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Moore’s Law

Moore’s Law = exponential increase in transistor density
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What if Moore’s Law had stopped In
19907

GPS handheld device Cell phone circa 1990

circa 1990
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What if Moore’s Law had stopped In
19807

I Laptop computer circa 1981
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What if Moore’s Law had stopped In
19707
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What if Moore’s Law had never
) happened?
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Moore’s Law

How far can Si support Moore’s Law?
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Transistor scaling = Voltage scaling

Power management demands reduction in supply voltage.
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Voltage scaling = Si transistor
performance suffers

Transistor current density:
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Options for post-Si CMOS
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Electron injection velocity: InGaAs vs. Si

Measurements in High Electron Mobility Transistors

(HEMTS):
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* V,i(InGaAs) increases with InAs fraction in channel
* Vj,(InGaAs) > 2v;,(Si) at less than half V,
* ~100% ballistic transport at L,~30 nm

del Alamo, Nature 2011
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InGaAs HEMT:
high-frequency record vs. time
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InGaAs Electronics Today

TriQuint and Skyworks Power iPhone 5

UMTS-LTE PA module
Chow, MTT-S 2008
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InGaAs HEMT vs. MOSFET

HEMT not suitable for logic: too much gate leakage current

InGaAs INAIAS InGaAs High-K
channel barrier channel oxide

MOSFET incorporates gate oxide - gate leakage suppressed

15



InGaAs MOSFETs vs. HEMTs:
historical evolution
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 First observed with Al,O,, then with other high-K dielectrics

What made the difference?
Atomic Layer Deposition (ALD) of oxide

ALD eliminates surface oxides that pin Fermi level
- “Self cleaning”

Huang, APL 2005
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InGaAs MOSFET: possible designs

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

Enhanced gate control = enhanced scalability
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Self-Aligned InGaAs
Quantum-Well MOSFETs

Channel: In, ,Ga, ;As/InAs/In, ,Ga, ;As (1/2/5 nm)
Gate oxide: HfO, (2.5 nm, EOT~0.5 nm) 1.0{L=20nm  V, V=05

Self-aligned contacts (L4.~5 nm) —~ 0.8} R,=224 Q.um
Si compatible process (RIE, metals) 2% 0.6}
£ 04}
— 0.2}
Lin, IEDM 2013 9800102030405
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InGaAs double-gate FIn-MOSFE

Key enabling technologies:
« BCI,/SiCl,/Ar RIE
e digital etch

20+

W=12 nm V=05V
Lg=5 pm

Vardi, DRC 2014

Zhao, EDL 2014

20



Vertical nanowire InGaAs MOSFETSs

30 nm diameter
InGaAs NW-MOSFET

Mo/Ti/Au

V,;=-06Vto08Vin0.1Vstep
JR..=739 Qum (atV =1V)

Zhao, IEDM 2013 Zhao, EDL 2014

 Nanowire MOSFET: ultimate scalable transistor
* Vertical NW: uncouples footprint scaling from L scaling

 Top-down approach based on RIE + digital etch
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Si integration: InGaAs SOl MOSFETs
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4. InP etch back
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Conclusions: exciting future for InGaAs
electronics on Silicon

 Most promising material for ultra-high frequency
and ultra-high speed applications

- first THz transistor?

e Most promising material for n-MOSFET In a post-
SiI CMOS logic technology

- first sub-10 nm CMOS logic?

* InGaAs + Sl integration:
- THz + CMOS + optics integrated systems?
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