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» Phononic Crystals
» Why Phononic Crystals (PnCs)?
» Bandgaps in PnCs
» RF Applications of PnCs

» Manipulating Thermal Phonons
» Modifying Thermal Conductivity (k)
» Realizing Ultra-Low « Si
» High ZT Devices in Silicon using PnCs
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» Who Cares? (Why?)

> Nonradiative relaxationin QW'’s
> Cap on SS-laser efficiency
> Cap on SSL device efficiency
> Spin wave relaxation
> Stability of spintronics
> Quantum computing
> Superconductivity
> Binding of Cooper pairs
> Phonon bottleneck
> HIi-TC
> Quantum Friction
> Indirect Bandgap Semiconductors
» Electronics
» ZT figure of merit
» TE scavenging/TE-cooling
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i ' Motivation:

Manipulating the Propagation of Phonons
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» Current Approaches (How?)
» Surface scattering: roughening the surface to
increase phonon scattering
> Affects only surface propagating modes '
Poudel, et al., Science 320, 634 (2008)
> Acts only on a narrow spectrum AL~roughness length pp———
scale e |f 4 :
> Non-deterministic —_—n B
> Grain boundary/impurity scattering:
> Highly non-deterministic
> Nanowires/meshes: waveguide cutoff
> Acts only on a narrow thermal spectrum A< diameter

> Suppresses low frequency phonons, rather than THz
phonons

> Whatis Needed (PnC Approach)

> Highly deterministic: “at-will” control
> Wide spectrum: into the THz regime
> 3D control: bulk, surface, shear, etc. Ta8 2 ocy sgac@sd "5.af

NN Su, et al. , APL 96, 053111 2010
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%at are Phononic Crystals?

A PnC is a periodic arrangement of elastic materials that
can scatter phonons of comparable wavelength

« How does it work?

— Caused by a superposition of Mie and Bragg resonances in the
periodic lattice

— Requires sufficient acoustic impedance confrast

— Allows for full 3D macro- to micro-scale control of phonon
propagation
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* Properties of Phononic Crystals (PnCs)
— Engineered phononic dispersion

hat are Phononic Crystals’?

Sandia
i) Netonal

TN Dp n for Siwith Air Inclusions for 1/a=0.48, /a=0.5
2 &

— Phononic bandgap —

— Anomolous dispersion (flat and negatively-sloped
bands)

1

n(a)k,s) =

 Phononic Density of States (DOS)

DOS is the number of allowed modes of
the material at a given frequency.

— Redistribution of the bulk DOS
possible due to modified phonon
dispersion. PnC Nen

— Bandgap creates a range of
frequencies with zero states, enhanced
DOS at the higher and lower edges.
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Why are we interested in the
PnC—PhC analogy?

 Wealth of literature on PhCs that

can be used
the design a
applications
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as a first iteration for
nd study of PnC
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Why Phononic Crystals?

Photonic Crystals
(PnC)

Refractive index
mismatch

Integration of lasers
and photodetectors
problematic

3D required for full
control

Inherently linear

2nd order coupled
vector equations with
2 polarizations

Usually isotropic
constitutive
parameters

Sandia
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Phononic Crystals
(PhC)

Velocity and density
mismatch

Micromachined
integration of
piezoelectric or
capacitive couplers

2D (+vacuum) required
for full control

Inherently non-linear

2nd order coupled
vector equations with
3 polarizations

Usually anisotropic
constitutive
parameters

What materials should we use?

 Ideal photonic materials may
not work for phononics!
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Solid-Air (Si-air) PnC w

* Hexagonal lattice
— Lattice constanta = 15um
—Hole radius r/a = 0.43 :
- Slab thickness t/a = 1 sl
—Bandgap from f = 118-150MHz !

