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Nanotechnology:

40,900,000 entries on GOOGLE
N

Definition: 100 nm or smaller

nan-o-tech-nol-o-gy
/ nano tek nalaje/ 4)

the branch of technology that deals with dimensions and tolerances of less than 100 nanometers,
especially the manipulation of individual atoms and molecules.
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JANUS - A Two Faced
Greek God of Beginning and Passages

| 'f?"' Research face of
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Toward 2 nm

TSMC is already on track to develop 2nm
node, while 3nm planned for 2022

[ April 27, 2020 by David

https://optocrypto.com/tsmc-2nm-node-process-3nm-2022/
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Field Effect Transistor n-MOSFET and
p-MOSFET

P-type
Gate Contact Gate Contact
(ate Insulator T Gate Insulator
Channel v | / Channel
Source Contac ~




Integrated circuit chip designed by Noble
Prize winner Jack Kirby of T1(1958).

By Source, Fair use,
https://en.wikipedia.org/w/index.php?curid=34183097



MOSFET Types
N
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FROM MOSFET TO ALL AROUND GATE
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From M. S. Shur, Terahertz Plasmonic Technology, IEEE Sensors
Journal, Invited, DOI: 10.1109/JSEN.2020.3022809




Minimum Transistor size

T
Silicon unit cell 0.543 nm (9 unit cells for 5 nm)

Silicon =Silicon Dioxide interface 0.7 nm

Silicon-Silicon Dioxide layer 1 nm

Ferdinand Hodler, Swiss (March 14, 1853 — May 19, 1918)



Band diagram in the direction

perpendicular to the channel
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Charge Control Concept

Channel
Source ®

p-subsfrate

O Depletion Region

Schematic cross-section of an n-channel MOSFET.
The asymmetry in the shape of the depletion region
IS caused by the applied drain bias.

Q=CV



Band Diagram for Subthreshold Regime
I

Channel

Energy
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UNIFIED CHARGE CONTROL MODEL

VT —VE =nVinhIn n +a(ns —Nop)
. o/ . .
where V¢ is the quasi-Fermi potential measured

relative to the Fermi potential at the source side
of the channel (V: =0 at the source side of the
channel and V.= Vg4 at the drain side), is the
Ideality factor in the subthreshold region,

V,, Is the thermal voltage, and a - g/c, where

Ei

a7 di + Ad is the effective gate capacitance
per unit area above the threshold (when the
gate voltage swing Vg >> V).



Current saturation




Currnt-Voltage Characteristics
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From X. Liu, T. Ytterdal, V. Yu. Kachorovskii, and M. S. Shur, Compact terahertz SPICE/ADS
model, IEEE Transactions on Electron Devices, Volume: 66, Issue:6, pp. 2496-2501, June 2019,
DOI: 10.1109/TED.2019.2911485
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X. Liu, K. Dovidenko, J. Park, T. Ytterdal, and M. Shur, Compact Terahertz SPICE Model: Effects of Drude Inductance and
Leakage, IEEE TED, IEEE Transactions on Electron Devices, Volume: 65 Issue: 12, pp. 5350-5356, DOI: 1109/TED.2018.2875345



Multi segment THz SPICE
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AIM-SPICE

a2 AlM-Postprocessor - [1000*vidstbranch 1d-Vd |
m £le Edt Gieen Fomel diew indow Hel Rremirg Reat Ouehniizs Sapurimeils
ﬁ E El gl IA' Ql ++I il a2 the lnizmirl
0.7-
- Vgs=15V
0.6 &
E e Vgs=125V
E 04
E : Vgs=10V
8 03
E 0.2 /A Vgs=075V
n T e
0.1 Vgs=05V
1/
0.0¥% ———————r——r—
0.0 05 10 15
Drain-source voltage [V]




CMOS
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After M. Shur, Introduction to Electronic Devices, Wiley (1996)
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Output Voltage And Crossbar Current
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From M. S. Shur, Physics of Semiconductor devices, Prentice Hall, 1990)



Other FETs
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SCALING
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7 Scaled 50%

Depletion region



Interconnects and Contacts

Problems
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Minimum Feature Size (1971 — 2020)
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Minimum Feature Size (nm)

10000 e
1000 o o
100 *

10 ® o

1970 1980 1990 2000 2010 2020



Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)

Moore's law describes the empirical regularily that the number ol transistors on integraled cicenils doubles approximalely every Lwo yvears.

