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Electronics Cooling in the News

IBM-3M Press Release




Phonons in the News?

Intel (2012)

Finally, commercial
finFETs

!::ﬁ:;‘}fﬂi Finally, commercial
{ phase change memory
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Samsung Cell Phone %%
Memory, May 2011 o



Phonons in the News?

IBM/Macronix
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Memory, May 2011




Phonons in the News?
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Phonons in the News?

| Boundary
| Scattering

\ Local Phonon
| Nonequlibrium
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Proceedings=IEEE

Heat Generation and Transport
in Nanometer-Scale Transistors

By Eric Popr, SANjIvV SINHA, AND KENNETH E. GOODSON

\VOL. 94 (2006) ﬁ



Phonons in the News?
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Branch Nonequilibrium
(BTE Moments)

: : Boundary Scattering
(Lai and Arun Majumdar 1996) (SOl MOSFET)
Hotspot Emission (BTE) (Goodson & Flik 1992;

(Gang Chen 1996) Sverdrup et al. 2001)
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Phonons in the News?
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into drain
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Coupled Electron Monte Carlo &

Phonon BTE in 20 nm finFET
|IEEE TRANS. ELECTRON DEVICES (55) 2008

Jeremy A. Rowlette and Kenneth E. Goodson



Phonons in the News?

Proceedings:IEEE
Phase Change Memory

WONG, RAOUX, KIM, LIANG, REIFENBERG,
RAJENDRAN, ASHEGHI, AND GOODSON

VoL. 98 (2010) ﬁ
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Phonons in the News?

Proceedings:IEEE
Phase Change Memory

WONG, RAOUX, KIM, LIANG, REIFENBERG,
RAJENDRAN, ASHEGHI, AND GOODSON

Lee, Asheghi, Goodson,
VoL. 98 (2010) ﬁ Nanotechnology (2012)

Phonons in PCRAM T ———

Electrode Interface g g7 2
(Reifenberg et al., 2007 & 2008) Poly c-GST | ;

Phase Interfaces & Electrons C
(Bozorg-Grayeli, 2011)

Thermoelectric Phenomena
(Lee et al., 2012)
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(Kuzum, Wong, et al, 2011/2012)
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Rig Complexity

Nano Thermal Metrology

How can we “see”
thermal phonons?

Restrict the conduction
lengthscale using high
speed optics

Restrict the conduction
lengthscale using
nanofabrication

Sample Complexity



Rig Complexity

Nano Thermal Metrology

delayed probe
12 ps pump

SiC / Diamond

Students: Cho, Bozorg-Grayeli
Electron Device Letters (2012)

cw probe
10 ns pump

Metal

[Eaetl]|

Catalyst

Substrate

50nm 5000 nm

Students: Panzer, Gao e

Nano Letters (2010)

| |
| | Reference
|

Mo/Si Nanolayers

Students: Li, Lee, Kodama Students: Yonéka, Li, Kodama

Nano Letters (2012) Nano Letters (2012 in press)

Sample Complexity




Phonons in Nanowires & NanoTubes

Appearing this month from Li Shi, UT Austin

THERMAL AND THERMOELECTRIC TRANSPORT
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Phonons in Nanowires & NanoTubes
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Li, Majumdar, Yang, et al.
Applied Physics Letters (2003)
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Pop, Goodson, Dai et al., Nano Letters (2006),
Pop, Goodson, Dai et al., Physical Review Letters (2005)




SOIl-Enabled Phonon Studies 1994-

Measurement Structure
heater / thermometers

dopingﬁ. single-crystal Si

buried oxide, ~2 microns thick
thick Si substrate
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Conductivity
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Asheghi, Goodson, et al.,
Applied Physics Letters 71 (1997)

Asheghi, Goodson, et al.,
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SOIl-Enabled Phonon Studies 1994-