Transmission (dB)

50 100 150 200 250
Frequency (MHz)

Input Output

ransd PC
APPLIED PHYSICS LETTERS 92, 221905 (2008) T Lcar Transducer

Evidence of large high frequency complete phononic band gaps
in silicon phononic crystal plates

Saeed Mohammadi,' Ali Asghar Eftekhar," Abdelkrim Khelif,? William D. Hunt," and

Ali Adibi"

'School of Electrical and Computer Engineering, Georgia Institute of Technology,

Atlanta, Georgia 30332, USA

“Institur FEMTO-ST, CNRS UMR 6174, Université de Franche-Comité, 32 Avenue de I'Observatoire, 25044
Besancon Cedex, France

1

LABORATORY DIRECTED AESEARCH & DEVELOFVIENT

. Y A} b%
N A A

WNational Nuciear Security Admi



Bandgap

2D PnC can be approximated by a 1D
stack of alternating layers

* Bandgap formation depends on the
ratio of the acoustic impedance Z of

these two layers

ZP1/ZP2= 3. 11 fOI" Si-W
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» Solid-air PnC only has
Bragg resonance
overlap

—Large r/a values
agree with PWE!

« Solid-solid PnC has
greater overlap of
Bragg, Mie resonances

——Max Gap Depth (dB)
==-==Gap Width (MHz)
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Solid-Air PnC
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* Plane wave expansion (PWE)

solves an eigenvalue problem for

the modes of a periodic

structure
- FFT algorithm used to calculate
structure factors
0? (r t) 0 ou,(r,t)
P(’”) o J;a [ Cijua (1) ox,

* Densities
- Silicon: 2332 kg/m?3
- Air: 104 kg/m?

- Tungsten: 19250 kg/m3
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 Air- solid PnCs can have
large bandgaps, but for a

limited range of hole radii

« Solid-solid PnCs have
bandgaps for a wider
range of inclusion radii

— Easier fabrication, larger
design parameter space

TV AL =3
N A A

i) Netonal

- Solid-Air vs. Solid-Solid PnCs

Bandgap to Mid-Gap Ratio

0.25

=
[

=
—
m

=
=

0.05

_____________________________________

---------------------------------------

*  tfa=024

*  tfa=04A

+ tfa=0.75

+* tfa=1

*  tfa=1724
tfa=1.5

*  tfa=2

________________

_______________

0

0z 025

0.3

Mormalized Radius




Sandia
ﬂ'] National
Laboratories

PnC Fabrication

Si
Fabrication of Si-based PnC membranes '

Si
- SOl wafer v
1. Air holes are patterned and etched
2. Wis deposited with CVD (solid-solid only)
3. Al bottom electrodes are deposited/patterned
4. AIN films and Al top electrodes are Wrods V
deposited/patterned \I I I I I
5. PnC membraneis released
— = = A AT
— & (J

'S o~
A I~ JRD
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s @ PnC RF Applications QS

Cellular Phone bands: ~900MHz to ~5GHz

Phononic Logic

High Q Cavities

High Electro-Acoustic Coupling Cavities Realized in High-Q
Piezoelectric Transducers Materials Such as Si, SIO, and W

M \
Suspended

Membrane
— 18Mm F1 LB1

Phononic Crystal

TAS 2 .8KU xo8a Ymm
000000 " 9000000
eeo0000 ' Ty —

c) Drop Cavity in Waveguide d) Waveguide Coupled Series and
Drop Cavity Filter

t=0.25a ||| | =
" h «
iy

Thin Slab Designs
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#Overtone Cavity
iBetween Two 5.3
GHz Phononic

B ElCrystals

7 mm

-~ 1rm

TASTZ . axu “21? Beg

\
Suspended

Membrane
ierYm F1 LB1
x58a Fmm

Phononic Crystal

TAS 2.8KuU

Phononic Signal Processing
Cellular Phone bands: ~900MHz to ~5GHz

h

Phononic Logic

High Electro-Acoustic Coupling Cavities Realized in High-Q
Piezoelectric Trahsducers

Materials Such as Si, SiO, and W

Transmission

Transmission

Freq.

Drop Cavity in Waveguide
Drop Cavity Filter

Transmission

Transmission

Freq.

