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Electron-interface scattering during electron-phonon nonequilibrium in thin films creates another
pathway for electron system energy loss as characteristic lengths of thin films continue to decrease.
As power densities in nanodevices increase, excitations of electrons from sub-conduction-band
energy levels will become more probable. These sub-conduction-band electronic excitations
significantly affect the material’s thermophysical properties. In this work, the role of d-band
electronic excitations is considered in electron energy transfer processes in thin Au films. The
electronic structure and density of states for gold are calculated using a plane wave pseudopotential
density function approach. In thin films with thicknesses less than the electron mean free path,
ballistic electron transport leads to electron-interface scattering. The ballistic component of electron
transport is studied by a ballistic-diffusive approximation of the Boltzmann transport equation with
input from ab initio calculations. The effects of d-band excitations on electron-interface energy
transfer are analyzed during electron-phonon nonequilibrium after short pulsed laser heating in thin

films. © 2009 American Institute of Physics. [doi:10.1063/1.3211310]

I. INTRODUCTION

Routine production of nanomaterials has made devices
with characteristic lengths on the order of nanometers readily
available, as evident from the advent of the 45 nm transistor.
As the sizes of these devices move toward atomistic limits,
the applied power levels continue to increase to meet the
research and development requirements. With this increase in
power density in these devices, thermal management be-
comes the limiting engineering factor in future device design
and implementation.' At these nanoscale dimensions, the pri-
mary thermal resistance is due to interface scattering and is a
key thermal management concern.

Interface scattering and thermal conductance across in-
terfaces of nanomaterials have been the topics of several
works over the past decades."? Various forms of electron and
phonon scattering processes have been studied to understand
steady state heat dissipation. However, high power densities
are possible in nanoscale devices, and this can give rise to a
new form of interfacial resistance based on nonequilibrium
electron-phonon scattering. As dimensions decrease and
power levels increase, the electric field strength imposed on
electrons in these devices drastically increases. The electric
field, being directly related to the force imparted on the elec-
tron system, generates very energetic electrons that are far
from equilibrium with the crystalline lattice. The energy den-
sity of the nonequilibrium electron system can be character-
ized by an electron temperature, which can be several thou-
sands of Kelvin above the lattice temperature, depending on
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the source of the excitation. This nonequilibrium electron-
phonon state adds an increased complexity to interfacial
scattering, and an additional thermal resistance as power lev-
els increase and characteristic sizes decrease.

Electron-phonon nonequilibrium distributions have been
studied since some of the earliest theories by Kaganov et al?
and Anisimov ef al.* The importance of understanding the
thermal processes associated with electron-phonon rether-
malization has proven critical in applications such as abla-
tion and laser machining of materials,”® spin dynamics in
magnetic devices,” ! and thermal processes in metal film
interconnects.'> ™ Recent studies on electron-phonon energy
transfer in nanostructures have found that there exists a
change in the rate of electron-phonon energy transfer in the
presence of an interface.>" Hopkins et al.'® attributed this
change in electron-phonon equilibration to increased electron
scattering at the interface between the nanomaterial and the
substrate/host due to ballistic transport of the electrons after
absorption of an ultrashort laser pulse. Ballistic electron-
interface scattering was later investigated by Norris and
Hopkins20 with a ballistic-diffusive treatment to the Boltz-
mann transport equation (BTE), which predicted similar val-
ues and trends to the observed rates of electron-interface
scattering.

