72

72



6/17/22

37

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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Conclusions
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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 instrumentation for physics and other sciences
• 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, 3D, 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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