Measurement Structure
heater / thermometers

dopingﬁ. single-crystal Si

buried oxide, ~2 microns thick
thick Si substrate

Thermal /-
Conductivity /‘42 >
(W m1 K1) 100 nm =
10’ /

Asheghi, Goodson, et al., y,
Applied Physics Letters 71 (1997)
Asheghi, Goodson, et al., /20 nm
J. Heat Transfer 120 (1998) 10°
Liu and Asheghi 20 40 60 80100 300

J. Heat Transfer 120 (2006) Tem perature (K)



SOIl-Enabled Phonon Studies 1994-

Measurement Structure
heater / thermometers (varyjng width)

single-crystal Si

buried oxide, ~2 microns thick
thick Si substrate

Y. Sungtaek Ju
now with UCLA MAE

Ju, Goodson
Applied Physics Letters 74 (1999)



SOIl-Enabled Phonon Studies 1994-

Measurement Structure
heater / thermometers

McConnell, Srinivasan, Goodson,

doped—"MM  ingle-crystal Si et al., JMUEMS 10 (2001)
thinned oxide support from SOI 1%
Vacuum

(suspended structure) [

0.1 : E

Thermal

Resistance  0.01; E
Ratio |

(SILICON / loss)g go1l |

metallization
Sverdrup, Sinha, Goodson et al.,

Applied Physics Letters 78 (2001)
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Temperature (K)



SOIl-Enabled Phonon Studies 1994-

Measurement Structure
heater / thermometers

doped—

thinned oxide support from SOI

single-crystal Si

Vacuum
(suspended structure)

Thermal
Resistance
(K W)

Sverdrup, Sinha, Goodson et al.,
Applied Physics Letters 78 (2001)

Model: Sinha, Pop, Dutton, Goodson,
J. Heat Transfer (2006)
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SOIl-Enabled Phonon Studies
201 O' (boundaries & nanoholes)
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Nanoladder Device Fabrication

1. Silicon-On-Insulator Wafer
2. Deposit & Pattern (E-Beam Lithography) Photoresist
3. DRIE Etch Silicon Device Layer

Dr. Taka Kodama
4. Remove Oxide Layer To Suspend Device

ﬁﬁlﬁpﬁHEH.‘. 5. Deposit Palladium Film



SOIl-Enabled Phonon Studies
201 O' (boundaries & nanoholes)
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Voltage Measurement
Silicon Substrate '

Liu and Asheghi Marconnet, Kodama, Asheghi, Goodson, et al.
Applied Physics Letters (2004) Nano & Microscale Thermophys. Eng. (2012)



SOIl-Enabled Phonon Studies
201 O' (boundaries & nanoholes)
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Probing the WFL at 7 nm

Yoneoka, Lee, Goodson, Kenny, et al., Nano Letters (2012)
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Extreme UV Optics

EUV

EUV reflection
~70%

Carl Zeiss AG



Electrons & Phonons in Metal NanolLayers

Li, Goodson, et al., Nano Letters (2012), accepted and in press
Bozorg-Grayeli, Li, Goodson, et al., Applied Physics Letters (2011)
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Electrons & Phonons in Metal NanolLayers

Li, Goodson, et al., Nano Letters (2012), accepted and in press
Bozorg-Grayeli, Li, Goodson, et al., Applied Physics Letters (2011)

Anisotropy caused by:

- Series vs parallel film resistances
n=2-3

- Discrete interface resistances and
ballistic electrons, n = 4-9

- Disorder and material interdiffusion at
interfaces (smudging)

- Weak electron-phonon coupling and ballistic
phonons?




