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Effects of electron-boundary scattering on changes in thermoreflectance
in thin metal films undergoing intraband excitations

Patrick E. Hopkins®
Engineering Sciences Center, Sandia National Laboratories, P.O. Box 5800, Albuquerque,
New Mexico 87185-0346, USA

(Received 16 December 2008; accepted 12 March 2009; published online 8 May 2009)

As characteristic sizes and lengths scales continue to decrease in nanostructures, carrier scattering
processes at the geometric boundaries and interfaces in nanosystems become more prevalent. These
scattering events can lead to additional resistances. This paper investigates electron-boundary
scattering processes by examining changes in thermoreflectance signals in thin films after short
pulsed laser heating. To take electron-boundary scattering into account, an additional scattering term
is introduced into the Drude model for the complex dielectric function. Using an intraband
thickness-dependent reflectance model, transient thermoreflectance data of Au films subject to
intraband excitations are analyzed with the electron-boundary scattering Drude model introduced in
this work. The electron-boundary scattering rate is determined from Au thermoreflectance data,
showing that after short pulsed laser heating, electron-boundary scattering rates can be almost three
orders of magnitude greater than the electron-electron and electron-phonon scattering rates. The
scattering rates determined from the thermoreflectance data agree well with the theoretical
predictions for electron-boundary scattering calculated from an electron-boundary scattering model
for disordered conductors in the event of an electron-phonon nonequilibrium. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3117486]

I. INTRODUCTION

Heat transfer in nanostructures is drastically altered by
carrier scattering events.! As characteristic sizes and lengths
scales continue to decrease, the carrier scattering processes at
the geometric boundaries and interfaces in nanosystems be-
come more prevalent. These scattering events can lead to
additional resistances, leading to hot spots and device heat-
ing, and must be understood to effectively engineer nanoma-
terial systems.

In metal and doped semiconductor systems, thermal
transport and resistances are governed by electron scattering
events such as electron-electron and electron-phonon inter-
actions. These electronic processes can be observed via pho-
tonic excitations and reflectance monitoring. A common
technique to measure electron-electron and electron-phonon
interactions and thermalization times is the pump-probe tran-
sient thermoreflectance (TTR) technique.z_10 In the TTR
technique, the change in reflectance of the surface of a metal
film, AR, is measured after a short pulse heating event. This
change in reflectance is related to the various electron-
electron and electron-phonon scattering processes, and AR
can be used to determine the rates of these scattering pro-
cesses. In films with thicknesses on the order of the electron
mean free path, electron-boundary scattering at the film/
substrate interface can affect AR,7 and in this case, AR is
related to electron-boundary scattering rates.

In this work, AR in metal films is studied after intraband
electron excitations. The reflectance models for AR devel-
oped in this work use multiple reflection theory to account
for photon-substrate interactions and how this interaction af-
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fects pulse energy absorption in the metal film. The depen-
dency of AR on electron-electron, electron-phonon, and
electron-substrate scattering rates as a function of electron
temperature is studied by modifying the Drude model for the
intraband component of the dielectric function. The modified
Drude model is used to develop an intraband reflectance
model for AR that accounts for electron-boundary scattering.
Electron-boundary scattering rates are deduced by compar-
ing the thermoreflectance model to TTR data on thin Au
films on Si and glass (SiO,) substrates. The electron-
boundary scattering rates determined from AR are compared
to a model for electron-boundary scattering during an
electron-phonon nonequilibrium that is derived in this work.

