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MOSFET scaling in nano-scale

Increased transistor density is achieved 
through aggressive feature size scaling

Silicon transistor scaling also opens up and 
explores nanotechnologies from nanoscience
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Source: Intel
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• Si based CMOS Scaling is not coming to an end 
• 45 nm is behind us   
• 32 nm is now in main stream
• 22 nm is on its way
• 15 nm will be happening

• Non Si channel on Si platform is pursued
• Major ongoing transformation of scaling caused by po wer and 

power/density
• End of frequency scaling of single core processor

• No “10 GHz” microprocessor (with the ~100 W cooling limi t)
• System performance based on multi-low-power cores and  

accelerators
• Move away from frequency scaling

• How many “Moore” generations?
• As long as we have affordable lithography 

““ MooreMoore ”” and and ““ More MooreMore Moore ””

G. Shahidi



System Performance from Multi-Cores
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MOSFET performance vs. scaling

Classical FET Transport Relations
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On-going Activities

High speed logic devices
• Mobility improvement:

Si: Effective mass: Band engineering by strain effect 
Quantum confinement (FDSOI)
Anisotropy effect for n-& p-MOS   

Carrier scattering: Interface improvement
Non-Si: Smaller effective mass: Ge for p-, III-V for n-MOS

• Better channel control: 3D structures, FINFET, Tri-Gate 
FDSOI

High density memory devices
• RRAM, PCRAM, STTRAM : Possible replacement of SRAM, 

DRAM, flash memory



We are almost at the limit of 
straining Si…

• Vinj continued to increase with 
strained-Si technology, as if Si 
became a different material 
under strain.

• Vinj for sub 20nm should be 
much higher than strained-Si 
can give.

• High mobility channel: 
Getting there (Lg=10nm)  and 
proceeding beyond…Courtesy: Prof. D. Antoniadis (MIT)

?

100

Si

New channel material beyond strained Si



Emerging Challenges

• Can we cost effectively scale horizontal geometry to 
meet emerging requirements? Multi-exposures, EUV, 
Multi-e-beam direct…

• Vertical scaling and its implications
• How much can we control device parameter variability 

increase with geometry scaling?  L,W, Vth, C, R, …
• 3D devices and integration with thermal management?
• Integration of non-traditional devices and materials?   

New nonvolatile memory, Spin-based devices, 
MEMS/NEMS switched, sensors, actuators….
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Ab initio modeling of interface effects induced by 
vacancies and dopants    (Magyari-Kope, Nishi)
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Variability, the major challenge
Theoretical and Experimental �� Vth

1. K. J. Kuhn. IEDM 2009
2. X. Zhang, J. Li, M. Grubbs, et al. IEDM 2009
3. K. Ishimaru. Solid-State Electronics 52 (2008) 12 66–1273
4. S. Kamiyama, IEDM 2009.
5. * Assumed SU Theory values
6. ** Extracted from observed total �� Vth

and SU Theory RDF and LER

Our experimental values of WFV consistent with others’
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Outline

• Status quo for Si-based nanoelectronic 
materials and devices

• Newly emerging devices and 
technology

Memory devices , RRAMs
Logic devices, Ge channel 

Summary



Device Structure

• Many types of RRAM exist 

• Transition Metal Oxide RRAM (above) seems most 

popular ��� � focus of this talk ��
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Examples

Top electrode Pt, TiN/Ti, TiN, Ru, 
Ni …

Transition Metal 
Oxide

TiOx, NiOx, HfOx, 
WOx, TaOx, VOx, 
CuOx , …

Bottom Electrode TiN, TaN, W, Pt, …
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Switching Operation Polarity
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3D Cross-point Memory

• Goal: Design a stackable cross-point memory array ( without 
switches or diodes).

• Must ensure that peripheral circuitry can fit to ac commodate a 
single bit line pitch

• Selection transistor/diode and even selective devic e-less 
architecture

Memory elements

Word lines

Bit lines

Bit lines

With N-layer stack, can achieve effective cell size of 4F2/N
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Logic

Logic

NVM

.  .  . .  . .. . .  .. …….   …..    …
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Circuit/Architecture of Non-Volatile System

Typical Implementation :
A separate NVM chip
Separately optimized technologies
Tradeoffs : cost; communication bottleneck between chips 

N
V

M

Logic

NVM 
Circuit

Embedded Implementation :
Single chip with NVM block
Tradeoffs : process complexity; poor array efficiency due to 
excessive peripheral decoders, and read/write circuits; 
communication bottleneck between NVM and logic blocks.   

Distributed Implementation :
Single chip with distributed NVM circuits
Challenge : need low cost, simple, low voltage NVM 
elements, and novel efficient circuits; could enable block 
power-down.   

