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symmetry/insulated
boundary

ion track

thermalized boundary

•
•
•

•

Partitioning of phonon energy to electronic energy is comparable

Localized phonon production and transport (heating) from single

Phonon transport is characterized by non−equilibrium at small scales
commensurate with todays nanometer devices

ionizing events can be significant

Ionizing radiation in materials creates electron/hole pairs and phonons [1]
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with full dispersion.
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Applications/Impact

Future Work3−phonon processes
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and momentum
Umklapp: conserve energy

but not momentum

Impurity scattering

charge carriers migrate in field
phonons travel in waves
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Phonons travel in waves,
scatter and result in localized
high temperatures.

•

Scattering types and rates [2]

For a small SOI device
(100nm x 100nm x 100nm), an ion
will deposit enough energy to
result in a significant temperature
rise, suggesting damage is possible

The "melt" radius corresponds to
the damage profile predicted by
cascades [1].  However, this estimate
does not account for heat removal
by the surrounding material.
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Energy Distribution

shows nonequilibrium
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particles

Rigorous nonionizing energy loss [1] can now be
calculated and used as initial conditions for phonons

Thermal
Physics
LaboratoryA portion of the energy transmitted to the lattice by an incident particle could reappear in the form of lattice vibrations

in so concentrated a way that the local temperature would be sufficiently high to induce permanent rearrangement
of the atoms of the solid. − Seitz and Koehler (1956)

solve Boltzmann transport equations
Monte Carlo approach is used to•
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Energy travels in
the lattice as a wave.
Wave velocity is
related to group
velocity of phonons
(2200 m/s in bulk).
Temperature at the 
wavefront will decrease as the wave travels because
energy is distributed over a larger volume. Further
the wave will dissipate as Umklapp scattering resists
phonon transport.

Nonequilibrium Analysis

Increasing time

φ

through characteristic velocities.
•

phonons and reemit equilibrium phonons.
•

Insulated boundaries reflect perfectly.•

Characteristic lengths and times are related

Thermalized boundaries absorb incident

Single−event energy deposition

used here to predict number of
phonons generated during
an ion strike.

• Linear energy transfer (LET) is

Energy Transport

elastic
scatteringphonon temperature

Phonon generation and transport [1]

φ
φ

Simplified models
such as LET, assume
thermalization is
trivial

Device Simulationhigh energy physics
(e.g. GEANT)

equilibrium
electrons

phonon

high energy
particle

nuclear damage

other
high energy

particles

thermalization

device−level
simulation drift−diffusion thermal transport

equilibrium
phonons

present
study

secondary

PSfrag replacements

Phonon number N =
∑

p

Nb
∑

i=1

〈n(ωi)〉D(ωi)∆ωi

Occupation 〈n〉 =

[

exp

(

h̄ω

kBT

)

− 1

]−1

Temperature
E

V
=
∑

p

Nb
∑

i=1

h̄ωiD(ωi)∆ωi

exp
(

h̄ω/kBT̃
)

− 1

• D(ω) is the density of states, which is dependent on the dimensionality.

•
∑

p is the summation over polarizations and phonon branches (transverse
vs. longitudinal and acoustic vs. optical).

• The frequency is discretized, and Nb is the number of intervals.

• V is volume of an element in the discretized spatial domain.

τ−1
i = ασρ|Vg|, Vg:group velocity

σ = πr2

(

χ4

χ4 + 1

)

, χ = r|K|

τ−1
NU = BLω2T 3

τ−1
N = BTNωT 4

τ−1
U =







0 ω < ω1/2

BTUω2/ sinh
(

h̄ω
kBT

)

ω > ω1/2
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• Use high-fidelity particle tracking simulations as initial conditions for phonon
transport

• Couple thermal response to electrical behavior (device simulation) and
damage models (molecular dynamics boundary conditions).

Manufacturing Nanowires
Radiation-induced melting is used to create channels for nanowire production
[1]. Bulk analysis over predicts bulk approximation of melt radius because
transport away from the strike is not considered and nonequilibrium
temperatures can not be clearly defined.

Energy Available for Rapid Annealing
Presence of localized thermal energy can accelerate defect reordering [2].
Presumably different amounts of thermal energy are deposited by different
ions even for similar particle energies. Therefore, some ions produce less
defects because more thermal energy is available for rapid annealing. Note
that NIEL does not predict the division of pure thermal energy (phonons) and
displacement damage, so by itself, NIEL can not predict the eventual defect
distribution.

Thermal Spikes/Melting and Displacement Damage
• Thermal spikes and local melting affect defect production and cascade
damage development.

• Diffusion analysis [3] does not account for nonequilibrium temperatures.
• Molecular dynamics [4] can not model wave-like nature at boundaries.

Ion Implantation
Ion implantation produces thermal energy, which in turn affects the scattering
cross section of the lattice. Ion implanted at a latter time will not penetrate as
far due to thermal effects.

Device Transients
Temperature is intimately linked
to device performance. Only
with a model the includes
thermal transport can the
secondary increase in current
that is observed be predicted
[5].
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• The foregoing demonstration illustrates the
exigency of including thermal effects in
single-event radiation-induced failure of highly
scaled devices.

• Localized temperatures can exceed thousands
of degrees (realize that temperature is only
formally defined in equilibrium [2], which does
not exist in this case).

• Displacement cascade damage can be
interpreted as a nonequilibrium thermal spike
[1] where localized melting and reconstitution
occur uniformly about the ion track.

• The present analysis is but one piece of a
bigger picture. Phonon generation (from
GEANT4- or SRIM-type simulations) and
device-level simulation are the bookends for the
present analysis.
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