The previous studies focused on low energy perturbation
regimes, where electron systems in the nanometals can be
treated by the free electron model.>! However, the electronic
properties of the metal nanomaterials can deviate drastically
from the free electron model. For example, the d-band edge
in Au lies ~2.4 eV below the Fermi level.”” This causes
deviation from the free electron model prediction of the ther-
mophysical properties of Au at electron temperatures as low
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as ~3500 K.” This d-band excitation effect and deviation
from free electron predictions is observed in several other
metals, at typically lower temperatures than Au, due to the
relative location of the d-bands in relation to the materials’
Fermi enelrgy.24 This magnitude of electron temperature
change corresponds to an absorbed laser fluence of
~10 J m~2, which is a reasonable fluence in applications
related to laser processing and machining of nanomaterials.
This electron temperature increase is also realized in 100 nm
thick transistors upon gate voltages on the order of —1.0 A
In this paper, the effects of d-band to Fermi level elec-
tron excitations on ballistic electron transport and electron-
interface scattering in thin Au films are studied using the
ballistic-diffusive approximation (BDA) to the BTE.***’ In
Sec. II, calculations of pertinent thermophysical properties of
Au are presented using both an ab initio density of states
(DOS), which includes the 54'° bands of Au, and an approxi-
mate parabolic DOS assuming only the conduction band. In
Sec. III, the ballistic and diffusive equations of the electron
BTE for thin films are discussed and electron-interface scat-
tering is studied in the free electron limit; that is, assuming
only conduction band electrons are participating in transport.
In Sec. IV, the d-band electrons’ effects on electron processes
are studied using the BTE calculations from Sec. III with the
ab initio DOS presented in Sec. II, which include d-band
effects. The error when not considering d-band excitations in
ballistic and diffusive transport predictions is discussed.

Il. DOS CALCULATIONS AND THERMOPHYSICAL
PROPERTIES OF AU

In the free electron limit, thermophysical properties of
metal are typically calculated with a Sommerfeld expansion
around the Fermi energy.28 Approximating the spectral DOS
per unit volume of the free electrons in the conduction band
as

3N, 1
D(e) = — |2 (1)
2 8F SF

where N, is the conduction band number density, € is the
electron energy, and &y is the Fermi energy assuming only
the conduction band, gives rise to the following expression
for the chemical potential as a function of temperature:

2
leU«(Te):SF[l—%(M) ] )

281:

where kg is the Boltzmann constant and 7, is the electron
temperature. The electron heat capacity28 and electron-
phonon coupling factor” are given by

C.=CAT,)= Jw eD(e)fode 3)

and

[D(e)]2<_ a_fo) e

D(ep) de @

G = G(T,) = whkgh{w?) f ’

where 7 is the reduced Planck’s constant, \ is the dimension-
less electron-phonon mass enhancement parameter,30 (w?) is
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the second moment of the phonon spectrum,31 D(gp) is the
DOS at the Fermi energy, and fy=fo(e,u,T,) is the Fermi—
Dirac distribution function. Assuming that only the conduc-
tion band electrons contribute to heat storage and phonon
energy loss, Egs. (3) and (4) reduce to C,=vT, and G=G,
=mhkg\(w*)D(ep), respectively, where G is the original
expression derived by Allen.” Note that in noble metals, Eq.
(4) reduces to G, even at high temperatures due to the large
separation of the d-bands from the Fermi energy in these
systems.33 In Au, the Sommerfeld -coefficient 7y is
629 Im> K2 and Gy=243%10"® Wm=K-!. The
dashed lines in Fig. 1 show the calculations of Egs. (1)—(4)
for Au assuming N,,,=5.9X 102 m™ and £,=5.53 eV for
electron temperatures up to 20 000 K.

Assuming that only the conduction band affects u, C,,
and G, is valid only at low temperatures when d-band elec-
trons are not thermally excited. The temperature range of
validity of the free electron (conduction band only) approxi-
mation is different for every metal as it depends on the loca-
tion of the d-band with respect to the Fermi energy.24 In
noble metals, this temperature range is larger than in other
metals due to the large separation of the d-bands from the
Fermi energy. To determine the effects of d-band excitations
on u, C,, and G, the DOS of the d-bands must be known.