....
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Nonvolatile Resistance Change Memory
Associated Challenges to compete with DRAM/NAND/NOR
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: 1ns speed 
challenging

To achieve Cross Bar:
• cost: 9 critical levels  

in 4 layer stack

• EUV?
• DP?
• Imprint?
• Selector
• Etch 

To Compete w/NAND
• Reset current
• MLC (density)
• 3-D? (BICS)
• Etch
• ALD 

To compete w/DRAM:
• endurance
• reset current
• current scaling

RRAM: low cost 
challenge

Paul Kirsch, RRAM workshop, April , 2010



Outline

• Status quo for Si-based nanoelectronic 
materials and devices

• Newly emerging devices and technology
Memory devices, RRAM 
Logic devices, Ge and III-V channel , 

• Longer term opportunities
• Summary
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�!!<

*���7��9��<� <��+������*�



Ge MOSFETs with GeO 2 Passivation
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• Ozone GeO 2 + ALD Al 2O3 gate 
dielectric

• High µ n and µ p
• Big improvement over Si
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SAD

As deposited

Annealed

3D Ge and Si Active Layers

3D Ge recrystallization using nano-sec laser

3D Si recrystallization using nano-sec laser

Nano-second laser pulses can recrystallize both Ge
and Si layers for 3D applications without heating the 
substrate. 

J.Feng et al.



Selective Ge Growth on Si

•<311> directional growth dominant 
before coalescence

•Higher growth rate of <100> 
direction compared to <311> 
direction by changing process 
parameters

•MHAH makes very flat surface (rms
surface roughness : 0.685nm)

Hyun-Yong Yu, et al. ECS Trans, 16 (#10) p. 807, 20 08

•Dislocation trapping in SiO 2 window
•Defect free GOI film
•MOSFET fabrication in progress

10nm

4nm

SiSi

SiO2
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In-situ As decapping prior to Al2O3 ALD 
• TMA-first Al2O3 growth avoids InGaAs oxidation
• Less CV stretch-out in as-deposited MOSCAP
• Forming gas anneal after gate metal deposition

suppresses frequency dispersion and further 
reduces CV stretch-out through depletion

- Al2O3 border traps, fixed charge and             
interface traps are passivated by H2

High-k/InGaAs: As 2 decapping, in-situ Al 2O3 ALD & FGA

24



Non-silicon high mobility channel 
approaches

• It will fulfill the needs for “higher speed and lower power 
consumption”

• High mobility materials-gate insulator interface still 
remains the biggest issue, though getting better

• Ge option may provide an opportunity for on-chip optical 
interconnect; at least for detector, and maybe for 
transmitter and modulator

• Integration density would stay with Si VLSI trend line 
(ITRS)

• Preferential application on top of the Si platform looks 
rational option to go, though creating a new hetero-
integration challenges



Outline

• Status quo for nanoelectronic materials and 
devices

• Newly emerging devices and technology
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A Number of Opportunities Beyond 
Silicon Scaling

• Polymer Solar Cells
• Photon Enhanced Thermionic Emission (PETE)
• Topological Insulator
• Ultralow Threshold Electrically Injected Nanocavity Lasers and 

Modulators
• Ge laser for optical interconnect
• From Carbon Nanotubes to Graphene Nano Ribbons
• Progress in High Mobility Channel FETs
• Progress in Resistive Switching Memory
• Transfer Printing Methods for Fabricating Electroni c Devices on 

Diverse Substrates
• Ab-initio modeling and simulations of nanostructure d devices
• Spintronic devices

However, those which can be relatively easily    
integrated to large scale are so far limited!

Pick from 2011 Stanford CIS Review agenda



BiLayer Graphene FET
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“Beyond Moore” On-going Trends
• Nanoelectronics: Ge, III-V channel to 

nanowire/nanotubes, graphene, topological 
insulator and more: uncontrollable so far

• Nano-bio/medical: Bio-sensing, imaging: low 
hanging fruits

• Energy: nanowire solar, nanotube hydrogen 
storage: cost/watt??

• Environmental sensing: Sensors for gaseous 
molecular sensing, ocean, air…: low hanging 
fruits

• Fusion of nanoelectronics and 
nanomechanical: New switches and 
memories: integration challenge, especially in 
3D



Bio-Sensor with BJT amplifier integrated and 
gold electrodes for concentrating DNAs



Integration Challenges of CNT, GNR 
etc

• Enough performance advantage over other options as 
individual devices

• A large variety of tunability for the band structure for a 
number of applications 

However
• Questions for controlled growth of nanowires and 

nanotubes still remain without sacrificing integration 
density

• No top down lithographic technology for the geometry 
ranges of GNR available

• Too much variability



On-going Paradigm Changes

• Digital CMOS scaling is coming to the cross point: drive toward
new channel materials for higher speed and lower power

• Ubiquitous applications are driving multi-functionality 
integrations, i.e. RF, Analog, Power management, memories, 
and bio-MEMS at possible lowest active power consumption 
leading to 3D integration

• Product technology driver from PC to Smart Phone, IPad etc
• Leakage/stand-by power consumption of memory a major 

concern which drive embedded nonvolatile memory
• Steep up-hill for lithography tools: additional drive toward 3D 

integrations
• “Nano” materials based new functionality, an opportunity if 

embedded on silicon platform



Summary

• Si-based CMOS scaling with strain for higher mobility 
has almost reached the limit

• Mobility improvement for logic devices, and a variety of 
new non-volatile memory devices are two key areas for 
the future of large scale integration

• Semiconductor on insulator structure will open a variety 
of opportunities, not only for VLSIs but also for many 
others

• Engineering challenges in cost-effective top-down 
lithography, variability control in 2D and 3D

• To be integrated on Si platform or not would determine 
the fate of new materials and devices for large scale 
integrated circuits of the future
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