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Films
With the ever decreasing characteristic lengths of nanomaterials, nonequilibrium
electron-phonon scattering can be affected by additional scattering processes at the
interface of two materials. Electron-interface scattering would lead to another path of
energy flow for the high-energy electrons other than electron-phonon coupling in a single
material. Traditionally, electron-phonon coupling in transport is analyzed with a diffu-
sion (Fourier) based model, such as the two temperature model (TTM). However, in thin
films with thicknesses less than the electron mean free path, ballistic electron transport
could lead to electron-interface scattering, which is not taken into account in the TTM.
The ballistic component of electron transport, leading to electron-interface scattering
during ultrashort pulsed laser heating, is studied here by a ballistic-diffusive approxima-
tion of the Boltzmann transport equation. The results for electron-phonon equilibration
times are compared with calculations with TTM based approximations and experimental
data on Au thin films. �DOI: 10.1115/1.3072929�

Keywords: electron-phonon coupling, ultrashort pulsed laser heating, Boltzmann trans-
port equation, ballistic-diffusive treatment, electron-interface scattering, thin films
Introduction
With the continued progress in development and production of

anostructures and nanosystems also comes development of high-
owered high-precision measurement systems. Ultrashort pulsed
aser systems are now commercially manufactured and marketed
ith optical pulses as short as a few femtoseconds. At these ul-

rashort time scales, ultrafast phenomena that are crucial in many
anoscale applications are directly observable, such as ablation
nd laser machining of materials �1–3�, spin dynamics in magnetic
aterials �4–8�, electron relaxation in metals �9–12�, electron-

honon heat transfer in thin metal films �13–17�, and electron-
arrier processes in semiconductors �18,19�. These ultrafast phe-
omena often induce electron-phonon nonequilibrium, where the
emperature of the free electron system can reach several thou-
ands of Kelvin with just a few degrees of temperature increase in
he lattice system. However, as engineers continue to fabricate

aterials and devices with decreasing characteristic lengths, the
ltrafast processes become increasingly difficult to observe and
haracterize with femtosecond optical techniques due to the pres-
nce of material interfaces. For example, Hopkins and Norris �14�
howed that electron-interface scattering affects transient ther-
oreflectance �TTR� �20� measurements of the electron-phonon

oupling factor in thin Au films. They attributed this interference
o ballistic electron transport resulting from the ultrashort femto-
econd pulse leading to a thermal penetration depth of the electron
ystem stretching to the Au film-substrate interface �13�. There-
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fore, during electron-phonon thermalization, the electron system
also scatters at the Au/substrate interface and loses energy to the
substrate, so the observed electron-phonon coupling factor is
greater than that predicted via traditional models �21�. This sug-
gests that during ultrashort pulsed laser heating, when the film
thickness is less than the ballistic penetration depth of the elec-
trons, there are two competing electron scattering processes af-
fecting the equilibration of the “electron gas” with the surround-
ing media: electron-phonon scattering in the film due to diffusive
electron transport and electron-interface scattering at the film/
substrate interface due to ballistic electron transport.

In this report, the effects of ballistic electron transport after
ultrashort pulsed laser heating are compared with the diffusive
electron transport that contributes to electron-phonon coupling in
thin metal films. Different effects of ballistic electron transport
during electron-phonon nonequilibrium have been experimentally
observed in Au by several groups �13,14,22,23�, but the relative
effects of ballistic and diffuse electron transport and subsequent
scattering mechanisms have yet to be considered separately; this
is possible by considering electron transport during electron-
phonon nonequilibrium with the ballistic-diffusive approximation
�BDA� �24,25� to the Boltzmann transport equation �BTE� �26�.