Freq.

d) Waveguide Coupled Series and

Phonon Guides
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Advantages of PnC Circuitry

< Benefits of the Phononic Domain:

» Integration of multiple components on one chip with little or no losses at a
size that is 10%times smaller than current optical or micro-strip
technology.

> Allows for distributed circuit techniques that are commonly used in
microwave circuit design to be applied to lower frequency systems (such
as cell phones and WLAN) using acoustic rather than EM waves.

> Speed of Light = 3x108 m/s
> Speed of Sound in SiO, = 5.8x103 m/s

» Optical Delay Line of 1 ys =300 m Miniature
! yLl usS = .

> ABG Delay Line of 1 ys = 5.8 mm UL

> ABG delay line is 52,000 times AL S

smaller than an optical one! j > Phase Shifters

» Acoustic Signal Processing
» Power Combiners/Dividers

LABORATORY DRECTED AESEARCH & DEVELOPVIENT
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RF Applications:
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MEMS Resonator fQ Product/Insertion Loss Trade Off

Capacitive MEMS Resonators
> High fQ product for acoustics (2x1073), but ...
> Weak electro-acoustic transduction leads to
high impedance/insertion loss
> Higher noise, can’t match to antennas or
off-chip components
> Arraying and high-K dielectric transduction
lead to unmanageable parasitic capacitance
» Force = VV2(Low Power Handling)
> Unsuitable for transmit filters, limits

Transmission (dB)

50+

o
o

[=2]
(=]

-0

P
- vbias=5v

o2}
o
T

Q = 100k

ILL. =45 dB
f,=52.2 MHz
=0.18 yW

max

52 MHz Capacitive
PolySi Resonator

5218

I L L
52.19 52195 522

Frequency (MHz)

1
52185 52205

oscillator phase noise and sensor resolution

Piezoelectric MEMS Resonators

» Low impedance (< 50)/ Insertion Loss

> Strong electro-acoustic transduction

> Easily matched to antenna, off-chip circuits
» Force = V (High Power Handling), but ...
»Q limited to a few thousand

> Material damping in metal electrodes and

piezoelectric films, creep, aging

Want Highly Efficient Piezoelectric
Transduction + High-Q Materials

Insertion Loss (dB)

-20

-25

A
O
T

A
(8]
T

Q =1000

- ILL.=20dB

. f,=2.1 GHz
P.. =50 uWw

max

vbias =0V

- 2.1 GHz Piezoelectric
- AIN MEMS Resonator

1900

1 I
2250 2300

I
2200

2100 2150
Frequency (MHz)

I I I
1950 2000 2050 2350




Ultra High Q MEMS PnC Resonators

QTotal ~

Lithographically Defined Overtone Resonators
> SiC has highest phonon-phonon limited fQ

> Thin film SiC can be deposited, patterned and micromachined
using Si IC compatible processes

> Lithographically definable frequencies and bandwidths (scalable
to multi-frequency, multi-bandwidth frequency banks)

> Low impedance, high dynamic range AIN couplers
> High stop-band rejection

1 Sandia
i) Netonal

--1
1 n Lain

QSiC ZLSiCQAlN

1 4 —AIN. tAlN
tSiC

Q — 2 T tored

Phononic Crystal Advantages ’\/\/\/\/\/

Qg =2x10°
» = 100x smaller size, more scalable to arrays

> Lithographically controlled frequency and bandwidth
> Si IC processing/packaging compatible
> Low Impedance, High dynamic range, High isolation

F s

L

» Co-fabrication with traditional lateral resonator approach

Phononic Crystal or Bragg Acoustic Mirrors A /\) A/ /\
-
VWA

2

L 2

SiC

Many cycles in
cavity

Qg =2x10° | |

| | Top Down View of a High-Q PhonC

Resonator @B
=
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-
. 'PnC Fabrication Roadmap