The DOS of gold was calculated using a plane wave
pseudopotential density functional applroach34 as imple-
mented in the code QUANTUM ESPRESSO.” The Perdew—
Zunger form for the local density approximation (LDA) was
assumed for exchange and correlation effects in the metal.*®
Gold atoms were described using an ultrasoft
pseudopotential.37 A plane wave cutoff of 70 Ry was used in
all calculations, and a Monkhorst-Pack k-point mesh®® of
48 X 48 X 48 was used for integrations in the first Brillouin
zone. The calculated equilibrium lattice constant and the
bulk modulus were determined to be 4.047 A and 181.34
GPa, respectively. The experimental lattice constant and bulk
modulus for fcc Au are 4.0786 A and 172.8 GPa,
respectively.39 The predicted values agree well with previous
first principles studies of Au.*’ The tetrahedron approach was
used to determine the DOS based on a fine k-grid in the
Brillouin zone.*!

The total DOS as a function of energy from the Fermi
energy of the conduction bands and the d-bands in Au is
shown by the solid lines in Fig. 1(a). The general features of
the total DOS are very similar to that found in Ref. 24. How-
ever, there are subtle differences in the DOS due to how
exchange and correlation are represented that will affect the
calculated heat capacity and electron phonon coupling. In the
current calculations, the LDA is used, which typically
overbinds atoms in comparison to real systems. In Ref. 24,
the generalized gradient approximation (GGA) was used,
which typically underbinds and predicts lattice constants that
are too large. They found a gold lattice constant of 4.175 A,
which is greater than the experimental value (4.08 A). This
difference in predicted lattice constants will also affect the
calculated DOS. As atoms are brought together to form a
solid, electronic bands form and continue to broaden. This
results in the DOS based on LDA calculations (overbinding)
having a slightly broader band and smaller DOS peaks than
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FIG. 1. (Color online) (a) Electron DOS, D; (b) chemical potential, u; (c) electron heat capacity, C,; and (d) electron-phonon coupling factor, G, of Au using
an approximate DOS that only takes into account a parabolic conduction band in Au described by Eq. (1) (dashed lines) and an ab initio DOS that includes

the 54'° bands (solid lines).

that found in the GGA calculation (underbinding). Compari-
son of Fig. 1(a) with Fig. 4 of Ref. 24 supports this analysis.

At high temperatures, Fermi smearing thermally excites
electrons from the d-bands near the Fermi energy, drastically
affecting calculations of u, C,, and G, as shown by the solid
lines in Figs. 1(b)-1(d), respectively. The chemical potential
was calculated with the procedure outlined by Lin er al**
The C, and G, data in Figs. 1(c) and 1(d) are calculated with
Eqgs. (3) and (4), respectively, using the ab initio DOS. These
calculations are similar to those presented by Lin et al** In
Au, significant deviations from the free electron approxima-
tion in u, C,, and G, are apparent at ~3500 K. This repre-
sents the onset of thermal d-band excitations. The effects of
these d-band excitations on ballistic and diffusive electron
transport during electron-phonon nonequilibrium are dis-
cussed in the remainder of this work.

lll. BALLISTIC AND DIFFUSIVE ELECTRON
TRANSPORTS IN THIN FILMS: FREE ELECTRON
APPROXIMATION

A. Equation of electron energy transfer

The BTE for electron transport in one dimension is

given by42’43
d af F.d d
_f+vz_f+_z_f=(_f) | .
ot dz mdv, it/ .