2 Background

2.1 Two Temperature Model. Energy transport during
electron-phonon nonequilibrium is described with the two tem-
perature model �TTM� �27�. In thin metal films with thicknesses
less than the thermal �ballistic� �13� penetration depths, �, the
TTM can be expressed in the simplified form that assumes the
thermal gradient of the electron system is minimal �13,14�, which,
after short pulse absorption, is given by

Ce

�Te = − G�Te − TL� �1�

�t
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CL

�TL

�t
= G�Te − TL� �2�

here Ce is the electron system heat capacity, Te is the tempera-
ure of the electron system, G the electron-phonon coupling factor,

L is the lattice heat capacity, and TL the temperature of the lat-
ice. Equation �1� is subject to Te�t=0�=Te,max and Eq. �2� is
ubject to TL�t=0�=T0, where Te,max is the maximum electron
emperature after laser absorption and T0 is the initial temperature
f the thin metal film. A schematic illustrating the change in elec-
ron and phonon temperatures at various times after pulse absorp-
ion �represented by t=0� up to the electron-phonon thermaliza-
ion time, �ep, of the thermal processes described by Eqs. �1� and
2� are shown in Fig. 1�a�. The scattering processes and tempera-
ure changes driving electron-phonon thermalization are illus-
rated by the arrows in this figure. In this thermal process, since
he film-substrate boundary is considered “insulative” �i.e., any
lectron scattering occurring at the boundary is completely elastic
nd reflective� and since the ballistic penetration depth is greater
han the film thickness, the thermal gradient in the electron system
s considered negligible, and volumetric electron-phonon coupling
s the primary mode of electron thermalization with the surround-
ng medium �being the film’s lattice�. Since d��, there will be
lectron-interface scattering, but as previously mentioned, elec-
rons elastically reflect off the interface then penetrate back into
he film and scattering with phonons. In addition, note that the
rrows representing the electron scattering processes are drawn
lightly skewed from the vertical. This represents the fact that,
lthough there is no net thermal gradient in the electron system,
lectrons still travel in all directions with different velocities �the
et of which is zero�, resulting in electron-phonon scattering.
lso, since the ballistic penetration depth �which is related to the

lastic electron mean free path, since multiple electron scattering
vents will give rise to electron relaxation into a Fermi distribu-
ion� is a statistical quantity, not all electrons will penetrate to a
epth � before electron-phonon scattering. This is depicted by the
rrows in Fig. 1�a� that are not “reflecting” at the interface.

The electron cooling process in Fig. 1�a�, which is mathemati-
ally explained by the TTM, describes energy exchange between a
ot electron system and a colder lattice system via electron-

Fig. 1 Schematic of temperature changes
after short-pulsed laser heating, in the ca
ballistic penetration depth. „a… Insulated
electron-phonon coupling will dominate the
cooling. Although electrons will traverse
insulated boundary, the electrons will elas
into the film and scatter with phonons in th
film and substrate; electrons can inelastic
form of energy loss from the electron syst
in the film.
honon scattering events with the electron-phonon coupling fac-
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tor, which is a function of the electron-phonon relaxation time
�28�. These scattering events make this thermal process diffusive
by nature, and the TTM can be derived from the BTE under the
relaxation time approximation using the electron-phonon relax-
ation time as the time it takes for the electron system to return to
an equilibrium Fermi distribution �29�. However, the ballistic
transport that occurs in the electron system, immediately after
pulsed laser heating �13,22�, can influence the electron scattering
dynamics and energy transfer in thin films with thicknesses less
than the ballistic penetration depth due to inelastic electron-
interface scattering at the film/substrate interface �14�. Evidence
of this inelastic electron-interface scattering affecting electron
cooling has been shown even in thermally insulative substrates
�14�. In this case, inelastic electron scattering at the film/substrate
interface would cause energy loss from the film electron system
and increase the electron-phonon thermalization time, since the
electrons could loose energy to �1� the substrate via electrons
traveling ballistically and inelastically scattering at the interface
and �2� the film lattice via electrons traveling diffusely and scat-
tering with phonons. When considering inelastic electron-interface
scattering �and neglecting phonon-interface scattering typically
associated with phonon thermal boundary resistance �30��, the
electron-phonon-interface thermalization time, �epi, would be
driven by the scattering processes and temperature changes illus-
trated by the arrows in Fig. 1�b�, which depicts electrons inelasti-
cally scattering at the interface and transferring energy away from
the film media. Note that Fig. 1�b� depicts the final temperature of
the film to be less than that depicted in Fig. 1�a� due to the in-
elastic electron-interface scattering events transferring more film
electron energy away from the film into the substrate.