Electrons & Phonons in Metal NanolLayers

Li, Goodson, et al., Nano Letters (2012), accepted and in press
Bozorg-Grayeli, Li, Goodson, et al., Applied Physics Letters (2011)
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Future Phase Change Nanodevices

Pre-synaptic neuron

Dendrites Post-synaptic neuron

Axon hillock

" Synapses for Brain-
i Inspired Computing

Kuzum, Jeyasingh, Lee, Wong,

\D\ Nano Letters (2011)
S Post spike line’ ™

Neural signal

Nucleus
Synapse

Myelin sheath

Potentiated Synapse
(crystalline state)

Field-Programmable _
Gate Arrays Depressod Synaed

(amorphous state) docirode
[t

1 FO—H-0—H-0—H ? *
oo
—_— | : |
’:I )—([)ﬁl—(l)ﬁ-l—(rﬁ-{ Lee, Asheghi, Wong, Goodson, et al.
Electron Device Letters (2011)

RF-FPGA




E ffective thermal conductivity (W/mK)

Phase Transition Complexity in Ge,Sb,Te,
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Lee, Li, Sinclair, Goodson, et al., Journal of Applied Physics (2011)
Li, Lee, Wong, Goodson et al., Electron Device Letters (2011)
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g ’I \in-plane model
H [/ @€ in-plane data
g
g ¥
§
7 Conductivity anisotropy modeled
ﬁ’/ using JMAK phase transition and
Maxwell-Eucken EMT
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Phase Transition Complexity in Ge,Sb,Te,

Lee, Li, Sinclair, Goodson, et al., Journal of Applied Physics (2011)
Li, Lee, Wong, Goodson et al., Electron Device Letters (2011)
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Rig Complexity

Nano Thermal Metrology

delayed probe
12 ps pump

SiC / Diamond

Students: Cho, Bozorg-Grayeli
Electron Device Letters (2012)

cw probe
10 ns pump

Metal

[Eaetl]|

Catalyst

Substrate

50nm 5000 nm

Students: Panzer, Gao e

Nano Letters (2010)

| |
| | Reference
|

Mo/Si Nanolayers

Students: Li, Lee, Kodama Students: Yonéka, Li, Kodama

Nano Letters (2012) Nano Letters (2012 in press)

Sample Complexity




TDTR/TTR Sample Design

Phase Change Interfaces CNT Forests —
eta
Students: Bozorg-Grayeli, Li, Reifenberg Students: Panzer, Gao, Marconnet
Applied Physics Letters (2007) ACS Nano (2011)
Electron Device Letters (2008, 2010, 2011) Nanoletters (2010)

J. Heat Transfer (2008) [sh1ictiolEl
J. Electronic Materials (2009) Metal

~ i
!.,/ > Transparent
A o Substrate
Extreme UV
" NanoOptics
wit 44 +/- E*
Students: Bozorg-Grayeli, Li _44 +/-4 nm Al -
Intel TMG Applied Physics Letters (2012) 49 nm
l Nano Letters (2012)
Ge)
NanoPhotonic 4,
Crystals (SRO/SRN)
600}
Students:
Rowlette, Kekatpure, 400
Marconnet
Physical Review B (2009) 2°0f o TERR it =
Applied Physics Lett. (2012) S Ve -
G2 22 2.4 26 2.8 L
Tencor

refractive index



Required Measurement Timescales

Material Thickness, d*

[microns]

100 |

10 |

[EEY

0.1 |
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Si0, , SisN, ,
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metallic
package
interfaces

Interconnect,

vias, and
transition
layers

raaal 1 1 Lt a1 aaal

Semi-

conductors

Si, SiGe,
GaAs
GaN

d*~3L=3Var:
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10°

Thermal Conductlwty, k [W/m-K]
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Diamond
Composite
Substrates

DARPA NJTT Programs

HEMT Composite Substrates

(a)
19.5 nm AlGaN/GaN HEMT Layer

827 nm GaN Buffer

600 nm Al, ,Ga, ;N

828 nm GaN Buffer

142 nm Al sGa, N

342 nm Adhesion Layer

Proc. ITHERM 2012, with Group4 Labs

Quantum Cascade Laser SubMounts

A% ';':‘iig'
%‘q (A,

¢ Dlamond SubMount '*-.J

l‘q_.

