SCHOOL of ENGINEERING & APPLIED SCIENCE
UNIVERSITYsVIRGINIA

Energy transfer processes in nanosystems: phonon
transport in metals, interfaces, and polymers

| Patrick E. Hopkins

Assistant Professor
Dept. Mech. & Aero. Eng.
University of Virginia
—-l phopl.<ins@vir§.ginia.edu
EJ patrickehopkins.com

=




Energy efficiency = heat transfer problem

57% of energy consumed in the
United States is wasted as HEAT

Let’s look at a simple graph...




Energy usage in the United States

L B Lawrence Livermore
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Making energy usage more efficient?

Lighting has already
experienced a paradigm
shift

The Light Emitting
Diode (LED)!




Making energy usage more efficient?

Server farms... Recycle the wasted heat
= (NET energy decrease)

HP Labs Design for a Farm Waste

Data Center Ecosystem

i

i

Can we make
computers chips more
energy efficient?




Making computers more efficient
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Moore’s law....a NANO heat transfer problem

Power flux= Power/area
Length scale goes down, power flux goes up as L?

Moore’s Law - 2005 1()80%31I|ng clock speed (business as usual) will not work
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Moore, “Cramming more components onto integrated circuits,” Electronics, 38, 113 (1965)



Nanoscale heat transfer

T This doesn’t work when
0 lengths become too

short...why??? We'll
aZ find out soon!

Silicon thin films
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Notice different trends
between x in metals and
K in semiconductors

Tabulated data from: Ho, Powell, and Liley, "Thermal conductivity of the elements,"
Journal of Physical and Chemical Reference Data, 1, 279 (1972).
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Definition of nanotechnology

“Nanotechnology is the understanding and control of
matter at dimensions of roughly 1 to 100 nanometers,
where unique phenomena enable novel applications.
Encompassing nanoscale science, engineering and
technology, nanotechnology involves imaging,
measuring, modeling, and manipulating matter at this
length scale.”

-National Nanotechnology Initiative



The Scale of Things - Nanometers and More
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What does this mean for heat?
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NEED TO UNDERSTAND HEAT TRANSFER ON THE ATOMIC LEVEL WHERE ALL
THE ACTION HAPPENS ON THE ORDER OF FEMTOSECONDS TO
NANOSECONDS

How fast is a femtosecond (101> s)?

5.4 ps - Time for light to travel 1 mile in vacuum 330 ps Time it take a 3.0 GHz computer

\ to add two integers\

0.000000000000001 s

1 ms - Typical duration of a camera flash 1950 s Time of fustion in the hyrdogen bomb 200 fs Fastest chemical reactions
(pigment reaction in the eye)



Energy/heat time and length scales

Characteristic times [s]
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Outline

*Thermophysics background
*Measurement of electron and phonon thermal properties
on the nanoscale with time domain thermoreflectance —

time scales and phenomena

*Example 1: Amorphous metals: electron AND phonon
transport

*Example 2: Interfaces: disorder and adhesion

*Example 3: Exceptionally low thermal conductivity of
organic semiconducting polymers: making Einstein proud



Thermophysics on the nanoscale

Bulk picture (Fourier Law)

Nanoscopic picture

Phonon-phonon Electron-phonon

\ |

Microscopic picture

A = Mean free path



Thermal conductivity of solids

What’s the nanoscopic story here???
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Thermophysics on the nanoscale

1 1,0
K = 302))\— 3C’vg7'

1<, What happens if A is on the order of L?

Nanosystem
—

e.g. Nanoscale composites

Material 1 Material 2

APPLIED PHYSICS LETTERS 101, 231908 (2012)

Thermal conductivity of nano-grained SrTiO3 thin films

Brian M. Fole arlan J. Brown-Shaklee,? John C. Duda,'? Ramez Cheaito,’
: @9%0ns,* Doug Medlin,* Jon F. Ihlefeld,? and Patrick E. Hopkins'-?