Although the thermal effects of the ballistic electron-interface
scattering have been indirectly studied with a three temperature
model �3TM� �14�, the 3TM approach still assumes complete dif-
fusive transport. Therefore, the explicit contribution of ballistic
electron transport and subsequent scattering processes on electron
system relaxation other than electron-phonon scattering �such as
inelastic electron-interface scattering at a film-substrate interface�

electron and lattice systems immediately
when the film thickness is less than the
undary between the film and substrate:
ctron scattering events and drive electron

the film/substrate interface, assuming an
lly reflect off the interface and travel back
lm. „b… Uninsulated boundary between the

scatter at the interface creating another
in addition to electron-phonon scattering
of
se
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ele
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ally
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cannot be studied with these diffusive treatments.
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2.2 Ballistic-Diffusive Approximations for the BTE. Study-
ng the ballistic nature of electron transport during electron-
honon nonequilibrium must start with the BTE for electrons �29�,
iven by

� f

�t
+ v�rf +

e

m
E · �vf = � � f

�t
�

c

�3�

here f is the nonequilibrium electron distribution, v the velocity
ector, r the position vector, e the electric charge, m the mass of
n electron, E the electric field, the quantity eE the Lorentz force
esulting from the electric field, and the term ��f /�t�c the time rate
f change of the nonequilibrium electron distribution due to elec-
ron collisions. Assuming one-dimensional �1D� heat flow, which
s often assumed in ultrashort pulsed laser heating analyses
28,31�, Eq. �3� becomes

� f

�t
+ vz

� f

�z
+

Fz

m

� f

�vz
= � � f

�t
�

c

�4�

here z is the direction perpendicular to the film surface, and Fz
epresents the Lorentz force. As previously mentioned, estimating
he collision term of Eq. �4� with the relaxation time approxima-
ion and taking the relaxation time as the electron-phonon ther-

alization time leads to the traditional TTM �27�, as outlined by
hen et al. �29�.
However, in the event of ultrashort pulsed laser absorption by

he electron system and subsequent ballistic penetration to a depth
reater than the film thicknesses, the electrons traveling ballisti-
ally can scatter at the film/substrate interface and significantly
hange the electron relaxation dynamics �14�. In order to under-
tand the relative contributions of the ballistic electron-interface
cattering and the diffusive electron-phonon scattering, the BDA
ust be employed to the BTE �24,25�. The BDA separates the

ntensity of energy carriers, I, at any point into two parts: the
allistic intensity, Ib, which represents carriers originating from
he boundaries and experiencing out-scattering only, and the dif-
usive intensity, Im, which represents carriers originating from in-
ide the medium due to the excitation and the boundary contribu-
ion converted into scattered or emitted carriers after absorption.
his solution technique has been used to study phonon transport
nd ballistic phonon scattering under a single relaxation time ap-
roximation �24,25,32�, transforming the distribution function no-
ation of the BTE into intensity notation �33�. In this work, in the
imiting case of d�� and assuming no thermal gradient, the BTE
or electrons will be used to calculate the ballistic and diffusive
lectron intensities and to compare the relative contributions of
nelastic interface scattering from ballistic transport and phonon
cattering from diffusive transport to electron-media thermaliza-
ion.

Separation of Ballistic and Diffusive Electron Scat-
ering

3.1 The Equation of Electron Energy Transfer. The 1D
TE for electrons is given by Eq. �4�. When d��, no thermal
radient exists in the electron system, and therefore Eq. �4� be-
omes

� f

�t
= � � f

�t
�

c

�5�

aralleling the equation of phonon radiative transport �EPRT�
33�, the equation of electron energy transfer �EEET� is estab-
ished by multiplying each term in Eq. �5� by the product �D���,
here � is the electron energy and D��� is the electron density of
tates yielding
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�U

�t
= � �U

�t
�

c

�6�

where U is the volumetric electron energy density, defined as U
=�D���f , and Eq. �6� is subject to the following initial condition:

U�0� = S =
�1 − R�J

d
�7�

In this case, the initial condition S is the energy absorbed by
electrons per unit volume. This is related to Te,max in Eq. �1� by
�T0

TmaxCe�Te�dT=S. The source term assumes that the incident en-
ergy is absorbed instantaneously and homogeneously throughout
the depth of the film �the energy is actually absorbed in the optical
penetration depth, but then stretched out into the film thickness by
electrons traveling ballistically if d���. Applying the relaxation
time approximation �26� to the EEET yields

�U

�t
= −

U − U0

�
�8�

where U0 is the equilibrium electron energy density per unit en-
ergy in the film defined as U0=���D���f0d�, where f0 is the
Fermi–Dirac distribution function. Here, � is the relaxation time
of the electrons in the metal films, which for purely diffusive
transport �i.e., a completely insulative substrate, as discussed with
respect to Fig. 1�a�� and for the temperatures and time scales of
interest is the electron-phonon thermalization time, �ep.

