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IntroductionIntroduction
 Success of the semiconductor industry relies on the

contin o s impro ement of IC performance bcontinuous improvement of IC performance by
device scaling.
Scaling of SiO gate oxide thickness leads to Scaling of SiO2 gate-oxide thickness leads to
tunneling gate leakage.
A gate insulator with a higher dielectric constant к A gate insulator with a higher dielectric constant к
than that of SiO2 (=3.9) and metal gate (high-к metal-
gate (HKMG) nano-CMOS) reduces the gate leakagegate (HKMG) nano CMOS) reduces the gate leakage
and improves the reliability of the gate.

 HKMG suffers from I b: subthreshold leakage and HKMG suffers from Isub: subthreshold leakage and
IGIDL: gate-induced drain leakage.
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IntroductionIntroduction
 Major sources of variability in nano-CMOS:

 Process Variation (P)
 Supply Voltage (V), and
 Operating Temperature (T).

 It is necessary to express the effect of PVT variabilityy p y
on power, leakage and delay: ˆY = f (P, V, T) where
ˆY is power, leakage or delay.p g y

 We propose a Monte Carlo based technique to create
a PVT aware library.a PVT aware library.
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ContributionsContributions
 A methodology for HKMG logic library creation is

presentedpresented.
 The effect of process variations has been considered

d i l i lib tiduring logic library creation.
 Device level characterization of HKMG NMOS and

PMOS transistors is presented.
 A HKMG logic library with statistical characterization

at room temperature (27 °C) is presented.
 A PVT aware HKMG statistical logic library is

presented
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Related Prior ResearchRelated Prior ResearchRelated Prior ResearchRelated Prior Research
 Sundareswaran-ISQED2008,Mohanty-VLSID2007:

Statistical characterization of logic gates as function
of process parameter variations.p p

 Rastogi-JETTA2008:Rapid Library characterization
for specific operating conditionsfor specific operating conditions.

 Basu-ISQED2008: Existing standard CMOS Logic
LibrariesLibraries.

 There is a need for characterized standard cells for
non-classical CMOS technologies.
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Proposed Methodology for HKMG Logic LibraryProposed Methodology for HKMG Logic Library
 Variability: The 15 Device Parameters
(1) Vdd: supply voltage.
(2) V : NMOS threshold voltage(2) VThn: NMOS threshold voltage.
(3) VThp: PMOS threshold voltage.
(4) tgaten: NMOS gate dielectric thickness.
(5) tgatep: PMOS gate dielectric thickness.
(6) Leffn: NMOS channel length.
(7) Leffp: PMOS channel length.( ) effp g
(8) Weffn: NMOS channel width.
(9) Weffp: PMOS channel width.

N NMOS t d i t ti(10) Ngaten: NMOS gate doping concentration.
(11) Ngatep: PMOS gate doping concentration.
(12) Nchn: NMOS channel doping concentration.
(13) Nchp: PMOS channel doping concentration.
(14) Nsdn: NMOS source/ drain doping concentration.
(15) N d : NMOS source/ drain doping concentration(15) Nsdp: NMOS source/ drain doping concentration.
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Proposed Methodology for HKMG Logic LibraryProposed Methodology for HKMG Logic Library
 The input to the design flow is a 32

nm HKMG model file.
 First step: statistical characterizationp

at device level i.e. NMOS and
PMOS for ˆIGIDL, ˆIOFF and ˆION.

 Monte Carlo simulations are run to Monte Carlo simulations are run to
obtain statistical data (mean (µ),
variance (σ)) for each device.

 Second step: PVT aware Second step: PVT aware
characterization of logic gates. At a
given temperature, the logic gate
under consideration is biased forunder consideration is biased for
each state and Monte Carlo
simulations are performed.

 State dependent data for ˆIGIDL and State dependent data for IGIDL and
ˆIsub is presented. This is followed by
measurement of ˆIdyn and
Propagation Delay.p g y
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HighHigh--кк Modeling at Device LevelModeling at Device Level
 32nm Predictive Technology Model (PTM) is used for modeling HKMG transistors

(http://www.eas.asu.edu/~ptm/).
 Two methods are used: (1) The model parameter in the model card that denotes( ) p

relative permittivity (EPSROX) is changed or (2) The equivalent oxide thickness
(EOT) for the dielectric under consideration is calculated.