DIrere _ 1, 90]0

'Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville,
Virginia 22904, USA

Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

3Materials Science, School of Mechanical, Industrial, and Manufacturing Engineering,

Oregon State University, Corvallis, Oregon 97331, USA

4Sandia National Laboratories, Livermore, California 94550, USA

phonons




Effects of “nano” on thermal conductivity
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Steady state measurements

“Guarded hot plate”

thermocouples

sajdnosoway]



Steady state measurements - hano

Electrical/thermal contact
resistances are inherently present in
measurements

H I
+V \%

- .

When would these contact
resistances matter in terms of
sample geometry???

How do you make these
contacts in a nanosystem??

P. E. Hopkins and L. M. Phinney. Thermal conductivity measurements
on polycrystalline silicon micro- bridges using the 3w technique.
Journal of Heat Transfer, 131:043201, 2009.



Transient/frequency domain measurements — more robust
@)

Angstrom method

Used fixed temperature
boundary conditions

T (x =0)=0°C 0<t<I/2
T (x=0)=100°C T/2<t<T

where I'is the period of temperature oscillations
produced by alternating flow of ice water and steam

Frequency dependent
temperature rise leads to
temperature fluctuation at end
of sample with some phase lag
based on RC




Can we do this optically???

Coat surfaces with metals to Modulated heat transfer regime
achieve near-surface absorption achieves variable thermo-spatial
high opto-spatial resolution (i.e., resolution (i.e., variable

surface localized heat source) temperature gradient via distance)

1

QAT
ﬁ)Tlme

A
Probe TDTR (accumulates due to
80 MHz rep. rate)
5OptiC al Accumulation leads to
> MODULATED heating events
A~
5optical = 5 N 10 nm Pulses on the order of

femtoseconds and pulse separation
on the order of 12 ns



Time Domain ThermoReflectance (TDTR)

Hopkins et al., J. Heat Trans. 132, 081302 (2010)

Cahill, Rev. Sci. Instr. 75, 5119 (2004)

Schmidt ez al., Rev. Sci. Instr. 74, 114902 (2008)
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*Can measure thermal conductivity of thin
films and substrates (k) separately from
thermal boundary conductance (/)

Nanometer spatial resolution (~10’s of nm)

*Femtosecond to nanosecond temporal

resolution
*Noncontact




Temporal regimes in TDTR data

FANTASTIC temporal resolution (limited by pulse width)
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Pulse absorption (~100 f5s)

!

Fermi relaxation and
ballistic transport (few
hundred f£5s)

Electron-phonon coupling
(a few ps)

Strain propagation in film
(10’s of ps)

Thermal diffusion
(hundreds of ps to ns)

Now let’s look at a few specific examples....



Electron thermalization and scattering (100’s of fs to a few ps)

Journal of Heat Transfer
APRIL 2011, Vol. 133 / 044505-1

T T | T T T T T T
=

G=2.6x10"Wm’ K"

Re-examining Electron-Fermi

Relaxation in Gold Films With a :
Nonlinear Thermoreflectance Model y ¢, = 1.08 ps (Eq. (4))
[ ]
Patrick E. Hopkins '
e-mail: pehopki@sandia.gov
— '
Leslie M. Phinney =S (]
Justin R. Serrano EI :
Sandia National Laboratories, R [ ]
Albuquerque, NM 87185 ]
[ ]
@ Femtosecond '
laser beam -
1
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Heat transfer by diffusion -2 - [ 0 1 2 3 4 5 6
of hot electrons Tg > T, z
Pump-probe delay time [ps]

Heat transfer by
normal thermal
diffusion To =T,




Phonon transmission (10’s of ps)

“Echoes” related to strain wave partially reflecting at film/substrate
interface. Can determine interfacial transmission of zone center modes
via picosecond ultrasonics
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Thermal conductivity of thin films (100’s of ps — ns)

week ending

PRL 109, 195901 (2012) PHYSICAL REVIEW LETTERS 9 NOVEMBER 2012

Experimental Investigation of Size Effects on the Thermal Conductivity
of Silicon-Germanium Alloy Thin Films

John C. Duda,l’2 Thomas E. Beechem,2 Khalid Hattar,2 Jon F. Ihlefeld,2 Douglas L. Medlin,3