In this work, only electron temperatures less than 4000 K will
be considered to directly compare with pump probe experimental
data on Au �14�. Therefore, this analysis will focus on free elec-
tron �noble� metals, and this temperature range ensures the follow-
ing:

�1� a linear heat capacity �34� so Ce�Te�=�Te and therefore the
maximum electron temperature after pulse absorption can
be estimated by Te,max=�2S /�+T0

2

�2� a relatively constant chemical potential, �, that is approxi-
mately equal to the Fermi energy, �F �34�

�3� a relatively constant electron-phonon coupling factor in the
free electron metal �21,34�

�4� an electron spectral energy range participating in thermal
processes within ��kBTe, where kB is the Boltzmann con-
stant �35�

�5� an unmodified lattice from the incident laser pulse �i.e., no
ablation or spallation �1��

�6� a parabolic conduction band leading to a conduction elec-
tron density of states per unit energy given by D���
= �3n /2��� /�F�1/2�1 /�F� �35�, where n is the conduction
electron number density �a derivation of this less-often-
used form of the density of states is given in the Appendix�

3.2 Complete Elastic Electron Interface Scattering (i.e.,
No Electron Energy Loss to the Substrate). Applying the BDA
to electron transport after short-pulsed laser heating uses a slightly
different approach than previous works applying the BDA to pho-
non transport �24,25,32�—specifically the single relaxation time
approximation. Electron-phonon nonequilibrium resulting from
pulsed laser heating can be divided into two characteristic time
intervals �13,36�. The earliest of the time intervals, the duration of
which is termed the electron-electron relaxation time, �ee, is typi-
cally on the order of 10–100 fs for metals �31�. This time repre-
sents the time it takes for the excited electrons to relax into a
Fermi distribution through e-e �electron-electron� collisions,
which dominate e-p �electron-phonon� collisions during this time
interval. Ballistic transport of the electrons occurs over this time.
Once equilibrium is achieved within the electron system, the
higher temperature electrons transmit energy to the lattice through
e-p scattering processes over the electron-phonon relaxation time

�often referred to as the electron-phonon thermalization time�, �ep.
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he heat transferred via these e-p interactions is governed by Eqs.
1� and �2�. Thermalization time is typically on the order of 1 ps
or metals and is inversely related to the electron-phonon coupling
actor �28�. Due to the differing relaxation times governing ballis-
ic and diffusive �electron-phonon� transport processes, ballistic
lectron transport must be modeled with �ee and diffusive electron
ransport must be modeled with �ep.

Therefore, to separate ballistic and diffusive electron transport,
he EEET �Eq. �6�� can be rewritten as

�U

�t
=

�

�t
�Ub + Um� = � �Ub

�t
�

c

+ � �Um

�t
�

c

�9�

r by applying the relaxation time approximation

�U

�t
=

�

�t
�Ub + Um� = −

Ub − Um

�ee
−

Um − U0

�ep
�10�

ote in Eq. �10�, since �ee��ep, the ballistic component relaxes to
he diffusive component over �ee, which in turn relaxes to the
quilibrium distribution over �ep. Also, Eq. �8� can in fact be
pproximated with a single relaxation time approximation, follow-
ng previous BDAs relating to phonon transport with the stipula-
ion that Ub=0 when t��ee. Relating the ballistic and diffusive
erms, and recognizing that S is absorbed by the ballistically trav-
ling electrons, yields

