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1. Moore’s Law at 50: the end In sight?

THE WALL STREET JOURNALL
Moore’s Law Is Showing Its Age

The prediction about squeezing transistors onto silicon has been revised again.
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Moore’s Law

Moore’s Law = exponential increase in transistor density
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Moore’s Law

How far can Si support Moore’s Law?
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Supply voltage (V)

Transistor scaling = Voltage scaling
- Performance suffers

_ Transistor current density
Supply voltage: (planar MOSFETSs):
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Moore’s Law:
It’s all about MOSFET scaling

1. New device structures:

gate
gate oxide
body

v
—

Planar bulk Extremely-Thin-Body FinFET Tri-gate MOSFET  Gate-All-Around
MOSFET MOSFET Nanowire MOSFET

Enhanced gate control = improved scalability
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Moore’s Law:
It’s all about MOSFET scaling

2. New materials:
Si = Strained Si 2 SiGe -2 InGaAs
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111-V electronics in your pocket!

10



2. Self-alignhed Planar InGaAs MOSFETSs
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Self-aligned Planar InGaAs MOSFETs @ MIT

Lin, IEDM 2012, 2013, 2014

Recess-gate process:
e CMOS-compatible
« Refractory ohmic contacts (W/Mo)

Extensive use of RIE
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Highest performance In

e Channel: Iny,Ga, ;As/InAs/In, ,Ga, ;AS
e Gate oxide: HfO, (2.5 nm, EOT~ 0.5 nm)

GaAs MOSFET
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Excess OFF-state current

Transistor fails to turn off:

Source
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Excess OFF-state current
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Planar InGaAs MOSFET scaling

Lin, IEDM 2014
400 Lin, TED 2015
300.-
200.-
100.-

e t.] 2> S| butalso g, nax |
« Evenatt=3 nm, L ,~40 nm
- planar MOSFET at limit of scaling
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Benchmarking:
d., INn MOSFETs vs. HEMTs

Om Of INGaAs MOSFETs vs. HEMTs (any Vpp, any L):
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— Very rapid recent progress in MOSFET g,
— Best MOSFETs now match best HEMTs
— No sign of stalling = more progress ahead!

= MIT MOSFETs
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3. InGaAs FINFETs and Trigate MOSFETs
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INGaAs FINFETs @ MIT

20 nm

Fin etch by RIE
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4. Nanowire InGaAs MOSFETs
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Nanowire MOSFET: ultimate scalable transistor
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Lateral vs. Vertical Nanowire MOSFETSs

5 nm node
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30% area reduction in 6T-SRAM
19% area reduction in 32 bit multiplier

Vertical NW: uncouples footprint scaling from L, and L, scaling

- power, performance and area gains wrt. Lateral NW
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INGaAs Vertical Nanowires on Si
by direct growth

Au seed
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(VLS) Technique
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InGaAs VNW-MOSFETs fabricated via
top-down approach @ MIT

Key enabling technologies:
« BCI,/SiCl,/Ar RIE
» digital etch Zhao, IEDM 2013

Top-down approach: flexible and manufacturable
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Tomioka, Nature 2012
Persson, DRC 2012 Process flow
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D=30 nm NW-MOSFET
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Conclusions

Great recent progress on planar, fin and nanowire IlI-V
MOSFETSs

Vertical Nanowire IlI-V MOSFET: superior scalability
and power/performance characteristics

Vertical Nanowire n- and p-type IllI-V MOSFET:
plausible path for co-integration on Si

Many demonstrations of InGaAs VNW MOSFETSs by
bottom-up and top-down approaches

Many issues to work out...
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A lot of work ahead but...
exciting future for 111-V electronics

RF mnput

Low-noise
HEMTs
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