Il. AR/R AFTER INTRABAND EXCITATIONS IN THIN
FILMS

In thermoreflectance experiments, it is the change in re-
flectivity AR resulting from a change in temperature in the
sample which is measured. The change in reflectance of a
metal can be related to the change in temperature through the
change in the complex dielectric function Aeg(w,AT)
=Ag/(w,AT)+iAey(w,AT), where Ag/(w,AT) and
Ae,(w,AT) are the changes in the real and imaginary parts
of the complex dielectric function, respectively.11 For ul-
trashort laser pulses with pulse widths less than the electron-
phonon thermalization time (#,,1,e < 7¢), the resulting reflec-
tance, and thus the dielectric function, is a function of
both the change in electron and phonon temperatures
AT, and AT, As(w,AT,,AT,)=Ag|(w,AT,,AT,)
+iA82(w,ATe,AT,,). For small changes in temperature,
(AT,,AT,<150 K), Ae can be expressed as a linear change
in AT, and ATp,s’lz’13

© 2009 American Institute of Physics
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de de
Ae=Ag; +iley= — AT, + — AT,
JaT, aT,
de de
+i(—2ATe+—2ATP>, (1)
aT, aT,

where the functional dependence of ¢ is dropped for clarity.
The change in reflectance can be related to the dielectric
functions by]4

)

By substituting Eq. (2) into Eq. (1), the reflectance can be
simplified to the familiar thermoreflectance equation3’]3

AR
? =aATe+bATp, (3)

where axdR/JIT, and bR/ JT,. This reflectance model di-
rectly relates the change in reflectance to the change in elec-
tron and phonon temperatures. The coefficients a and b are
usually determined by fitting predicted changes in tempera-
ture from various models, such as the two temperature model
(TTM)," to thermoreflectance data.>'?

The thermoreflectance model presented in Eq. (3) is de-
pendent on the fact that A7, and AT, <150 K. This is easy
to ensure at very low incident laser fluences, but with the
wide spread use of more powerful lasers and higher laser
fluences, the large changes in electron temperature will yield
Eq. (3) inapplicable. Smith and Norris'® developed a reflec-
tance model that expands the range of temperature applica-
bility of Eq. (3) in the event that only intraband transitions
are excited, which simplifies the analysis since only the in-
traband contribution to the dielectric function must be con-
sidered. This intraband reflectance model is particularly use-
ful in analyses involving noble metals since noble metals
have a very distinct, high energy interband transition thresh-
old (ITT) since the s-band/d-band crossing is significantly
lower than the Fermi level. The lowest energy d-band to
available s-band transition is very large for Cu (2.15 eV), Au
(2.4 eV), and Ag (4 eV), making it easy to isolate the effects
of the intraband transitions on thermoreflectance.'” Transi-
tion metals, in contrast, pose a greater problem in isolating
the various transitions and determining their dependencies on
electron-phonon energy transfer through TTR since charac-
teristically, transition metal band structures are shifted from
the noble metals, so the s-band/d-band crossing is at or
above the Fermi level. This produces several allowable low
energy d-band (d,-band) to s-band transitions, making it im-
perative to take into account interband transitions to analyze
thermoreflectance. For example, Cr has Fermi transitions at
0.8 (ITT), 1.0, 1.4, and 1.6 eV, W has transitions at 0.85
(ITT), 1.6, and 1.75 eV,'"® and Ni has transitions at 0.25
(ITT), 0.4, and 1.3 eV."”

The key to thermoreflectance models lies in separating
the complex dielectric function into the intra- and interband
components. It has been shown that the complex dielectric
function can be expressed as?0?!

J. Appl. Phys. 105, 093517 (2009)

=g +®, 4)

which explicitly separates the intraband effects [free electron
effects denoted by the superscript (f)] from interband effects
[bound-electron effects denoted by the superscript (b)]. Both
&) and £ are complex expressions with real and imaginary
parts. Therefore, Eq. (4) can be rewritten in the form of Eq.
(1), where slzs(lf)+s(lb) and szzsgf)+s(2b).