Frequency { ] Release Pit
lol4[l 50 60 h
Experiment —
a Theory % 0
= 0 5
= 10 2
'z 2 20!
g0 — £ a0 M. Su, et.al., APL, 2009
= AIN Coupler T | RewTransmission Data M - ou, et.al, ’
'g E -40
'T': . E .80 Matrix
Z 10 I. EI-Kady, et.al., | 5 -5
= -80
3 APL, 2008 = Pnc
.30 100 600 800 1000 ) . )
107 0 200 400 600 800 1000 1200 1400
50 60 70 80 90 Frequency (MHz)
Frequency (MHz)

Moore’s Law for PnC’s

10 GHz PnCs (UHF) 2009 FIB 1000.0
ems 38 GHz PnCs (UHF) 2010

Phononkc

Hole diameter L%. g
O+— - 26.3 nm g
(2009) & el
— -
Center to |
iFMm- Fl-LB81 Center Spacmg 1 2500 nm 250 nm 25 nm . 1nm

TAS 2.8KU X17.0888  7mm

Lattice Constant
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» Phononic Crystals
» Why Phononic Crystals (PnCs)?
» Bandgaps in PnCs
» RF Applications of PnCs

» Manipulating Thermal Phonons
» Modifying Thermal Conductivity (k)
» Realizing Ultra-Low « Si
» High ZT Devices in Silicon using PnCs
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TE Peltier Effect:

*Cooler: Apply DC voltage @ heat moves from
cold-side to hot-side

*Generator: Heat gradient = current flow
«Efficiency: Quantified by the dimensionless

quantityZT — — — = = = = = = = = = = -

-S: Seebeck coefficient (AV/ AT)
0. Electrical conductivity
*K: Thermal conductivity (= K+ K,,)

TE Cooler TE Generator

=4

o s
(i)NP
T

My——

Motivation: ) =,
Manipulating Thermal Phonons

Thermoelectric Figure of
Merit

S*cT
K

x 107 Z vs fraction of thermal conductivity in Si (Phase 1, N=1)
T r T . . T . T

- === 7T =

Holy Grail!
= Suppressing
~al Kk by 98%!

1 1 1 1 1 T I T 1
o 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
a (=K' /Ko)
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4 ' Manipulating the Thermal &,
Conductivity of Silicon
» The thermal conductivity is given by
A w(q) a)(q) is the phonon dispersion.
| 72 wjz ( q) ex{”:| ( ) dw(q)/6q is the phonon group velocity,
K= = ZL e 2 V) (q )T ( )q q 7(g)is the scattering time of the phonons,
J - [ex{hw(g)} . 1} g 1s the wavevector, and the thermal conductivity,
kT j=12,3( 10ng1tud1nal and 2 transverse)

80

»We use measured Si dispersion data and fit
the data to a 4" degree polynomial for an
analytical expression of the phonon dispersion

'_w((J) A4q +A3q +Azq +A1q+A

~]
[

Longitudnal

=2
(=]
—

o
[
T T T

»In bulk Si, phonon scattering is dominated by
Umklapp scattering, impurity scattering, and

~
[

(98]
o
L

Transverse

Phonon frequency, @ [Trad s'l]

boundary scattering. -
1 C o1
= BTa)f (q)exp{?} 10}
¥ Umdapp. j >Mattheissen’s Rule: ]
1 0 2 4 6 8 10 12
i = D(D; (q ) 1 _ 1 n 1 4 1 Wavenumber, ¢ [Gm™']
impurity, j
| . (q) T Ji (Q) TUmklapp .J Timpurity J Tboundary, ]
=7 »where B, C, D, and E are constants determined
Tbouné@yﬂ( E

MV 5 by fitting K to experimental data.

National Nuclear Security Administration
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5 ' Manipulating the Thermal
Conductivity of Silicon

» The fractional contribution
toxis given by:

Kao,j
»Fraction of the total spectral
thermal conductivity for 30K and
300K. Longitudinal (solid lines)
and transverse (dashed lines)
contributions.
»>(inset) Spectral phonon
contribution on the range of 0 to
500 GHz.