where f is the nonequilibrium electron probability distribu-
tion, v, is the electron velocity in the z-direction, F is the
Lorentz force in the z-direction, and the term (Jf/ dt), is the

time rate of change in the nonequilibrium distribution due to
electron collisions. In this analysis, the z-direction is taken as
perpendicular to an interface that provides resistance to heat
flow—the cross plane direction. In the thin film limit—that
is, when the film thickness is less than the thermal penetra-
tion depth—Eq. (5) reduces to

af (af)

at \ar).
since the thin film is much smaller than the thermal wave
emitted into the film, and therefore the spatial gradients in
the film are negligible. The thermal penetration depth during
elec@-phonon nonequilibrium can be estimated by &
~\k/G, where k is the electron system thermal
conductivity.44 At room temperature, Au has a thermal con-
ductivity of 317 W m™ K™! (Ref. 45) and an electron-
phonon coupling factor of 2.2 W m™3 K112 giving a ther-
mal penetration depth of &=~ 120 nm. With Eq. (6), the
equation of electron energy transfer (EEET),” which paral-
lels the equation of phonon radiative transport,47 is given by

IU(1) <0Us(t))
o\ a ).

(6)

(7)

where ¢ is the time and U, is the volumetric electron energy
density per unit energy defined as

Up=eD(e)f(1-f). (8)

In this development, the factor of (1—f) is included since
the goal is to study energy transfer, which can only occur
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when there are empty states in the vicinity of occupied states.
For example, the quantity [.eD(e)fde gives the total energy
of the electron system. However, in electron energy transfer,
only electron energies with empty states at or around that
energy will participate in energy transfer processes. There-
fore, the probability that a state is occupied and that there is
an unoccupied state at that energy is given by f(1—-f), so that
the electron energy density participating in energy transfer
processes is estimated by Eq. (8).
Equation (7) is subject to

U(t:O):%, 9)

where A is the absorbed energy per unit area by the electron
system and d is the film thickness.

Applying a relaxation time approximation to the EEET
yields

aUe(t) _ Us(t) - Us,O(Te)

Jat B T (10)

where U, o(T,)=eD(e)fo(1-f,) is the equilibrium electron
energy density available for transport. In Eq. (6), 7 is the
relaxation time of the electrons in the metal films, which for
purely diffusive transport is the electron-phonon thermaliza-
tion time, Tepr

B. BDA to the EEET: No substrate energy loss

Applying the BDA to electron transport requires a
slightly different formulation than the BDA for phonon trans-
port, specifically the single relaxation time approximation.
Upon energy absorption, the electron system temperature
evolution and energy transfer can be divided into two char-
acteristic time intervals. The first time interval is the
electron-electron relaxation time, 7,,, which represents the
time it takes for the electron system to relax into an equilib-
rium Fermi-Dirac distribution. Ballistic transport of elec-
trons occurs during this time. Once equilibrium is achieved
in the electron system, the high temperature electrons trans-
mit energy to the lattice through electron-phonon scattering
processes over 7,,. In metals, typical electron-electron relax-
ation times are from tens to hundreds of femtoseconds and
typical electron-phonon thermalization times are a few
picoseconds.u’48 Due to the different characteristic times
governing ballistic and diffusive (electron-phonon) trans-
ports, ballistic electron transport must be modeled with 7,
and diffusive electron transport must be modeled with 7.

Following the ballistic-diffusive approximation to the
BTE,**?’ the ballistic and diffusive electron energy densities
can be separated and the EEET can be rewritten as

U J
E=—[U, () +U,,,(t
ot &t[ s,b( ) s,m( )]

—_ Us,b - Us,m _ Us,m - Us,O (1 1)

Tee Tep

where the subscript b refers to the ballistic component and
the subscript m refers to the diffusive component (generated
in the medium). Equation (11) assumes that the ballistic
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component relaxes to the diffusive component, which in turn
relaxes to the equilibrium distribution. In the electron scat-
tering and energy thermalization processes discussed above,
during electron-electron scattering processes and Fermi re-
laxation, the nonequilibrium electron distribution of the bal-
listic electrons relaxes to a Fermi distribution, so U,,,(0)
=U,(T,). During electron-phonon scattering processes,
U, o(T,) then relaxes to U, ((T,), where T, is temperature of
the thermalized phonon system. The development of the
BDA to the EEET assumes that electron-interface scattering
is completely elastic; that is, during electron-electron scatter-
ing and Fermi relaxation, electron-interface scattering does
not transfer energy away from the film electron system.