In the case that only intraband transitions are excited, a
metal is irradiated with photons where the incident photon
energy is less than the ITT, i.e., Aw<<ITT. In this case, the
change in reflectance of the metal is dominated by the intra-
band transitions from the free electrons (since there is not
enough energy in the incident photons to excite the bound
electrons to undergo an interband transition). Therefore, &
=g, The free electron dielectric function for this metal is

described by the free electron or Drude model given byzz’24
2 2 2
s(f) =1- leasma _1_ wplasma . wfwglasma (5)
o(w+io,) (o + wi) o(w®+ wi) ’

where o is the frequency of the incident photons, ®yjagma 18
the plasma frequency of the free electrons, and w, is the
collisional frequency of free electrons excited by the incident
photons. In order to relate the dielectric function, and there-
fore the reflectance, to the electron and phonon temperatures,
the temperature dependence of w,. must be exploited. This
collisional frequency is inversely proportional to electron re-
laxation time, and therefore Matthiessen’s rule® can be used
to express the free electron collisional frequency as®®

1
0=~ =AeT> + BT, (6)
where A, and B, are the material constants relating to the
temperature dependencies of the electron-electron and
electron-phonon collisional frequencies.%*28 Smith and
Norris'® exploited this relationship between the metal’s re-
flectivity and the dielectric function to derive a thermoreflec-
tance model that explicitly takes into account the change in
electron and phonon temperatures during intraband transi-
tions.

The reflectivity of a solid is calculated by the well
known relationship29

(nl_1)2+n§ (7)

_(n1+1)2+n§’

where n, and n, are the real and imaginary parts of the index
of refraction n, which, in the case of intraband excitations
only, is related to the complex dielectric function by

n=n;+in,= V/E. (8)

However, to calculate the change in reflectivity AR as a func-
tion of change in temperature during nonequilibrium heating,
the response of the indices of refraction due to temperature
changes must be exploited. The temperature dependency of
the dielectric function is used in Eq. (6), so the indices of
refraction as a function of temperature are given by

n(T,,T,) =Re\e (T, T,), (9)
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ny(T,,T,) =Im\e(T, T,).
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(10)

Equations (9) and (10) can then be used with Eq. (7) to determine the change in reflectivity AR with a change in electron and

phonon temperature, which is calculated by

[n\(T,+AT,,T, + AT,) = 11>+ n3(T, + AT, T, + AT),)

AR(AT,,AT,) = R(T, + AT,,T, + AT,) - R(T,,T,) =

[ny(T,,T,) = 1P +n3(T,,T,)
(T, T,) + 1P +nX(T,.T,)

AR/R is calculated by dividing Eq. (11) by Eq. (7) since Eq.
(7) gives the baseline reflectivity at a given electron and
phonon temperature and Eq. (11) determines how much this
baseline reflectance changes as a result of changes in elec-
tron and phonon temperatures. Therefore, the change in re-
flectivity as a function of the change in temperature can be
calculated by

[n((T,,T,) + 1 + n3(T,,T,)
[nl(TesT ) - 1]2 + n%(TesT )

=fleV]=f(®,) = f(AeesBep). (12)

where AR(AT,,AT,) is given by Eq. (11). The fitting proce-
dure for this intraband reflectance model to thermoreflec-
tance data is similar to that of the standard reflectance model
in Eq. (3), only the constants A, and By, in the o, term are
determined from the fit.'®

The intraband reflectance model is suited to study
changes in reflectance due to changes in electron and phonon
temperatures at any given temperature. However, in the
event that the film thickness is approximately the same as the
optical penetration depth 6=N\/(47n,), where \ is the wave-
length of the incident photons, the reflectivity on the surface
of the film is affected by the substrate, and therefore, the
standard reflectivity equation given by Eq. (7) must be modi-
fied to take into account the optical properties of the sub-
strate. Consequently, the intraband reflectance model must be
modified. In this case, the reflectance must be calculated us-
ing the equations derived by Abeles.™ Abeles developed re-
flectance expressions for various absorbing/nonabsorbing
film/substrate combinations. In this thickness-dependent
model, knowledge of the medium, film, and substrate indices
of refraction along with film thickness and incident photon
wavelength is needed to determine the reflectivity. To deter-
mine AR/R, the model of Abeles® is evaluated using Eqgs.
(9) and (10) to calculate AR, then evaluated again with the
values for the indices of refraction at the equilibrium tem-
perature of interest to calculate R. Figure 1 shows calcula-
tions of AR/R for a 10, 30, and 50 nm Au film on a SiO,
substrate in air at 300 K as a function of change in electron
temperature and assuming the phonon temperature is kept
constant at 300 K using the equations of Abeles™ for an
absorbing film on a nonabsorbing substrate [see Egs.
(A1)—(A10) in the Appendix]. In calculations in this work,
the baseline reflectivity is always assumed at 300 K, and the
change in electron temperature (from, for example, a short