» The major contribution to x is
from 10GHz-4THz phonons

/in ¥ 't‘ﬁéﬁ
N A A

tional Nuclear Security Admj

» Transverse spectral thermal conductivity is
multiplied by 2 since we assume degenerate
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» Cascaded PnC gaps 10GHz-to-1THz:
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»Modified spectral thermal conductivity

v. x[Wm' K]

Thermal conductivity. &
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100 ;_Caseb Cﬂse_ii__“
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E ; Casec
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Fraction of bulk x

1.0

0.8

=
=

T

=
=

=
o

-

=
-
an”

0.0 —
100

200 300 400
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Thermal conductivity of Si assuming
unmodified bulk dispersion with:

»Case a: Suppression of 10GHz-to-0.5THz Phonons
»Case b: Suppression of 10GHz-to-1THz Phonons
»Case c: Suppression of 10GHz-to-4THz Phonons

1- Hopkins, Rakich, Olsson lll, EI-Kady, and Phinney, “Origin of the reduction in phonon
thermal conductivity of microporous solids,” Applied Physics Letters 95, 161902

(2009).

2- Hopkins, Phinney, Rakich, Olsson Ill, EI-Kady, “Phonon considerations in the
reduction of thermal conductivity in phononic crystals,” currently under review JAPA.
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»Harmonic (coherent) Reflections = Bandgap creation

Frequency [THz]

» Anharmonic Effects = Anomalous dispersion

»Flat Bands = Reduced group velocity o ex o4 0 o5 s

»Negative Bands = Backward propagation (backscattering)
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1 ﬂ with Modified PnC Dispersion

—M 6 I a 1 1
= 5k // ™ Case a -
wq b 1, - =
= I i i
& F 4t Case b
E3F :
5 i 10GHz-to-0.5 THZ_
S, " I
S< I'.' 10GHz-to-4THz
S b d
ey A LB mesmmeesaceim e canaacs =
E ! r F SRES Case ¢
8 . [
= 0 ¥) 1 1 N 1 L 1 L 1 I
= 0 200 400 600 800 1000
Temperature, 7' [K]
12 — T T T
(b) >
Casea 7
9 B 7 =
& . 4 ;
% / Case b
E61 % -
o ¥4
o~ ;
o
3F £ =
% Case‘iz___ o
’- i
B e
0 P et e S T L U S
0 200 400 600 800 1000
Temperature, 7 [K]

National Nuclear Security Administration

Thermoreflectance signal
directly proportional to
temperature change

2
I i |

Ox ox*

Given temperature
change with time, we
fit the heat equation

to the data to
determine k

o

- | Thermal penetration depth
£ 2 E KZ

= Sandia
r'|1 National
Laboratories

ﬂ\

Spectra Physics Mai Tai

80 MHz of 90 fs pulses \
350 mW at 785 nm Vma\}mg Adjustablc‘
lenses A2
Sample PBS
Pump
5X objective
PBS /
P
50/50 BS ove
cCD
b tm o
Diade :

GIZ
= Deposit Al on top surface
and measure GHz lattice!

Gas

P. Hopkins, R. H. Olsson-lll, L. Phinney and I. ElI-Kady, App. Phys. A (2010)
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" - ' Measured « of Silicon PnC ()&=,

S

Thermal conductivity measurements on a
500nm-thick suspended PnC structure

100 nm Al/500 nm Si PnC/air |
K, =51Wm'K'

100 nm Al/500 nm Si/SiO,
h =170 MWm~ K"

K Al/Si
Kk =144 Wm' K"
By ision = 8O MW m™ K!

K. Si/Si02

T J q ) T Umklapp , j T impurity, j T boundary,j

—_
—_
—_
—_
Thermoreflectance signal [a.u.]

