
E. Pop, Stanford Univ. Ph.D. Orals Aug 5th, 2004

SelfSelf--Heating and Scaling of Heating and Scaling of 
Silicon NanoSilicon Nano--TransistorsTransistors

Eric Eric PopPop
Advisors:  Profs. KennethAdvisors:  Profs. Kenneth Goodson and Robert DuttonGoodson and Robert Dutton

Stanford UniversityStanford University



E. Pop, Stanford Univ. Ph.D. Orals Aug 5th, 2004

Self-heating in bulk and strained silicon

Monte Carlo code (MONET):

Implementation à electron and phonon model

Validation à vs. data and commercial codes

Results à heat generation details

Thermal scaling limits of nano-transistors

Compact model for thin-body devices

Electro-thermal design guidelines

Device geometry optimization
f

g

SummarySummary
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Why is Heat Bad for Electronics?Why is Heat Bad for Electronics?

R ~ T (metals)
R ~ T1.5 (doped silicon)
Power = I2R ~ 100 Watts

http://phys.ncku.edu.tw/~htsu/humor/fry_egg.html

CPU Power Density ~ 100 W/cm2
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... and for End Users... and for End Users

ASUSTeK cooling solution (!)

The industry now calls them
“portables” not “laptops”
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Thermal Management MethodsThermal Management Methods

System Level
à Active Microchannel Cooling (Cooligy)

Transistor Level ?
à electro-thermal device design

Circuit + Software Level
à active power management
(turn parts of circuit on/off)

IBM
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Transistor Thermal ChallengesTransistor Thermal Challenges
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Methods to Compute Heat GenerationMethods to Compute Heat Generation

Drift-diffusion:

Does not capture non-local transport

Hydrodynamic:

Needs some average scatt. time

(Both) no info about generated phonons
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Complete info about generated phonons:
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Heat Generation with Monte CarloHeat Generation with Monte Carlo

Electrons treated as semi-
classical particles, not as “fluid”

Drift (free flight), scatter and 
select new state

Must run long enough to gather 
useful statistics

Main ingredients:
Electron energy band model

Phonon dispersion model

Device simulation:

Impurity scattering, Poisson equation, boundary conditions

Import grid from Medici (commercial drift-diffusion simulator)

MONETMONET
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Electron Energy BandElectron Energy Band ModelModel

Analytic “non-parabolic” band approximation (α = 0.5 eV-1)
Good choice for Vdd ≤ 1.1 V

No impact ionization

No X-L valley scattering

Fast and reasonable for future technologies
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Phonon Dispersion Phonon Dispersion ModelModel

MONET:  first analytic-band Monte Carlo code to distinguish 
between ALL phonon dispersion branches

Easy to extend to other materials, strain, confinement
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Quadratic approximation

Isotropic assumption
Included for

intra-valley scattering rate

inter-valley scattering rate

selection of final state

Easy to invert q = f(ω)

ω(q) = ωo + vsq + cq2
Typical

MC code
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20 meV

50 meV

ElectronElectron--Phonon ScatteringPhonon Scattering

Intra-valley scattering à acoustic, E < 50 meV (Normal)

Inter-valley scattering à 3x f- and 3x g-type phonons (Umklapp)

Phonon (q,ω) given by geometrical selection rules and dispersion

f

f

gg

Gqkk +±=′



E. Pop, Stanford Univ. Ph.D. Orals Aug 5th, 2004

Scattering (Deformation) PotentialsScattering (Deformation) Potentials
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ValidationValidation with with Bulk Si TransportBulk Si Transport DataData

Experimental data from [1] Canali ’75, [2] Green ’90

Velocity-field agreement over 77 – 430 K range

Mobility-temperature agreement over 45 – 600 K range

E. Pop et al, J. Appl. Phys. 2004
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TransportTransport in Strained in Strained SiSi on Sion Si11--xxGeGexx

Strained silicon advantages:
1. Less f-type inter-valley scattering
2. Lighter in-plane eff. mass mt<ml

à Larger µ = qτ/m* !!!