�Ub

�t
= −

Ub − Um

�ee
�11�

nd

�Um

�t
= −

Um − U0

�ep
�12�

here Eqs. �11� and �12� are subject to

Ub�0� = S �13�

nd

Um�0� = Ub��ee� �14�

espectively. Technically, there is a time delay in the development
f the diffusively scattering electron system since the ballistic
ystem relaxes to the diffusive system, and therefore Eq. �14�
hould read Um��ee�=Ub��ee�. However, this work is not focused
n when the energy is transferred but how the energy is trans-
erred, and therefore for ease of calculation and discussion, the
iffusive component to the electron energy is prescribed to begin
t t=0. Therefore, by imposing Eq. �14� as an initial condition,
q. �12� is rewritten as

�Um

�t
= −

Um − U0

�ep − �ee
�15�

he solution of the ballistic component is given by

Ub�t� = Um�1 − exp	−
t

�ee

� + S exp	−

t

�ee

 �16�

nd the diffusive component is given by

Um�t� =

U0�1 − exp	−
t

�ep − �ee

� + S exp	−

t

�ep − �ee
− 1


1 − exp	−
t

�ep − �ee

 + exp	−

t

�ep − �ee
− 1


�17�

quations �11� and �15� subject to Eqs. �13� and �14� represent the
BDA” of the EEET for the electron system excited by an ul-
rashort laser pulse in which �d��� and elastic electron-interface
cattering occurs �shown in Fig. 1�a��. The solutions are given by

qs. �16� and �17�. The average energy densities over the thermal-
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ization times of the ballistic and diffusive components are given
by

Ub,avg =
1

�ee
�

0

�ee

Ub�t�dt �18�

and

Um,avg =
1

�ep − �ee
�

0

�ep−�ee

Um�t�dt �19�

Therefore, the average power density transferred from the ballistic
and diffusive electron systems over each system’s respective ther-
malization time is given by

Pb,avg =
Ub,avg

�ee
�20�

Pm,avg =
Um,avg

�ep − �ee
�21�

Figures 2�a� and 2�b� show the power density transferred from the
ballistic and diffusive electron system in a Au film over their
respective thermalization times as a function of maximum elec-
tron temperature assuming S= ���Te,max

2 −T0
2�� /2. These calcula-

tions assume elastic electron-interface scattering, and therefore all
the energy from S remains in the electron system during the bal-
listic transport regime. For Au, �=71.4 J m−3 K−2, �F=5.53 eV,
and n=5.9	1028 m−3 �37�. Figure 2�a� shows ballistic power
density calculations assuming a constant �ep of 4 ps with various
�ee’s �50 fs, 200 fs, 350 fs, and 500 fs�. Figure 2�b� shows diffu-
sive power density calculations assuming a constant �ee of 200 fs
with various �ep’s �2 ps, 4 ps, 6 ps, and 8 ps�. The electron-
electron relaxation times were chosen since �ee in Au has been
theoretically calculated to be as low as about 50 fs �31� and ex-
perimentally measured to be as large as 500 fs �12�. The power
density of the ballistic contribution weakly depends on electron-
electron thermalization time, where the diffusive contribution is

Fig. 2 Average power density transferred from the electron
system assuming no energy loss to the substrate „elastic
electron-interface scattering… as a function of maximum elec-
tron temperature in the „a… ballistic regime assuming �ee of 50
fs, 200 fs, 350 fs, and 500 fs and �ep of 4 ps „Eq. „20…… and „b…
diffusive regime „electron-phonon coupling… assuming �ee of
200 fs and �ep of 2 ps, 4 ps, 6 ps, and 8 ps „Eq. „21…….
strongly dependent on thermalization time. This diffusive electron
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ower density dependency on electron-phonon thermalization
ime is expected since the electron-phonon coupling factor is in-
ersely related to �ep via G=�Te /�ep �38�.
The electron-phonon coupling factor in metals has been exten-

ively studied, and the temperature functionality of G has been
ell studied numerically �21,34,39�. In the case of Au in the tem-
50 fs, and 500 fs.
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perature range of interest in this work, G is a constant value of
about 2.4	1016 W m−3 K−1, which has been verified experimen-
tally �13,16,40,41�. Since G represents the diffusive electron-
phonon scattering in this work, the power transferred by the elec-
tron system by diffusive scattering events �Eq. �21�� can be recast
into terms of G as
Pm,avg =
1

