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CMOS Scaling: History and future… CMOS Scaling: History and future… 
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Scaling: Size Does Matter!Scaling: Size Does Matter!
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Power density increases rapidly due to scalingPower density increases rapidly due to scaling
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CMOS Scaling TrendsCMOS Scaling Trendsgg
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Theoretical Limit for SubTheoretical Limit for Sub--threshold threshold 
Swing of CMOS DevicesSwing of CMOS DevicesSwing of CMOS DevicesSwing of CMOS Devices
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Emerging TechnologiesEmerging Technologies

Carbon NanoCarbon Nano--Tube based deviceTube based device
(Courtesy: Infineon)(Courtesy: Infineon)

FinFET deviceFinFET device
(Courtesy: TU Delft)(Courtesy: TU Delft)

Nano Wire based devicesNano Wire based devices
(Courtesy: IEEE Spectrum)(Courtesy: IEEE Spectrum) Single Electron TransistorSingle Electron Transistor

(Courtesy: American Physical Society)(Courtesy: American Physical Society)



SubSub--kT/q Devices….kT/q Devices….qq
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Tunneling and ionization based devices can beat the Tunneling and ionization based devices can beat the 
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Low SubLow Sub--threshold Swing Transistorsthreshold Swing Transistorsgg
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NanoNano--Electro Mechanical Systems (NEMS)Electro Mechanical Systems (NEMS)

NEMSNEMS--based DRAMbased DRAM
Jang, et al. Jang, et al. IEDM 2005IEDM 2005

CNT-based relay
Lee, et al. Appl. Phys. 2003

NEMS can operate in NEMS can operate in GHzGHz
range due to very small range due to very small 
massmass
NEMS t fNEMS t f l 2l 2NEMS resonators of NEMS resonators of l = 2uml = 2um
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frequency of frequency of 400 MHz400 MHz
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High Frequency Operation of NEMSHigh Frequency Operation of NEMSg q y pg q y p
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GHz operation is achievable by NEMS in nano scaledGHz operation is achievable by NEMS in nano-scaled 
technologies



Suspended Gate MOSFET (SGSuspended Gate MOSFET (SG--MOSFET)MOSFET)

Suspended Gate

BodyOxide

Proposed by Proposed by Ionescu, et al. Ionescu, et al. ISQED 2002ISQED 2002
& Fabricated in & Fabricated in Abele, et al. Abele, et al. IEDM 2005IEDM 2005

Gate when the device is ON
Gate when the device is OFF

AdvantagesAdvantages
 Very low gate leakageVery low gate leakage
 Very low subthreshold leakageVery low subthreshold leakage

Suspended Gate

 Possible Integration in CMOS Possible Integration in CMOS 
processprocess
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DisadvantageDisadvantage
 Low ON current compared to Low ON current compared to 

CMOS devicesCMOS devices
Gate when the device is ON
Gate when the device is OFF



Idea: Hybrid NEMSIdea: Hybrid NEMS--CMOS CMOS yy

High ON current
Very high OFF current

Low ON current
Very low OFF current

High ON current
Very low OFF current



Abrupt Switching of SGAbrupt Switching of SG--MOSFETMOSFET
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SGSG--MOSFET ModelingMOSFET Modelinggg
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Fabrication Feasibility of SGFabrication Feasibility of SG--MOSFETMOSFETyy

CMOSNEMS CMOSNEMSCMOSNEMS

CMOSNEMS

(a) Formation of poly gate for CMOS ) (e) Sacrificial layer deposition
CMOSNEMS

CMOSNEMS

(b) Definition of active area for CMOS
(f) AlSi metalization and dry etching

CMOSNEMS

CMOSNEMS

(c) Definition of active area for NEMS
CMOSNEMS

(g) Release of metal gate

Simplified proposed fabrication model for hybrid NEMSSimplified proposed fabrication model for hybrid NEMS

(d) Growth of thick oxide layer
CMOSNEMS ALSi 1% Poly Oxide

Source/Drain Polymide

Simplified proposed fabrication model for hybrid NEMSSimplified proposed fabrication model for hybrid NEMS--
CMOS technology (Based on CMOS technology (Based on Abele, et al. Abele, et al. IEDM 2005IEDM 2005 ))



Hybrid NEMSHybrid NEMS--CMOS Dynamic OR GatesCMOS Dynamic OR Gatesyy yy

SGSG--MOSFET devices reduce leakage and hence, allows us to MOSFET devices reduce leakage and hence, allows us to 
use minimaluse minimal--size keeper in the hybrid architecturesize keeper in the hybrid architectureuse minimaluse minimal--size keeper in the hybrid architecture size keeper in the hybrid architecture 



Dynamic OR Gates Simulation ResultsDynamic OR Gates Simulation Resultsyy
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Dynamic OR Gates Simulation ResultsDynamic OR Gates Simulation Resultsyy

el
ay

L

L

Lpo
w

er
-d

e
du

ct

L

rm
al

iz
ed

 p
pr

od

LN
or

The hybrid gates have lower powerThe hybrid gates have lower power--delay product over delay product over 
entire range of activity factorentire range of activity factor

α

entire range of activity factor.entire range of activity factor.



Different LowDifferent Low--leakage SRAM Cell Designsleakage SRAM Cell Designs
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SRAM Cell Simulation ResultsSRAM Cell Simulation Results
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Sleep Transistor Simulation ResultsSleep Transistor Simulation Resultspp
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For the same area, NEMS sleep transistors offer For the same area, NEMS sleep transistors offer three three 
orders of magnitude lower OFF currentorders of magnitude lower OFF current
NEMS sleep transistors have slightly higher ON NEMS sleep transistors have slightly higher ON 
resistanceresistance



GHz Operation Using NEMSGHz Operation Using NEMSp gp g
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LaterallyLaterally--Actuated DoubleActuated Double--Gate NEMSGate NEMSyy

Dadgour et al DAC 2010
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The Basic Operation of the DeviceThe Basic Operation of the Devicepp
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Lateral vs. Vertical NEMSLateral vs. Vertical NEMS

Schematic Mechanical Equivalent Release Vibrations
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Inverter GateInverter Gate
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XOR/XNOR GatesXOR/XNOR Gates
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The Operation of the XOR GateThe Operation of the XOR Gatepp
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AND GatesAND Gates
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The Operation of the AND GateThe Operation of the AND Gatepp

The operation of the AND gate for all possible input combinationsThe operation of the AND gate for all possible input combinations
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The New Logic Minimization ParadigmThe New Logic Minimization Paradigmg gg g
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Verification of the DesignVerification of the Designgg
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More Design ExamplesMore Design Examplesg pg p
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Standard CMOSStandard CMOS--Based FullBased Full--AdderAdder



NEMSNEMS--Based FullBased Full--AdderAdder
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NEMS Device ModelsNEMS Device Models
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PowerPower--Performance ComparisonPerformance Comparisonpp
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SummarySummaryyy

Compact NEMS-based XOR/XNOR gates are proposed 

The existence of compact XOR/XNOR gates makes it 
possible to used diagonal grouping of ‘1’s

Some complex K-maps can be implemented in a more 
compact fashion using the diagonal grouping

As an example a full-adder is implemented using NEMSAs an example, a full adder is implemented using NEMS 
devices

32-bit NEMS- and CMOS-based adders are simulated for 
comparisoncomparison