∆2

∆4

∆E ~ 0.67x

∆4

∆2

∆6

Bulk Si
Strained Si

Biaxial
tension

Present
work

Simulation with
old parameter

set (Jacoboni ‘83)

Unstrained Si mobility

MONET + data indicate stronger 
f-phonon inter-valley coupling

MODFET Data (Ismail ‘93)

f-scat

E. Pop et al, J. Appl. Phys. 2004

Doped 1017

Bulk Si

Strained Si
x=0.3, ∆E=0.2 eV
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Computed Phonon GenerationComputed Phonon Generation

Complete spectral information on phonon generation rates

Note: effect of scattering selection rules (less f-scat in strained Si)

Note: same heat generation at high-field in Si and strained Si

E. Pop et al, SISPAD 2003, Appl. Phys. Lett. 2004
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Evolution of Generated PhononsEvolution of Generated Phonons

Localized temperature near nanoscale heat generation region

Mean free path (MFP) of emitted phonons << MFP of thermal phonons

Phonon relaxation rates depend on peak generation rate in device

S. Sinha, E. Pop et al, IMECE 2004 + Thesis work of Sanjiv Sinha
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11--D: D: ““NN--ii--NN”” Device (Setup)Device (Setup)
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11--D: D: ““NN--ii--NN”” Device (Results)Device (Results)

L=500 nm 20 nm100 nm

Potential (V) Potential (V) –– MONETMONET: self: self--consistent consistent with Poissonwith Poisson eq. (every DT=0.5 fs)eq. (every DT=0.5 fs)

Medici

MONET

MONET vs. Medici (commercial code):
“Long” (500 nm) device: same current, potential, nearly identical
Importance of non-local transport in short devices
MONET gives heat gen. rate location and make-up (optical, acoustic)

Heat Gen. (eV/cmHeat Gen. (eV/cm33/s)/s)

∆L MONET
Medici

Error:  ∆L/L = 0.10 ∆L/L = 0.38 ∆L/L = 0.80

MONET
Medici
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22--D:D: Thin BodyThin Body SOI (LSOI (Lgg = 18 nm)= 18 nm)
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Engineer to ITRS Specs:
LG=18 nm, tSI=4.5 nm, tOX=1 nm 
NSD=1e20 cm-3, NCH=1e15 cm-3

ION=1000 µA/µm, IOFF=1 µA/µm
ΦGATE=4.53 eV (Mo), VDD=0.8 V

MONET
(no Poisson)

if W/L = 4 then Nelec ~ 2500 total!
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URL:URL: http://nanoheat.stanford.eduhttp://nanoheat.stanford.edu
http://nanohub.http://nanohub.oorgrg (soon)(soon)
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Thermal
Conductivity

Design and
Scaling

Monte Carlo
Analysis

What About Device Design?What About Device Design?
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Evolution of Transistor DesignsEvolution of Transistor Designs

Bulk FET:  “workhorse” of semiconductor industry

Strained Si or Ge channel:  mobility improvement

Thin Body on Insulator (SOI, GOI) and FinFET:  less parasitics 
and better channel control, poor thermal properties

Bulk Silicon

FinFETBulk FET (Strained) Si/Ge-O-I

Source Drain

Silicide
Gate

Oxide 
Isolation

Silicide
Gate

Strained Si, Ge, SiGe

Silicon substrate

Buried oxide

Lg = 45 nm 25 nm 10 nm ?
(2004) (2020)
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Somewhere, something went terribly wrong.

...transistor evolution, from a ...transistor evolution, from a 
thermalthermal perspective, is not going perspective, is not going 

so well.so well.
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UltraUltra--Thin Body Thin Body TransistorTransistor

Intel DST/SOI Transistor (IEDM 2001)

Lex ~ Lg/2

Lsd ~ Lg

tsi ~ Lg/4

Ion, Vdd, tox from
ITRS guidelines.
Metal gate sets Vt

R = L/(kA)

Scaling:
tsd ~ 2tsi

W ~ 3Lg

Aco ~ 2LgxLg

FinFET: tsi ~ Lg/2, hfin ~ 4tsi

E. Pop et al, IEDM 2003, IEDM 2004
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Thin Film Thermal ConductivityThin Film Thermal Conductivity

Phonon boundary and impurity scattering

à strong decrease of thermal conductivity (k)

Thin Si: 20 nm à 22 W/m.K (expt), 10 nm à 13 W/m.K (theory)

Assume tsi ~ Lg/4 for fully depleted thin-body SOI devices

Λ= Cvk
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MetalMetal--OxOx--SiSi Thermal ResistanceThermal Resistance

Oxide Thickness tox (nm) 
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Where does MOS boundary thermal resistance come from?
Phonon dispersion mismatch between materials

Phonon (dielectric) à electron (metal) heat carrier conversion at boundary

Small (metal) grains or atomic roughness at boundary

Ox

Met.