Relating the ballistic and diffusive terms, and recogniz-
ing that the incident laser energy is absorbed by the ballistic
electron system, the BDA of the EEET for an electron sys-
tem in which 8, =d and no electron energy loss to the sub-
strate during Fermi relaxation is given by

aUa,b _ Us,b - US,O(Te)

12
ot Toe (12)
aUs,m _ Ue,O(Te) - Us,O(Tp) (13)
Jt Tep ’
subject to
A
U(0) = 7 (14)
and
Um(o) = Ub(Tee) . (]5)

The solutions of Egs. (12)—(15) yield U, ,(t) and U,,(?),
given by

U, (1) = Ua,()(m(l - exp[— i]) ¥ Ug,b(O)exp[— i]

ee ee

(16)
and
Us,O(Te) - Us,O(Tp)t

Tep

U, (0
+ s,b( ) ’
e

Uy (1) = + Us,om)(l . 1)

(17)

which are related to the average power transferred from the
ballistic and diffusive electron systems via

1 Tee *
Pb,av = _zf J Ue’b(t)dsdt (18)
Teed 0 —©
and
1 Tep *
Pua="7 U, m(t)dedt. (19)
5 7_5[) 0 -, 5

Equation (18) represents the volumetric power transferred
from the ballistic electron system. Since no substrate energy
loss is assumed in this calculation, this represents the power
density transferred from the ballistic electron system to the
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diffusive electron system. Equation (19) represents the volu-
metric power transferred from the diffusive electron system
to the equilibrium system described by the Fermi distribu-
tion.

Note that this BDA gives the EEET in a per energy ba-
sis, but the source of the ballistic component [Eq. (14)] gives
the total energy absorbed by all the electrons. This formula-
tion could be extended to account for only specific electron
energies, say, from photons inducing selected interband tran-
sitions. Since the internal energy of the electron system dras-
tically changes when d-band electrons are thermally excited,
to relate the amount of energy absorbed by the ballistic elec-
tron system to the energy absorbed by the electrons at a
given energy, the number of electrons per unit energy must
be known—i.e., the electron DOS. The energy absorbed by
the ballistic electron system per electron energy is given by

U, ,(0) = A D(e)fo(1 - fo)

d [Z.D(e)fo(1 - fo)de

where f;, is evaluated at T, so that Eq. (20) calculates the
nonequilibrium energy density participating in conduction
that is slightly perturbed from the energy associated with an
electron system at temperature 7,. Note that the development
of energy absorption by the electron system only considers
thermal energies participating in conduction due to Fermi
smearing and does not consider interband transitions causing
a nonthermal repopulation of the electron energy bands.*
Also, for the same absorbed power, as temperature increases,
the power is distributed to more electrons.

To solve for the ballistic and diffusive power densities
transferred over the characteristic electron scattering times
(electron-electron and electron-phonon) as a function of tem-
perature, the electron DOS must be known. In these calcula-
tions, only the conduction band will be considered for elec-
tron energy transfer calculations [Eq. (1)]. This free electron
approximation is only valid for low electron
temperatures,23’24 as seen in Fig. 1, but will be considered
here for temperatures up to 20 000 K, well above the limits
of validity of the free electron approximation for Au. The
d-bands will be considered later and the errors associated
with the free electron approximation at these temperatures
will be apparent.

+ Ua,b(Te)s (20)

The electron-phonon relaxation time, 7,,, can be esti-
mated by
Cc.C, 1
Tep = ( >_ P (21)
C.+C,/G

where C, is the heat capacity of the phonon system, which
for Au is 2.47 X 10° J m=3 K~! at 300 K, and G is a constant
at all electron temperatures when only considering conduc-
tion band energy transfer.”> Equation (21) is a relative
electron-phonon thermalization time; that is, it represents the
time for a Fermi-relaxed electron system at temperature 7, to
thermalize with a phonon system at temperature 7),. In this
work, a constant phonon temperature of 300 K is assumed,
which is valid during electron-phonon nonequilibrium appli-
cations since energy is not deposited into the phonon system
until after a substantial number of electron-phonon scattering
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events (until near the electron-phonon thermalization time).