1 dw,lg)1
- L. ™

Pump-probe delay time [ns]

TBoundarjy, Jj

MTB7S281A-85 MTB7S5S281A-85 8.4¢

Air holes

Limiting dimension,
L
(min. feature size)

— 1@8nm F1 LO1 —— qem F1 LO1
TN A L= TAS 2. 6KV X68.800 OSmm TAS 2.6KU X11.808  Yan
W!m M&M‘ LABORATORY OFECTED AESEARCH & DEVELOPMVENT



< ' Understanding the Effect of (i)

Porosity:

900
800

400
300

Thermal conductivity, « [W m’ K'l:

0

700
600
500

200
100

100 150 200 250 300 350 400

Laboratories

Did we simply remove too much material?

Bulk Si data (Ho, Powell, and Liley, 7 PorOSity
J. Phys. Chem. Ref. Data 1, 279 (1972)). ) accounted for
i Song and Chen data, L =9.1 um, ¢=23.3% i b.y “EUCken 7
Hopkins ef al. model, L =9.1 um, ¢=23.3% mOde,
b Song and Chen, L = 1.7 um, ¢=26% 1 KPOI”OMS — 1 o ¢

J K .
Hopkins ef al. model, L = 1.7 pym, ¢=23.3% | solid 1 + —

¢
2

Eucken, Forschung auf dem Gebiete

des Ingenieurwesens Ausgabe

Temperature, 7' [K]

T VAL =37
N A A

Hopkins, Rakich, Olsson, El-Kady, and Phinney, APL 95, 161902 (2009)

B(Band 3): 3/4 VDI Forschungsheft
353(1932).
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n Order of Magnitude Lower k () o

Laboratories
¥ (as compared to that predicted by the porosity
argument)
i 1 & 3
-; . 4
g Lietal. . ‘
= = .
NE e ° _ .
C-ta O _M Yu ef al. - nanowire array
E - S Y
O B PnC measurement q_"'") B v
E A  Microporous Si :"—"«_, ~ A @ Hoch . v
@® Sinanowires = ochbaum er al.
&1 % ] E %" Mol v
T z .................................................................... /
° ) g \ Vv
i 2 Yu et al. - nanomesh
10 100 1000 10000 0-7&'_,6 A e it "',3 S
Size of limiting dimension, L [nm] 10 1.0 . i . 2 .
Unit cell solid area, 4 (nm’)
Nanowires: p=0 1 ' PnC outperforms nanowires
Microporous Si: o ~ 25% - 3 = 500 ! @ 2 orders of magnitude
PnC: ¢ < 20% — PnC_ larger limiting dimension (L)!
K
bulk

Since the mean free path of electrons is an order of magnitude lower than that
of phonons, = Based solely on phonon thermal conductivity reduction,
predicted room Temp. ZT enhancement in Si by a factor of 500!
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ow Can Micron-Size Holes Affeg

- i nm Wavelets Such as Phonons?
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Q
Hal
Ratio of the thermal conductivity of 2 04p 900 7000 7500 2000
Si-PnC to that of bulk as a function - Temperature [K]
of the minimum feature size, L, of & : .
. Bulk model incorporating boundary
the Si-PnC. Inset shows the 02 T eI —
accuracy with which the model
predicts bulk behavior. Red is
- OO ry '] a '] 2 [l o [] 2 '] ™ '] a [l 2 '] a '] 2
actual experimental data, and the 0 50 100 150 200 250 300 350 400 450 500
dashed blue line is the result of . .
model S1 -PnC boundary distance. [ [nm |



Thermal Energy Scavenging/TE Cooling
Generic Thermocouple: PhonC Thermocouple:

.

o

©)