Si
Rox
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Contact Contact and Via and Via ThermalThermal ResistanceResistance

Significant for small contact area

Wafers (Kelvin probes) from T.I.

Electrical resistance thermometry

I-V measurements at various T:

Power P=I·V (W)
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20 oC

60 oC

100 oC

150 oC

Electrical Res.
17.56 + 0.01156 T

Lumped Thermal Resistance
Rth ~ 1.1 x 105 K/W
(from via to thermal ground)

Chuck T

T à Rel(T), then Rel(P=IV) à T(P) à Rth
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SelfSelf--Consistent ElectroConsistent Electro--ThermalThermal ModelModel
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Geometry
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P=VI I

τ=CV/I

( ) πβε //1ln2 oxexswex tLC +=

cosdQexxd RRRRR ++±=
(RQ due to heat source position)
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TemperatureTemperature Rise along ITRSRise along ITRS
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Jenkins ’04: exp. observed ∆T = 100 oC (DC) in 100 nm SOI

Plot source-side ∆T with S/D height (tSD) as parameter

Raised Source/Drain (S/D) adopted to reduce electrical Rseries

Extra thickness (tSD) also reduces S/D thermal resistance à
lower device T (with fixed Lex ~ Lg/2)

Gate Length Lg (nm)

tSD = ntSi
n = 1...5

tSi

tSD

E. Pop et al, IEDM 2003
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SOI ComparisonSOI Comparison withwith FinFETFinFET

FinFET vs. SOI, thermally speaking:
Fin height assumed ~ Lg à kth ↓ à T ↑

2x thicker body à kth ↑ à T ↓

2x oxide area à Rox/2  à T ↓

Gate Length Lg (nm)
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FinFET

SOI

vs.
FinFET: tfin ~ Lg/2

FinFET
overall T ↓

tsd = ntsi
n = 1, 3, 5

SOI: tsi ~ Lg/4
FinFET
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SOI Comparison with GSOI Comparison with G(ermanium)(ermanium)--OO--II

Thin film kGe < kSi but not as badly as in bulk (60 vs. 148 W/m .K)

Ge has 2x mobility advantage, 40% lower Vdd, lower power

GOI devices à assume tGe = 3/4tSi where tSi = Lg/4

T about same, Ge retains mobility + current advantage
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E. Pop, C.O. Chui et al, IEDM 2004
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Extension and Extension and Raised DrainRaised Drain DesignDesign

Choose channel extension length Lex and S/D thickness tSD

Ideally want (thermally) à short Lex and raised tSD

But... must also consider gate-drain capacitance, dopant
diffusion, spacer control, silicide thickness

What about parasitic
capacitance and speed?

tSi

tSD

Lex
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Intrinsic Gate Delay OptimizationIntrinsic Gate Delay Optimization

Delay not lower for S/D > 3-4 x tfilm

Optimal extension length ~ Lg/2

Optimized GOI devices 30% faster 
than optimized SOI
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E. Pop et al, IEDM 2004
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Role of Contact Resistance and PowerRole of Contact Resistance and Power

Device contacts can be used to spread heat àmore work must 
be done to better understand them thermally

ITRS guidelines for power too high for shrinking device volumes

(either) Lower power reqt. (e.g. quadratically) for smallest SOI

(or) Use sparingly, operate at very low duty factor
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Lower power à T ↓ ↓ gg LLVIQ 5.2717.0 2 +−=⋅=
Power downPower down--scaled scaled quadraticallyquadratically::

(Lg in nm)
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Self-heating in bulk and strained silicon

Monte Carlo code (MONET):

Implementation à electron and phonon model

Validation à vs. data and commercial codes

Results à heat generation spectrum

à location and make-up of drain hotspot

Thermal scaling limits of nano-transistors

Compact model for thin body devices

Electro-thermal geometry optimization

FinFET, GOI advantage over SOI f

g

SummarySummary
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