Figure 2(a) shows the ballistic volumetric power transfer
as a function of electron temperature for four different
electron-electron thermalization times, 7,,=50, 200, 350, and
500 fs, assuming an absorbed energy density of 1 J m™.
This effectively makes the source term, Eq. (9), negligible
(small perturbation) and allows us to study only electron
scattering and cooling processes, which is of interest in this
work, without having to consider any heating or absorption
processes. These calculations assume elastic-interface scat-
tering (no energy loss to the substrate). These relaxation
times were chosen since 7,, in Au has been theoretically
calculated to be as small as 50 fs (Ref. 48) and experimen-
tally measured to be as large as 500 fs.>” Figure 2(b) shows
the ratio of ballistic to diffusive volumetric power transfer as
a function of electron temperature. The ballistic component
is one to two orders of magnitude larger than the diffusive
component. Note that for all electron-electron thermalization
times, the diffusive components are identical since the
electron-phonon thermalization time is governed by Eq. (21).
Although the trends are the same, the values reported here
are different than those reported by previously for the BDA
to the EEET (Ref. 51) in the thin film limit since in the
present work a thermalized electron system is assumed as the
starting point of diffusive transport.

C. BDA to the EEET: Substrate energy loss

In the case of elastic electron-interface scattering, the
ballistic and diffusive components to electron transport are
separated by considering two different EEETs: one for the
electron-electron relaxation and one for the electron-phonon
relaxation. However, in the case of inelastic electron-
interface scattering, the ballistic carriers that inelastically
scatter at the film/substrate interface experience no internal
scattering in the film. In this case, the BDA of the EEET
takes a different form than in the previous section.

To consider inelastic electron-interface scattering and
electron system energy loss during Fermi relaxation, the
form of the BDA to the EEET takes a form similar to Hop-
kins and Norris®' given by

U, 9

— _(U LU ) —_ Us,hi _ US,O(Te) - Us,O(Tp)
ot ot &,bi e,m s

Tei Tep

(22)

where the subscript bi refers to the ballistic component in-
elastically scattering at the interface and 7,; is the electron-
interface relaxation time. Relating the ballistic and diffusive
terms yields the BDA to the EEET assuming electron energy
loss to the substrate during Fermi relaxation, given by

&Us,bi - _ Us,bi (23)
ot Tei ’
ﬁUs,m _ Us,O(Te) - Us,O(Tp) (24)
Jat Tep ’
subject to
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FIG. 2. (Color online) Assuming no energy loss to the substrate: (a) ballistic volumetric power transfer as a function of electron temperature for four different
electron-electron thermalization times, 7,,=50, 200, 350, and 500 fs, assuming an absorbed energy density of 1 J m™ in a 20 nm Au film, and (b) ratio of
ballistic to diffusive volumetric power transfer as a function of electron temperature. Assuming energy loss to the substrate: (c) ballistic volumetric power
transfer as a function of electron temperature for four different electron-interface thermalization times, 7,,=50, 200, 350, and 500 fs, assuming an absorbed
energy density of I Jm™ in a 20 nm Au film, and (d) ratio of ballistic to diffusive volumetric power transfer as a function of electron temperature. The
increase in P, ,, with temperature is related to the increase in volumetric internal energy, which increases with temperature and is greater than the decay of

this internal energy over time.