��Te,max

G
− �ei�2�

0

�Te,max/G−�ee���F−kB

�F+kB

�D���f0d�

�1 − exp−
t

�Te,max

G
− �ee�� + S exp−

t

�Te,max

G
− �ee

− 1�
1 − exp−

t

�Te,max

G
− �ee� + exp−

t

�Te,max

G
− �ee

− 1� �dt �22�
here Eq. �22� takes into account a change in electron-phonon
hermalization time based on the maximum electron temperature
chieved after laser heating through �ep=�Te,max /G. This assump-
ion keeps calculations in line with the definition of the laser
ource term, S. Figure 3 shows the ratio of the ballistic power
ensity to the diffusive power density as a function of electron
emperature using Eqs. �20� and �22�. Figure 3 shows calculations
f Pb,avg / Pm,avg for four different �ee’s �50 fs, 200 fs, 350 fs, and
00 fs�. The calculations show that, for this case of elastic
lectron-interface scattering leading to electron-electron then
lectron-phonon thermalization, the power transferred from the
lectrons traveling ballistically is approximately equal to the
ower transferred from the thermalized electron system to the
honons during electron-phonon thermalization at high electron
emperatures. At relatively low electron temperatures �close to
oom temperature� the power transferred during ballistic processes
s less than that during diffusive electron-phonon processes.

3.3 Inelastic Electron Interface Scattering (i.e., Electron
nergy Loss to the Substrate). Technically, since Eq. �11� rep-

esents the ballistic carriers scattering among themselves to relax

ig. 3 Ratio of average power density transferred from ballis-
ic processes to diffusive processes „ratio of Eq. „20… to Eq.
22…… as a function of maximum electron temperature. These
alculations assume a temperature dependent electron-
honon relaxation time of �ep=�Te,max/G and no energy loss to

he substrate. Calculations shown assume �ee of 50 fs, 200 fs,
into a thermal distribution, the term BDA is used loosely. Al-
though the ballistic and diffusive components to electron transport
are separated, they are effectively separated by considering two
different EEETs: one for the electron-electron relaxation and one
for the electron-phonon relaxation. However, in the case of inelas-
tic electron-interface scattering, the ballistic carriers that inelasti-
cally scatter at the film/substrate interface experience no internal
scattering. The energy of these carriers originates from the pulse
absorption from the surface. In this case, the BDA of the EEET
takes a slightly different form, more in line with the original BDA
of the EPRT developed by Chen �24,25�.

As with the purely elastic scattering case, the ballistically and
diffusively traveling electrons are considered as two separate sys-
tems, but to consider inelastic electron energy loss to the substrate
as a result of electron-interface scattering, a new relaxation time,
the electron-interface relaxation time, �ei, is applied to the ballistic
system. If electrons elastically reflect off the interface, then they
will eventually thermalize and scatter with phonons. Since the
goal of this work is to compare the effects of inelastic interface
scattering from ballistic electron transport to electron-phonon
thermalization from diffusive electron transport, the elastically re-
flected electrons can be lumped in with the diffusive electron-
phonon relaxation term. With this in mind, Eq. �6� can be rewrit-
ten as

�U

�t
=

�

�t
�Ubi + Um� = −

Ubi

�ei
−

Um − U0

�ep − �ee
�23�

where the subscript “bi” refers to the ballistic component inelas-
tically scattering at the interface. Note that the inelastically inter-
facially scattered electrons do not relax to any particular energy
since the energy of these electrons leave the film system; they
experience out-scattering only as prescribed for the ballistic car-
riers in the original BDA development �24,25�. Again, the ballistic
and diffusive terms on each side of Eq. �23� can be related yield-
ing

�Ubi

�t
= −

Ubi

�ei
�24�

and

�Um

�t
= −

Um − U0

�ep − �ee
�25�

subject to

Ubi�0� = S �26�
and

APRIL 2009, Vol. 131 / 043208-5

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



A
s
e
t
o
t

a

T
n
�
t
a

a

P

F
e
d
s

F
s
e
t
f
„

o

0

Downlo
Um�0� = S − Ubi��ei� �27�

gain, Eq. �25� assumes that t=0 is the time when the electron
ystem in the film has reached a thermal Fermi distribution. These
quations also assume that �ei��ee, which is valid since the flight
ime of an electron in a thin film during Fermi relaxation is on the
rder to tflight=d /vF, where vF is the Fermi velocity. The solutions
o Eqs. �24� and �25� are given by