Razeghi et al., L N, 4. Phys. (2009)

POWER FET Passivation

Aluminum

Silicon . Daimler



TDTR Boundary Resistance Extraction

Stanford with Raytheon: Cho, Altman, Asheghi, Goodson, Electron Device Letters (2012)

: 15 ‘ ‘
GaN Composite Substrates Exporiment
o — TBR: 4 m"KIGW
o (Best Fit)
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ps TDTR simul-fit 11 r )
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Thermal Resistance
Mechanisms —

Active Region
Interface

Discrete carrier scattering at P _Scattering
interfaces

Impurity
‘ P > scattering
(U

Scattering on imperfections,

. . . = .y = Grain
sF0|ch|on_1etr|c |rr_||?ur|t|_es, and Transition Layer boundary
disorder in transition film scattering

Defect
scattering
Near-interfacial disorder in
. . Roughness
primary composite substrate e
. . Iamon
materials (GaN & Diamond) Near-
interfacial
disorder

nanoheat.stanford.edu 42



Thermal Resistance
Mechanisms

Discrete carrier scattering at
interfaces

Scattering on imperfections,
stoichiometric impurities, and
disorder in transition film

S
‘} "1 ‘? L& ’d .f"", B :

,‘. ‘4
) -’1 V._.aﬂ

Active Region
P Interface
_Scattering

P Impurity
\ scattering
(U

Grain
Transition Layer boundary

scattering

Defect
scattering

Roughness

Substrate

Near-
interfacial

disorder
nanoheat.stanford.edu 43



Near-Interfacial Diamond

Touzelbaev & Goodson, Diamond & Related Materials (1998)

Touzelbaev & Goodson, J. Thermophysics & Heat Transfer (1998)

T POLY- ds(2)
CRYSTAL v
d, DIAMOND
LAYER
Z -—
o JMAMATAERNL -

Substrate

Heating pulses
from Nd:YAG

To
Detector

Si Substrate

Thermal Resistance, d/k,

(10° m* KWT)

Goodson, ASME J. Heat Transfer (1996)
Goodson et al., Journal of Applied Physics (1995)

Mean free path
A=A +A ~AL 4 de

phonon grain—boundary — phonon

Grain-boundary scattering strength

n= > on(z)

defect
types

Iulechanlc'al Nucleation'
L Tn = 550 °C
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A i
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d,=01pm 7=02 ]
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Nanosecond Thermoreflectance

Panzer, Goodson, et al., J. Heat Transfer (2008), NanoLetters (2010)
Kaeding, Goodson, et al., Applied Physics Letters (1993)

1

Decreasing R1

Rapid optical heating and Metal
thermometry allows

vertical resistance
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: R2
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Conduction Physics in CNT Films

Nanoscale metal-CNT interface Partial nanotube
resist engagement

Spatially varying
Individual CNT aligment

conductance

Growth interface

Inter-tube contac resistance



Thermal Conductivities of Individual
CNTs and Aligned Arrays

10 - F I T 17 ‘ T 1T T 1 ‘
- Marconnet, Panzer, Goodson,
< - Reviews of Modern Physics 2
X 10° (invited & submitted 2012) %
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Thermal Resistance

Data and Modeling for Individual SWNT-metal
Interface Resistance

Panzer, Maruyama,
Wardle, Goodson et al.,
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Rig Complexity

Nano Thermal Metrology

delayed probe
12 ps pump OpTICS &
Nanostructures

SiC / Diamond

Students: Cho, Bozorg-Grayeli
Electron Device Letters (2012) \
cw probe

10 ns pump

Multi-property

Metal
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Catalyst

Substrate
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Students: Panzer, Gao

Nano Letters (2010)

|
| Reference

'Mo/Si Nanolayers

Students: Li, Lee, Kodama Students: Yonf;ka, Li, Kodama

Nano Letters (2012) Nano Letters (2012 in press)

Sample Complexity



Thermal & Optical Properties of
Silicon-Enriched Oxides & Nitrides

Rowlette, Kekatpure, Brongersma, Goodson, et al., Physical Review B (2009)
Marconnet, Yerci, Dal Negro, Goodson, et al., Applied Physics Letters (2012)
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Thermal & Optical Properties of
Silicon-Enriched Oxides & Nitrides