 The EOT is calculated by the formula: The EOT is calculated by the formula:

SiO tEOT *2 





gate
gate

SiO tEOT *2












 кgate is the relative permittivity and tgate is the thickness of the gate dielectric
material other than SiO2.

 кSiO2 is the dielectric constant of SiO2 (= 3 9) We have taken к t =21 and t t =5 кSiO2 is the dielectric constant of SiO2 ( 3.9). We have taken кgate 21 and tgate 5
nm to emulate a HfO2 based dielectric. EOT is calculated to be 0.9 nm.
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VariationVariation--Aware HKMG Device Level CharacterizationAware HKMG Device Level Characterization

 Different biasing conditions are used for device level
characterization of ˆIGIDL, ˆIOFF and ˆION.

 A Monte Carlo analysis is done with N=1000 runs, with the
15 process parameters. Each of these process parameters is

d t h G i di t ib ti ith t kassumed to have a Gaussian distribution with mean taken as
the nominal values specified in the PTM and standard
deviation as 10% of the mean.deviation as 10% of the mean.

 ˆIGIDL, ˆIOFF and ˆION exhibit Lognormal distribution.
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VariationVariation--Aware State Dependent HKMG Logic Level Aware State Dependent HKMG Logic Level 
CharacterizationCharacterization

 Results for HKMG logic cells are presented at room temperature (27◦C).
 State dependent data for ˆIGIDL and ˆIsub as it leads to accurate leakage

estimationestimation.
 As ˆIdyn depends primarily on the switching of the logic gates, average

data for ˆIdyn is presented.
 CL is taken as 10 times Cgg (gate capacitance of PMOS).
 Logic cells characterized: Inverter, NAND, NOR and Buffer.

P ti D l d i f l Propagation Delay measured using formula:

 TT













 


2
PDHL

T
PDLH

T
Delay



3/5/2009 11



VariationVariation--Aware State Dependent Logic Level Aware State Dependent Logic Level 
Ch i i HKMG NANDCh i i HKMG NANDCharacterization: HKMG NANDCharacterization: HKMG NAND
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VariationVariation--Aware State Dependent Logic Level Aware State Dependent Logic Level 
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VariationVariation--Aware State Dependent Logic Level Aware State Dependent Logic Level 
Ch i i HKMG NANDCh i i HKMG NANDCharacterization: HKMG NANDCharacterization: HKMG NAND
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PVTPVT--Aware HKMG Logic Level CharacterizationAware HKMG Logic Level Characterization
 Simulations at 0°C, +50°C, +100°C, +125°C are considered.
 It is observed that ˆIGIDL does not show strong dependence on

t ttemperature.
 ˆIsub shows an increase in the mean (μ) value with increasing

temperature. This is due to dependence of ˆIsub on VTh, which dependsp p sub Th, p
strongly upon temperature.

 Delay also shows an increasing trend with temperature.
 ˆIdyn is measured over one cycle of operation. It remains almost

constant with temperature, because for one cycle theoretically, ˆIdyn
does not depend on frequency (delay).p q y ( y)
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PVTPVT--Aware Logic Level Aware Logic Level 
Characterization: HKMG NANDCharacterization: HKMG NANDCharacterization: HKMG NANDCharacterization: HKMG NAND
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ConclusionsConclusions
 Methodology for a PVT aware HKMG standard cell

library creation while considering the effect of processy g p
variations is presented.

 Device level characterization for HKMG NMOS and
PMOS transistors for drive current (ˆION), off-current
(ˆIOFF ) and GIDL current (ˆIGIDL) has been done, modeled

i 32 PTM d lusing 32 nm PTM models.
 This is followed by PVT aware statistical characterization

f t d d ll Th t t d d t d t f ˆI ˆIof standard cells. The state dependent data for ˆIsub, ˆIGIDL
and dynamic current (ˆIdyn) are presented.
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Future ResearchFuture Research
 We plan to develop similar logic libraries for other non-

classical CMOS technologies such as Double Gate FETg
and Carbon Nanotubes and analyze their performance.

 Applications for HKMG Library:
 The data provided in the paper will be useful at the

system level when a probabilistic analysis is carried out.
 Useful for probabilistic-CMOS, where the analysis is

done using probability distribution functions (PDFs),
instead of working with actual values.
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Thank you !!y
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