A D(g)fo(1 - fo)

U, ,(0)=— + U, (T, 25
s,bl( ) dfo_cooD(S)fo(l —fo)dS a,b( O) ( )

and

Ua,m(o) = Us,bi(o) - Ua,bi(Tei) . (26)
The solutions to Egs. (23)—(26) are given by

-t

Us,bi(t) = Ue,bi(o)exp[ ’T_:| (27)

and
U, o(T,) = U, (T,
Us,m(t) == 8’0( E) E!O( p)t + Us,bi(o) - Us,bi(Tei)~

Tep

(28)

The average power transferred from the ballistic and dif-
fusive electron systems assuming inelastic electron-interface
scattering during Fermi relaxation of the electron system are
given by Egs. (18) and (19) with Egs. (27) and (28), and are
denoted Py ,, and P,;,,, respectively. Here, the ballistic
power transfer represents the volumetric power transferred
from the ballistic electron system to the equilibrium substrate
system. Note that the initial condition of the diffusive equa-
tion assumes that the energy of the electron system that ex-
periences inelastic-interface scattering and substrate coupling
is lost from the film system. Figure 2(c) shows the ballistic

volumetric power transfer as a function of electron tempera-
ture for four different electron-interface thermalization times,
7,;=50, 200, 350, and 500 fs, assuming an absorbed energy
density of 1 Jm™. These calculations assume inelastic-
interface scattering, that is, upon interface scattering, elec-
trons lose energy from the film system to the substrate. In
this case, the energy lost from the film electron system over
the electron-interface thermalization time [see Fig. 2(c)] is
not available to couple with the film phonon system. Note
the trends are the same as in Fig. 2(a), but the values are
different for the same input power, since energy is lost to the
substrate system. This causes the ballistic component to de-
crease; note that the ballistic component represents the en-
ergy lost to the substrate during electron-electron relaxation.
However, the ratio of the ballistic component to diffusive
component increases [see Fig. 2(d)] (ratio of power lost to
substrate to power lost to phonon system) since the diffusive
component does not decrease as much as the difference in
power transfer predicted between Figs. 2(a) and 2(c).

As previously mentioned the power calculations thus far
have assumed no d-band influence. The error associated with
this assumption will be apparent at high temperatures as dis-
cussed later. However, these calculations are validated at low
temperatures (7, <3500 K) by comparing the results to the
data from Hopkins et al.'® Hopkins et al.'® measured the
electron-phonon coupling factor of Au films in the thin film
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FIG. 3. (Color online) Ratio of elastic electron-interface scattering to inelas-
tic electron-interface scattering diffusive power densities, P,, .,/ P, 5y cOM-
pared to the measured electron-phonon coupling factor in thin Au films by
Hopkins et al. (Ref. 16) normalized by G,,.

(homogeneous heating assuming no temperature gradient)
limit after electron-electron thermalization with a transient
thermoreflectance technique. By analyzing the data with a
two-temperature model” that assumes a completely insulated
film/substrate boundary (i.e., elastic electron-interface scat-
tering), they measured G in the Au films to be greater than
G, at low temperatures, where theory [Fig. 1(d)] predicts a
constant G. Therefore, their measured G, G, represents
the power transfer from the electron to phonon system as-
suming no substrate energy loss since their data were ana-
lyzed assuming an insulated boundary condition. Dividing
Gmeas DY Gy gives an estimate of the ratio of electron-phonon
(diffusive) power transfer assuming elastic electron-interface
scattering to electron-phonon power transfer assuming in-
elastic scattering (note that using a model that takes into
account inelastic electron-interface scattering, such as the
three-temperature model,’* should result in a measured G
equal to G, at low temperatures). Therefore, comparing
G meas/ Go from Hopkins et al.'® to Py av! Py gives a bench-
mark for these calculations and the formulation of the BDA
for the EEET in the thin film limit. These results are shown
in Fig. 3 and show good agreement with no fitting param-
eters required. The difference in trends between the data and
the model at higher temperatures could be due to various
interfacial scattering mechanisms that are discussed by Hop-
kins et al.'® but not explicitly taken into account in this de-
velopment.