Tk A. Rodriguez,” Michael J. Campion,* Edward S. Piekos,” and Patrick E. Hopkins'*
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Highly porous/nonconformal films (e.g., aerogels)

JOURNAL OF APPLIED PHYSICS 111, 113532 (2012)
Minimum thermal conductivity considerations in aerogel thin films
Patrick E. Hopkins,'® Bryan Kaehr,>® Edward S. Piekos,? Darren Dunphy,® and

C. Jeffrey Brinker®®

'Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville,

Virginia 22904, USA

2Sandia National Laboratories, Albuquerque, New Mexico 87123, USA
3Department of Chemical and Nuclear Engineering, University of New Mexico, Albuquerque,

New Mexico 87106, USA
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*Thermophysics background
*Measurement of electron and phonon thermal properties
on the nanoscale with time domain thermoreflectance —

time scales and phenomena

*Example 1: Amorphous metals: electron AND phonon
transport

*Example 2: Interfaces: disorder and adhesion

*Example 3: Exceptionally low thermal conductivity of
organic semiconducting polymers: making Einstein proud



Heat transfer in metal vs non-metals

1 1 2
R — §CU)\ — gCUgT
Diffusion of “hot” electrons —_—
Metals:
Free electrons are the ‘ atom

dominant energy carriers
in meta|S, Ve|OCIty ~1O6 m/S . ”hot” free electron

O

Electron carrier density:
in metals ~10%23 cm3
in semiconductors ~10'8 cm3

Semiconductors:

Phonons (lattice vibrations)
are the dominant energy
carriers in semiconductors,
velocity ~103 m/s

Phonon propagation



What happens if A becomes very small in a metal?

Amorphous means no
atomic order. Electrons
scatter A LOT!!!I

GdFeCo



Thermal conductivity of amorphous metals
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BREAKDOWN...

Phonons contribute as much or more
than electrons in amorphous metals
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JOURNAL OF APPLIED PHYSICS 111, 103533 (2012)

Contributions of electron and phonon transport to the thermal conductivity
of GdFeCo and TbFeCo amorphous rare-earth transition-metal alloys

Patrick E. Hopkins,"® Manli Ding,? and Joseph Poon?

'Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, Virginia
22904, USA

2Departmem‘ of Physics, University of Virginia, Charlottesville, Virginia 22904, USA
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*Measurement of electron and phonon thermal properties
on the nanoscale with time domain thermoreflectance —

time scales and phenomena

*Example 1: Amorphous metals: electron AND phonon
transport

*Example 2: Interfaces: disorder and adhesion

*Example 3: Exceptionally low thermal conductivity of
organic semiconducting polymers: making Einstein proud



Nanodevices — interface problems

Electronic devices have length scales less than the
thermal mean free paths. The various interfaces
must be understood to mitigate the heat load.

Gate Gate - :
oxide terminal e Ti/Au Gate

Drain Source
terminal terminal

4. Gate air-bridge—

Silicon mean free paths at room temperature
~50 — 500 nm (it’s a spectrum like photons)



Nanodevices — interface problems

Silicon device interfaces cause overheating
Sacrifice computer performance
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Let’s just consider a mass spring problem!

Interfacial springs

Material 1 \ Material 2

’

) G int

z

1
ot = hk AT = — AT
Interfacial masses Lint K Ry



Let’s mess up some simple interfaces — Al/Si

z: 41.90° TMAH processed to change surface roughness

HopKkins et al., Phys. Rev. B. 82, 085307 (2010)
Duda and Hopkins, Appl. Phys. Lett. 100, 111602 (2012)



Roughness as a “knob” for thermal control
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Duda and HopKkins, Appl. Phys. Lett. 100, 111602 (2012)

Change the arrangement
of masses around the
interface (disorder)

Material 1 Material 2




Can mass disorder increase TBC?

M,<M,<M, TBC can increase if
N\, M <M,<M;
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creates an “impedance
bridge” (Polanco and Ghosh,
ECE)

Caroline Gorhampt al., to be presented next week at MRS

Proton dose (cm'z)




What about device contacts? Au/Si

Duda et al. Appl. Phys. Lett.