Rowlette, Kekatpure, Brongersma, Goodson, et al., Physical Review B (2009)
Marconnet, Yerci, Dal Negro, Goodson, et al., Applied Physics Letters (2012)
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Mechanical & Thermal Properties of
Aligned CNT Films

Thermal Mechanical
Laser Doppler
Pump Vibrometer

Probe (LDV)

MEMS Resonator

Piezoelectric

Shaker
mmmmm  Sisubstrate
mmmmm Polysilicon
Oxide
m— A0, Yoonjin Won, Matt Panzer, Amy Marconnet, et al.
mmmm Fe
mmmmn - CNT Carbon (2012)

nanoheat.stanford.edu 52



Fabrication Process

Yoonjin Won, Matt Panzer, Amy Marconnet, et al., CARBON (2012)

Polysilicon deposition

Resonator outline etching

Resonator etching

Oxide layer removal

200 A Al,0, deposition

10 A Fe catalyst deposition

| o o Y

CNT growth

CNT

oo

s Si substrate E— Al,04
mmmmm  Polysilicon I Fe
Oxide Himur - CNT

CNT growth process

A mixture of C,H, and Ar gas flows through a tube
furnace at 825°C

* The carbon atoms from C,H, dissolve into the
catalyst nanoparticles

* The carbons crystallize into stacks of flat sheets of
hexagonally patterned carbon, which extrude as
nanotubes




Modulus of Nonhomogeneous CNT Films

Yoonjin Won, Matt Panzer, Amy Marconnet, Goodson, et al. CARBON (2012a)

Growth Stages
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* Interweaving of a thin layer of

entangled and randomly oriented
nanotubes
* Vertical-aligned growth
* Density decay

Won, Carbon (2011)
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Scaled Modulus

Yuan Gao, Takashi Kodama, Goodson, et al., CARBON (2012b)
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3D NanoPackaging

EE ‘Times News & Analysis

Latest News
Semiconductor News

DESIGN
STRATEGIES
FOR ARM"
SYSTEMS

An Aunet Design Summit

m L CAVER- WL ENLER Business | EE Life | Embedded.com | Design

News & Analysis EE Times Home > News and Analysis

News & Analysis

R. Colin Joh

Primary Thermal
Interface

Memory

Nanotape could make solder pads obsolete Memory
. Colin Johnson H
1/24/2011 12:01 AM EST Loglc
a a a a4 A Aa a a a a

PORTLAND, Ore —Solder pads could soon be made obsolete b

nanotape material created by the Semiconductor Research Corp) C hl (J Carrlel"

and Stanford University.

By sandwiching thermally conductive carbon nanotubes betweer|

Carbon

Mechanical characterization of aligned multi-walled carbon)
nanotube films using microfabricated resonators

Yoonjin Won *°, Yuan Gao °, Matthew A. Panzer “, Senyo Dogbe b Lawrence Pan ©,
\Thomas W. Kenny “, Kenneth E. Goodson *

2012

_J

NANO

and Nanotube Engagement in Metalized
Single Wall Carbon Nanotube Films

Matthew A. F‘anzer‘;f Hai M. Duong, . Jun ﬂl-:awa § Junichiro Shiomi. § Brian L. Wardle,}
\Ehjgeu Maruyama,” and Kenneth E. Goodson™

(Temperature-Dependent Phonon Conduction)

2010




3D NanoPackaging

3D Stacking Interfaces

CNT
Composites

Me. aory

Memory

>
Thermal Conduction in Aligned e
Carbon Nanotube—Polymer
Nanocomposites with High Packing
Density

Amy M. Marconnet,” Namiko Yamamoto,* Matthew A. Panzer,” Brian L. Wardle,* and Kenneth E. Goodson™*

2011



3D NanoPackaging

Materials Needs

IBM-3M Press Release
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Memory
Memory

Logic
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1BM-Micron 3D

press release,
December 2011
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