Ubi�t� = S exp	−
t

�ei

 �28�

nd

Um�t� = U0�1 − exp	−
t

�ep − �ei

�

+ S�exp	−
t

�ep − �ei

 − exp	−

t

�ep − �ei
− 1
� �29�

he average energy densities of the ballistic and diffusive compo-
ents are calculated with equations analogous to Eqs. �18� and
19�. Therefore, following Eqs. �20� and �21�, the power densities
ransferred during scattering in ballistic and diffusive transport
ssuming inelastic electron-interface scattering are given by

Pbi,avg=
1

�ei
2 �

0

�ei

S exp	−
t

�ei

dt �30�

nd

m,avg =
1

��ep − �ei�2

	�
0

�ep−�ee ���
�F−kB

�F+kB

�D���f0d��1 − exp	−
t

�ep − �ei

��

+ S�exp	−
t

�ep − �ei

 − exp	−

t

�ep − �ei
− 1
��dt �31�

igures 4�a� and 4�b� show the power density transferred from the
lectron system due to ballistic-inelastic interface scattering and
iffusive electron-phonon scattering in a Au film over their re-

ig. 4 Average power density transferred from the electron
ystem assuming energy loss to the substrate „inelastic
lectron-interface scattering… as a function of maximum elec-
ron temperature in the „a… ballistic regime assuming �ei of 15
s, 50 fs, 200 fs, 350 fs, and 500 fs and �ep of 4 ps „Eq. „30…… and
b… diffusive regime „electron-phonon coupling… assuming �ee
f 200 fs and �ep of 2 ps, 4 ps, 6 ps, and 8 ps „Eq. „31…….
pective thermalization times using Eqs. �30� and �31�. These cal-
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culations use the same parameters as the calculations shown in
Figs. 2�a� and 2�b�, only this time including an electron-interface
relaxation time of 15 fs to simulate the time-of-flight of an elec-
tron in a Au lattice traversing across a 20 nm film �tflight=d /vF

=20 nm / �1.4	106 m s−1��15 fs�. A similar trend is seen with
the diffusive component as compared with that in Fig. 2�b�. How-
ever, the ballistic power transfer is much larger in this case of
inelastic electron-interface scattering and electron system energy
loss compared with no electron system energy loss as modeled in
Fig. 2�a�, especially at high temperatures and low electron-
interface relaxation times.

Following Eq. �22�, Eq. �31� can be recast in terms of G as

Pm,avg =
1

��Te,max

G
− �ei�2

	�
0

�Te/G−�ee

����F−kB

�F+kB

�D���f0d�

	�1 − exp−
t

�Te,max

G
− �ei���

+ S�exp−
t

�Te,max

G
− �ei� − exp−

t

�Te,max

G
− �ei

− 1���dt

�32�
Figure 5 shows the ratio of ballistic to diffusive power densities

Fig. 5 Ratio of average power density transferred from ballis-
tic processes to diffusive processes „ratio of Eq. „30… to Eq.
„32…… as a function of maximum electron temperature. These
calculations assume a temperature dependent electron-
phonon relaxation time of �ep=�Te,max/G and energy loss to the
substrate from inelastic electron-interface scattering events
during electron-electron thermalization. Calculations shown
assume �ei of 15 fs, 50 fs, 200 fs, 350 fs, and 500 fs. Also shown
in the figure are experimental pump probe Gs measured on 20
nm Au films on Si substrates as a function of maximum elec-
tron temperature as measured by Hopkins and Norris †14‡.
Their data are normalized by the accepted value of G in Au, G
=2.4Ã1016 W m−3 K−1. The experimental work from Hopkins
and Norris concluded that electron-interface scattering could
increase the rate of electron-phonon equilibration in the film by
providing another channel of energy transfer. This same con-
clusion is apparent in the calculations shown in this figure.
�ratio of Eq. �30� to Eq. �32�� for the five different electron-
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nterface relaxation times shown in Fig. 4�a�. These calculations
ssume that energy is being lost from the electron system in the
lm due to inelastic electron-interface scattering. The results show

hat the power transferred from the electron system through bal-
istic electron scattering can be much greater than the power trans-
erred via diffusive electron scattering at high electron tempera-
ures �4000 K� and low thermalization times.