102, 081902 (2013)
250 L ' 1Tt l./J' LI LI B
: /’\)Gate air-bridge—4 I 2 :82 and rough /./’
'/ " O Si0,and Ti 7
[ ATi,noSi0, |
i 20007 R Strong bond
However, bonding plays a HUGE [ i |
ROLE at the Au/Si interface ] MTM +
T 150 ! .
Material 1 Material 2 QE _:" + +
= !
=S !
(
50
Weak bond
Change the springs around the 0 o T T T T

interface (disorder) Temperature (K)
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“The Einstein oscillator”

Vibrations of atoms are not coupled, they are
independent with random phases

The phonon picture (coupled
oscillators): several different
wavelength in a lattice (many energies)

- Single frequency of vibration of
e | d}e atom and energy “hops” from

\\NNNNNNN A <24 one site to another
“min <
to maximum
i i phonon energy

/\‘/\ n=3

M n=1 3'~max =2L

[ L - “Springs” are very very weak




Weakly interacting buckyballs

[6,6]-phenyl C,,-butyric acid methyl ester (PCBM) — an Einstein oscillator




Thermal conductivity of thin film polymers
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Lowest thermal conductivity of ANY dense solid

week ending

PRL 110, 015902 (2013) PHYSICAL REVIEW LETTERS 4 JANUARY 2013

Exceptionally Low Thermal Conductivities of Films of the Fullerene Derivative PCBM

John C. Duda a8 Patrick E. Hopkins™

Department of Mechanical and Aé = ering, University of Virginia, Charlottesville, Virginia 22904, USA

Yang Shen and Mool C. Gupta'

Department of Electrical and Computer Engineering, University of Virginia, Charlottesville, Virginia 22904, USA
(Received 25 May 2012; revised manuscript received 30 October 2012; published 2 January 2013)

5000 ULTRASHORT

\l ﬁx\% [z

' . 1. PumP PULSE 2 LENS
O Amorphous Diamond = b -
1000  ® Crystalline Copper 4 JAN ; 0 | /Il)
o~ Aluminum —__ \- HEATED REGION v STRAIN -~
M Silicon — ™ THIN EILT SUBSTRATE PULSE
- 100k ) ] ULTRASHORT
; Germarlljurg Il 3. 4. PROBE PULSE
cad ® T A A
< ) 00 I\ |
Z 10 ] STRAIN PULSE STRAIN PULSE
g . REF|'$%L$%§§°M ARRIVAL AT SURFACE
"% SlOz —5 ; |
S Ly \ 3 ]
= o P3HT 1
g occarbon O n i ]
= O0.1¢ [ 1 ]
o WSe, m Cgo/Cro ~ L i
Aerogels . E 0.5 ]
0.01 ¢ o) PCBM E é T 0 Delay Time (ns) 5 ]
R L L L M | an [ _
0.005 1 022 1 023 A PCBM:Glass -
B ]
Atomic Density (cm'3) i ;
= i0va=1cv2r | s |
/i — § U — § U g 7- [ Al:PCBM ]

-20 0 50 100 130
Delay Time (ps)



Summary — phopkins@virginia.edu & patrickehopkins.com

Nanostructuring can lead to remarkable thermal

transport properties and some control of heat transfer
5000 ¢ '

[ O Amorphous Diamond m] 'T; 180
1000 ; ® Crystalline Copper e 160 [ O imadiation 60 min. O—u g
— [ Aluminum B -
R [ L ~m Z 140
N ' Silicon — g > i ; A
TE 100 ' Germanium ~u é 120 k 2 \ 4
= [ Lead = £ 100 I a L' Alcohol 30 min. O,
z 9| =
E g S 80r %
5 5| é
. <
S - Si0y —_ o 5 60F W
5} i i o clean
IR \ | % o} e
E ; O  P3HT ] = - .
g o:carbon O m £ 20 4
O L 4
= 0l S = , , ,
i lo) WSe, m L¢ ] 10" 10" 10" 10"
[ =\
r Aerogels
001} o & PCBM ( Proton dose (cm’z)
0.005 —————~ -

22 23

- X Sandia
Atomic Density (cm ~) NS National
Laboratories