Cur'World

in Data

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
strongly linked to Moore's law.
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Four cents per gigabyte
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Making MOSFETs

o Step 2: Circuit Design

- Step 3: Layout Design [ -
0 Step 4 Mask Making | :
1 Step 5 Fabrication . e L

-1 Step 6: Wafer Probing, Scribing and dicing
-1 Step 7: Die Attachment, Wire Bonding, Encapsulation
0 Step 8: Testing
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Photolithography
B
Covers of the substrate with photoresist
Selectively expose using masks (70 to 90 masks)
Develops the photoresist to define the patterns

C, =~ klﬁ C, — critical dimension
nD k, — process related factor (~0.4)
. A — wavelength of light
_ n— Index of refraction
K D — lens diameter

f — f-number




Using UV light

photon energy {eV)
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EUV Laser

J. Hruska ,EUV Integration at 5nm Still Risky, With Major Problems to Solve,
3/6/2018, https://www.extremetech.com/



Global Foundries Stops All 7nm Development: To
Focus on Specialized Processes

20 billion
dollars
Invested by
Mudalaba
Investment
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https://www.anandtech.com/
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Evolutionary scaling down to 130 nm

130 nm Motorola PowerPC 7447 and 7457 2002




90 nm and below strained Si-SiGe to

Increase mobillity
I

Up to 4.17%b lattice mismatch Poly-Si SiOz
hardmask

Gate | /

0.25 0.50 0.75 1.00
Ne (#x1013/cm?)

S. Deora, A. Paul, R. Bijesh, J. Huang, G. Klimeck,
G. Bersuker, et al. Intrinsic reliability improvement
in biaxially strained SiGe p-MOSFETs IEEE
Electron Dev Lett, 32 (3) (2011), pp. 255-257

K.-W. Ang, J. Lin, C.-H. Tung , N. Balasubramanian, G. S. Samudra and Y. C. Yeo, IEEE Trans. ED, Vol. 55, pp. 850-857 (2008)



65 nm down to 20 nm High K dielectric
N




1998 coaxial HD FET (FINFET prototype)
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24 nm down to 7 nm: FINFET

Source

Fin (Si)

L | : | \ 1 Si0,
WEF —=
Substrate (Si)

W. Stillman, C. Donais, S. Rumyantsev, M. Shur, D. Veksler, C. Hobbs, C. Smith, G.
Bersuker, W. Taylor and R. Jammy, Silicon FIN FETs as detectors of terahertz and sub-

terahertz radiation, International Journal of High Speed Electronics and Systems, vol. 20,
No. 1, pp. 27-42 March (2011)

First FINFET 1999: Huang, X. et al. (1999) "Sub 50-nm FinFET: PMOS" International
Electron Devices Meetind Technical Digest. p. 67. December 5-8. 1999.



INTEL: 10 nm In IPhone X

Image: Intel

From Rachel Cortland, posted 30 March 2017
https://spectrum.ieee.org/nanoclast/semiconductors/processors/intel-now-packs-100-million-transistors-in-
each-square-millimeter



5nmto 3 nm: All Around FET
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Who is left at 7 nm?
Teo |

Renesas
SMIC
Toshiba
Fujitsu
TI
Panasonic Panasonic
STM STM
UMC UMC
IBM IBM IBM
GF GF GF GF
Samsung Samsung Samsung Samsung Samsung | Samsung
TSMC TSMC TSMC TSMC TSMC TSMC
Intel Intel Intel Intel Intel Intel

A5 nm/40 nm | 32 nm/28 nm | 22 nm/20 nm | 16 nm/14nm | 10nm | 7 nm



Number of Transistors Per 1US$

Shrinking chips
Number and length of transistors bought per $

130 nm/%$ o 16nm
2.4 M 2015°

= — = 0 28 nrﬁqu Sourte: Liniey Growg

| § _ = 20 M/$ 16 nm
| , 19 M/$

i Manometres [am)

s Courtesy SAMSUNG SEMICONDUCTOR USA



Chip Design Cost in Millions of US$

versus technology node in nm
I

Chip Design Cost in Millions of USS versus
technology node in nm

1500
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7 5 3

65 40 28 22 16 10

Data form: M. LaPedus, Semiconductor Engineering. https://semiengineering.com/big-trouble-at-3nm/



Collision Dominated, Overshoot, and
Ballistic Transport

_— M. Shur, EL. Lett.
CO”_ISlOn Vol. 12, 615 (1976))
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DC Ballistic mobility

e A. A. Kastalsky and M. S. Shur, Conductance of Small Semiconductor
Transit time L/v Devices, Solid State Comm. Vol. 39, No. 6, p. 715-718 (1981)
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Values of constant o and thermal and Fermi velocities for 2D and 3D geometries (see EQ.
(1)). kg Is the Boltzmann constant, T is temperature (K).

