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Evolution of transistor structure
for improved scalability
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Enhanced gate control = improved scalability




InGaAs Vertical Nanhowires on Si
by direct growth
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Selective-Area Epitaxy InAs NWs on Si by SAE
(SAE)

Riel, MRS Bull 2014, IEDM 2012

NMOS PMOS

VNW MOSFETs: path for
llI-V integration on Si for
future CMOS




InGaAs VNWs by top-down approach

Key enabling technologies:
BCI,/SiCl,/Ar RIE + alcohol-based digital etch

Lu, EDL 2017
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InGaAs VNW MOSFETs

Also studied
Mo contacts

See Xin Zhao’s poster for more details Zhao, [EDM 2017, TED 2018



D=7 nm InGaAs VNW MOSFET
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Output
characteristics
vs. D (source up)

Source up:

As D|:

Ni contact becomes

Schottky

Mo contact opens
up

Zhao, TED 2018
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Benchmark with Si/Ge VNW MOSFETs

Peak g,, of InGaAs (Vps=0.5 V), Si and Ge VNW MOSFETSs:
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First sub-10 nm diameter VNW FET of any kind
on any material system



Sidewall MOS interface quality

Subthreshold swing vs. electrostatic aspect ratio of channel:

Simulation (ideal)
120 - m N

. e Mo Zhao, TED 2018
1104 \

-
o
o

(o)
o
1

S, [mV/dec]

» — D,;~6x10"? cm=2.eV’

— D~ 4x10'? cm~2.eV’

(o)} ~ o
o o o
N I
| ]
® Bn
® =
@ O
|
f

O 5 10 15 20 25 30
L /Ay

Poor MOS interface at sidewall



In-situ Atomic Layer Etching (ALE)
+ Atomic Layer Deposition (ALD)

Thermal ALE = inverse of ALD: In-situ ALE+ALD reactor:

(a) (b) Heated substrate
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HF + DMAC: controlled etching of InGaAs (0.2 A/cycle)

Collaboration with S. George (U. Colorado, Boulder) 0



Suspended InGaAs Fins by ALE+ALD
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3:1 etching rate for InAlAs vs. InGaAs
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Suspended InGaAs FInFET with W;=2.5 nm

First demonstration of thermal
ALE in a transistor of any kind
In any material system
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Key benefit of /n-s/tu ALE + ALD:
improved MOS interface
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Significant enhancement in ON and OFF characteristics
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Conclusions

In-situ thermal Atomic Layer Epitaxy + Atomic
Layer Deposition:

atomic-level control of high aspect-ratio 3D
structures

developed (with UC Boulder) thermal ALE of
InGaAs and InAlAs

demonstrated suspended InGaAs FinFETs
down to W=2.5 nm

record ON and OFF-state performance
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Huge thanks to

Nerissa Draeger
of Lam Research

for suggesting and facilitating the collaboration
with the group of Steven George!!
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