Vout.1 = (S+=So)(T,-T4)

a
Toa~T12> To-T1 = Vout.22Vouts

Phononic bandgap allows for simultaneous low thermopile series
resistance (low losses) and high thermal isolation (high AT and AV)

ermopile Structure

p-typeSi Phononic
Crystal Bridge

Joule Heater/

Thermoelectric

Power Qut 3 Q
& ' Bulk

Interconnect
Metal

n-type Si Phononic
Crystal Bridge

. Y A} b%
A TS

1a Vout2=(S1-So)(ToaT1a) | S

. High-ZT PnC TE Device

) i

Seebeck coefficients of metals relative to platinum

»  Modification of the Global Heat Capacity: °°°

Material Seebeck coefficient (uV/°C)
Antimony +48.9
Chromel +29.8
Tungsten +11.2
Gold +1.4
Copper +1.6
+1.4
Aluminum +4.2
| p-Silicon, p = 0.0035 Qem +450 |
p-Germanium, g = (0083 Q cm 4}
Platinum 0.00
Calcium 5.1
Alumel —10.85
Cobalt -13.3
Nickel -14.5
Constantan -31.25
Bismuth =734
[ nSilicon, p = 0.0035 Qem —450 |
n-Germanium, p = 0.69Qcm —548
ra
L '
S
gap fp\ .~
Forbidden States _AT
P i P
Allowed States y l s E,(KT)
b 17 Bui

ph




In-Plane PnC
Structure
Thermal
Conductivity
Measurement
Testbench
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= ) Sandia
ine-shaped Suspended Silicon l'l'l m

eater/ReS|stor - Membrane Measurement Of
PnC Thermal
Conductivity

4
F75

Temperature
Sensor

i L L3 L] L

| »Heater indicates heat pumped into

—
o

—&— Healer

—a— Edge Sensor the membrane

=
)

»Edge Sensor measures heat that

=
o

has propagated through the sample

>In-plane thermal conductivity of

Temperature Rise (K)
o
d=

' the PnC calculated from its thermal

. . ‘ ) | resistance
00 50x10™ 1.0x10* 1.5x10® 2.0x10°

Heat Input (W)

T YA N =37
WIVA °“
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W High-ZT PnC Devices in &
Silicon

Performance Summary:
»ZT > 2 predicted for a 80% reduction in bulk thermal conductivity

»ZT > 4 predicted for a 90% reduction in bulk thermal conductivity!

10

p-type Si  Phononic
Crystal Bridge

Joule Heater/
Thermistor

Thermoelectric
Power Qut

Thermistor
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Interconnect
Metal
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= _ Future Applications - e
' i Concerns:
Hot Cold Hot Cold » Gan we engineer the bands
Side ||- Side Side ||- Side so that:
) ) 1. VpV,?
< Convenlional: % EBG Solulion: , ,
2z Match guide impedance
» Random Phonon Scattering »  Directive Phonon Guides
»  Owverall Drift velocity v, »  Guide Group velocity v,
& Negairm Rﬂﬁ'acﬁanandAcausﬂaFocumng. super-lens
8
> Veselago (1968) hd
< . ‘ Neganve
o Pononic band gap :‘> Negaﬂve
O - ———]
E § Bands
E negative group-velocity or
o - negative curvature (“eff. mass™):
=] - . - negat ive
S 1 Negative refraction, rolraciion
Conserved Wavevector k

Super-Lensing
T YA | q
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- & ) 2=,
9’»‘ Conclusions

» Manipulation of phonons using phononic
crystals
» UHF (38 GHz) operation
» Air-solid vs. solid-solid PnCs
» Roadmap to smaller features/higher frequencies

» Reducing thermal conductivity via phonon
manipulation

» Theoretically possible to push the ZT of Si to >2
» Enables ultra-efficient TE coolers/generators
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' What’s Next?

Temperature Dialing of Coherent vs.
Incoherent PnC Effects

PnC Parameters Fab
Approach
\Y% r a T
10GHz 0.25um 0.5um 0.5K Standard
Lithography
100GHz 25nm 50nm 5K Focused lon
Beam
~1 THz 5nm 10nm 25K Focused lon
Beam
o
@
2
0 at i i (]
NS I A M I
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- Broader Impact to Heat Capacity...m

A
m  Modification of the Global Heat Capacity: Dos
Forbidden States
Nph 71N
+Q . Bulk A Allowed States o
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