These results agree well with the trends seen in electron-
honon coupling measurements in 20 nm Au films on Si sub-
trates as measured by Hopkins and Norris �14�. At low electron
emperatures �low incident fluence�, they measured G of 2.3

1016 W m−3 K−1. At high electron temperatures �3500 K�, they
easured G of 11.23	1016 W m−3 K−1. They attributed this in-

rease to electron-interface scattering due to the large ballistic
enetration depth in Au. The measured Gs by Hopkins and Norris
ivided by the theoretically accepted value of G �2.4
1016 W m−3 K−1� as a function of maximum electron tempera-

ure are also shown in Fig. 5. The agreement between the data and
he calculations in this paper suggest that inelastic electron-
nterface scattering can affect electron-phonon thermalization by
ecreasing the amount of energy in the electron system during
lectron-electron relaxation processes.

Conclusions
In nanodevices, ballistic transport of hot energy carriers can

lay a significant role in thermal processes. In this work, the ef-
ects of ballistic transport and subsequent electron cooling after
hort-pulsed laser heating are studied. The equation of electron
nergy transfer is established from the electron Boltzmann trans-
ort equation. The ballistic and diffusive contributions to electron
hermal transport are studied by applying the ballistic-diffusive
pproximation to the EEET. In this development, electron-
nterface scattering is treated with the ballistic-diffusive approxi-

ation to the BTE, and the diffusive processes are assumed as
lectron-phonon scattering. The power transferred from the elec-
ron system during ballistic transport due to inelastic interface
cattering can be over an order of magnitude greater than the
iffusive component at high electron temperatures �4000 K�. The
emperature trends and values of ballistic to diffusive power trans-
er agree very well with previous experiments.
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omenclature
C 
 heat capacity, J m−3 K−1

D��� 
 electron density of states per unit energy,
m−3 J−1

d 
 film thickness, m
E 
 electric field, V m−1

e 
 fundamental electric charge, C
F 
 Lorentz force, N
f 
 nonequilibrium electron statistical distribution

function
f0 
 Fermi–Dirac distribution function
G 
 electron-phonon coupling factor, W m−3 K−1

� 
 Planck’s constant divided by 2�, J s
J 
 incident laser fluence, J m−2

m 
 mass of an electron, kg
n 
 conduction electron number density, m−3

P 
 power density, W m−3
R 
 optical reflectivity
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S 
 source term describing volumetric power ab-
sorbed from laser pulse, W m−3

T 
 temperature, K
t 
 time, s

tp 
 pulse width, s
U 
 electron energy density, J m−3

v 
 electron velocity, m s−1

Greek Symbols
� 
 ballistic penetration depth, m
� 
 electron energy, J

�F 
 Fermi energy, J
� 
 linear coefficient to electronic heat capacity

�Sommerfeld constant�, J m−3 K−2

� 
 thermalization or relaxation time, s

Subscripts
0 
 equilibrium

avg 
 time averaged
d 
 contribution from electrons traveling

ballistically
c 
 collision
e 
 electron

ei 
 electron-interface
ep 
 electron-phonon
L 
 lattice
m 
 contribution from electron traveling diffusively

in the medium
r 
 position
v 
 velocity
z 
 z direction

Appendix
Beginning with the familiar expression for the Fermi energy

given �Chap. 6, Eq. �17� in Ref. �37��

�F =
�2

2m
�3�2n�2/3 �A1�

where � is Planck’s constant divided by 2�, and recognizing that
the density of states per unit energy per unit volume, assuming a
parabolic conduction band, is given by �Chap. 6, Eq. �20� in Ref.
�37��

D��� =
1

2�2�2m

�2 �3/2

�1/2 �A2�

Equation �A1� can be rearranged and inserted into Eq. �A2� to
give

D��� =
3n

2
� �

�F
�1/2 1

�F
�A3�

which is the expression for the electron density of states per unit
energy per unit volume used in the calculations in this work.
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