Geometry Degenerate Non-degenerate
2 _h 1 kg T
S LNl j 4
_ _fy a0 2 8k, T
3D a=3/4 Vr ‘6(3” ns)3 o= Vi, ( j 3]

From: A. P. Dmitriev and M. S. Shur, Ballistic admittance: Periodic
variation with frequency, Appl. Phys. Lett, 89, 142102, (2006);



Ballistic mobility in Si: proportional to length
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Data from W. Knap, F. Teppe, Y. Meziani, N.
Dyakonova, J. Lusakowski, F. Bouef, T. Skotnicki, D.

Maude, S. Rumyantsev and M. S. Shur, Appl. Phys. D. Antoniadis, IEEE Transactions on Electron Dev. Vol. 63,
Lett, Vol. 85, No 4, pp. 675-677 (2004) No 7, pp. 2650 — 2656 (2016)



Speed is In the femtosecond range
N
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M. Shur, A. Muravieyv, G. Rupper, and S. Rudin, THz Pulse Detection by Photoconductive
Plasmonic High Electron Mobility Transistor with Enhanced Sensitivity, Device Research
Conference (DRC) 2016



Spatial decay of overdamped

plasma waves
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A. Gutin, S. Nahar, M. Hella, and M. Shur, Modeling Terahertz Plasmonic Si FETs With SPICE,
IEEE Trans. on Terahertz Science and Technology, issue 99. Pp. 1-5, (2013)



SI CMQOS operate In THz range
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From International Technology Roadmap for Semiconductors (ITRS) http://public.itrs.net



Problems to solve and Applications
s 4

Foundry models Use, improve, and
work up to 30 GHz maintain THz SPICE
for technology that validated by foundry

works up to 300 models

GHz or higher

THz applications  Use 22 nm and under

are limited by Si technology and
technology cost decrease the design
cost

Dramatically reduced
design cost, more
efficient robust design,
for sub-THz range using
Si technology

Multibillion market in
THz communications,
robotics. Sensing, loT,

security, biomedicine
Education, industrial
conirol, VLSI testing




Conventional SPICE and THz SPICE
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Modeling and Simulation of Advanced

Semiconductor Devices
N

Equivalent Circuit for
Photonic SPICE
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THz Applications
EEE N

Pharmaceutical Applications

*"E > Ozone Monitoring
. ) . % >

Detection of Hidden Objects

- >
Radio astronomy
€ >
Quality Control

= =2

Wireless Communications gxplosive detection

WI FT Beyond 5G g

Cancer detection

- >
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Frequency (THz)

From T. Otsuji and M.S. Shur, Terahertz Plasmonics. Good results and great
expectations, IEEE Microwave Journal October 2014



Cyber security
problem?

I

Super Micro China super spy chip
super scandal: US Homeland Security,
UK spies back Amazon, Apple denials

Officials: Not saying Bloomberg was wrong, we just
believe biz saying Bloomberg was wrong

By Richard Chirgwin 8 Oct 2018 at 06:01 90 SHARE Y

r

UPDATED UK spymasters and US Homeland Security officials have
supported Western tech companies' denials that Chinese agents were
able to smuggle hidden surveillance chips into Super Micro servers.



THz testing of VLSI

- qmmm Optical W)
Counterfeit Genuine
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From K. Ahi, S. Shahbazmohamadi, and N.
Asadizanjani, “Quality control and
authentication of packaged integrated
circuits using enhanced-spatial-resolution
terahertz time-domain spectroscopy and
imaging,” Optics and Lasers in Engineering,
vol. 104, pp. 274-284, 2018




Testing VLS| under bias

oes §
MMIC under test
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THIN FILM
TRANSISTORS



Mobility gap between Si and TFTs Is
shrinks.
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New Materials Enable High Mobillity TFTs
I

— Zn0O
g 1000 2 3 .4
N

S ® O

O INnGaznO AMO-CNT
B‘ 10

% OTFTs

s ' asi @,

0.1



arge Area nexpensive [lexible “lectronics

Electronic Clothing, Paper, Jewelry, Signs,
"Sensitive Skin" for robots, vehicles and smart wall paper



Actual Implementation (up to 250 m x 30 m
DISPLAYYS)
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Conclusions

« Overcoming numerous technology challenging
Industrial nanotechnology is reaching 3 nm technology
and planning a 1 nm node but only 3 companies reached
the 7 nm node

« Astronomical cost of chip design should be reduced by
accounting for new ballistic/plasmonic physics

e SI CMOS technology enabled sub-THz and THz
technology

« This film transistors shrink the performance gap with Si
CMOS reaching dimensions<50 nm at 2 m x 2 m sizes
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