IV. BALLISTIC AND DIFFUSIVE ELECTRON
TRANSPORTS IN THIN FILMS: D-BAND ELECTRONS

The BDA to the EEET in the free electron limit for two
cases is given as follows: (1) Elastic electron-interface
scattering—i.e., no energy loss into the underlying substrate
as a result of electron-interface scattering; and (2) inelastic
electron-interface scattering—i.e., energy loss into the under-
lying substrate as a result of electron-interface scattering.
Assuming the free electron limit, only the parabolic conduc-
tion band was considered in the analysis and calculations

J. Appl. Phys. 106, 053512 (2009)

were performed for electron temperatures up to 20 000 K.
However, in Au, at temperatures greater than ~3500 K,
thermal d-band excitations can drastically affect the thermal
properties, and, therefore, the power transfer will be affected.

To determine the effects of d-band excitations on the
power transfer calculations, the DOS of the d-band must be
taken into account. Using the ab initio DOS along with the
thermophysical properties in Fig. 1, the calculations in Fig. 2
are repeated in Fig. 4. These are the same calculations as Fig.
2 only taking into account the 5d'° bands in Au by using the
ab initio DOS to account for the influence of d-band excita-
tion on ballistic and diffusive power transfers in thin Au
films. In addition, Egs. (3) and (4) are used with Eq. (21) to
evaluate 7,, and correctly account for the temperature trends
due to d-band excitations. Figure 4 shows the calculations in
Fig. 2 with the inclusion of the d-bands. The predictions
show drastically different trends and values than those in Fig.
2, which do not take into account the d-bands. The onset of
the d-band participation is clear at about 3500 K. Note that
for temperatures less than the onset of d-band influence, the
predictions of Figs. 2 and 4 are nearly identical, as expected
from the agreement between the various thermophysical
properties shown in Fig. 1 with the two calculation methods
shown in Fig. 1. The d-band excitations cause the ballistic
power transfer to increase and exhibit a nonlinear trend. The
ratio of the ballistic to diffusive components shows an inflec-
tion point around 5000 K, indicating that as temperature in-
creases past the initial onset of d-band excitations, the diffu-
sive component increases when considering the d-bands
more so than when considering only the conduction band.
This is intuitive when examining the trends in G with and
without d-band inclusion, as shown in Fig. 1(d). The inclu-
sion of d-bands causes a drastic increase in the ballistic
power transfer as compared to the case of no d-band excita-
tions, which in turn affects the diffusive power transfer and
ratio of ballistic to diffusive power transfer. Assuming inelas-
tic electron-interface scattering, the electrons lose signifi-
cantly more energy to the substrate when considering the
underlying d-band excitations. Also, the ratio of ballistic to
diffusive power transfer increases from the elastic-interface
scattering cases, but exhibit the same trends. This is a similar
result to the calculations in Fig. 2.

V. CONCLUSIONS

In high powered nanosystems, electron-interface scatter-
ing can create significant thermal resistances during electron-
phonon nonequilibrium heating. As characteristic sizes de-
crease, ballistic electron transport could cause electron
system energy loss from electron-interface scattering that can
alter the thermal resistive processes in a material. In this
work, the ballistic-diffusive approximation to the BTE is ap-
plied to the EEET to study the effects of electron-interface
scattering on electron power transfer processes in thin films.
At high electron temperatures, d-band excitations can change
the thermal properties around the Fermi energy, drastically
altering the predicted power transfer during ballistic and dif-
fusive electron transport processes. In high temperature
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FIG. 4. (Color online) Same calculations as Fig. 2 only taking into account the 54'° bands in Au by using the ab initio DOS of d-band excitation on ballistic

and diffusive power transfers in thin Au films.

electron-phonon nonequilibrium transport studies, the d-band
must be considered for accurate predictions of electron en-
ergy transport.
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