AR
~— =AR(T,AT))

[ny(T,+ AT, T,+AT,) + 11+ n3(T, + AT,,T, + AT))

(11)

pulsed laser) gives rise to AR. The assumption of a minimal
change in phonon temperature is valid immediately after
pulsed laser heating (before any significant electron-phonon
energy transfer), which is the time regime of interest in this
work. For Au, A, and B, are approximated as 1.2X 107 and
1.23x 10" K117 respectively, and their temperature
dependence is negligible in the electron temperature range of
interest in this work (300-3500 K).** The plasma (angular)
frequency of Au is 1.37X10'® rad s™! (plasma energy of
9.03 eV).” Since the plasma frequency of a metal is given
by @7yyqma=(470,€%/m) and n,, e, and m—which are the con-
duction band electron number density, the fundamental
charge, and the mass of an electron, respectively—are all
constant assuming no interband (d-band to conduction band
excitations) transitions, which would change the electron
number density in the conduction band,*** then the plasma
frequency is assumed as temperature independent in the tem-
perature range of interest. The nonlinearity of AR/R with
change in electron temperature and the obvious thickness
dependence is apparent in Fig. 1. The inset of Fig. 1 shows
the change in the baseline reflectivity R as a function of film
thickness. Bulk values for indices of refraction n; and n, are
used 3fg)r the substrates of interest in calculations in this
work.

0.00

-0.01

-0.02

AR/R

-0.03

-0.04

25 50 75 100

Thickness [nm]
1

1 1
800 1600 2400 3200
AT [K]

-0.05
0

FIG. 1. Thickness dependence of AR/R in Au films on SiO, substrates as a
function of electron temperature assuming a phonon system temperature at
300 K. The inset shows the baseline reflectivity R for an Au film on an SiO,
substrate at 300 K using the reflectance model in the Appendix.
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FIG. 2. AR/R as a function of temperature for a 30 nm Au films on a SiO,
substrate for four different electron-boundary scattering times (7,
=1.0, 0.5, 0.1, and 0.05 fs) along with AR/R calculations assuming no
substrate interference (1/7.,=0). The inset compares AR/R measurements
on a range of Au thin films on SiO, substrates by Hopkins et al. (Ref. 7) to
AR/R calculated with the thickness-dependent intraband transition model
using Eq. (6) for the electron collisional frequency.

lll. EFFECTS OF ELECTRON-BOUNDARY
SCATTERING ON AR/R

Although the thickness-dependent intraband reflectance
model accounts for multiple reflection off the film/substrate
interface by the absorbed radiation, it does not take into ac-
count electron scattering events at boundaries that will affect
the electron collision frequency discussed in Eq. (6). Hop-
kins et al.” showed that during an electron-phonon nonequi-
librium, electrons can inelastically scatter at a film-substrate
boundary or at disordered regions in thin films near inter-
faces, thereby creating another path of energy loss for the
electrons system in the thin film. These additional inelastic
boundary scattering events would create another change in
the electron collisional frequency, so Eq. (6) becomes

1 , 1
= =ALT, + BT, +—, (13)
T Teb

w

where 7, is some electron-boundary scattering time, such as
that at the film-substrate interface. Using Eq. (13) instead of
Eq. (6) in the intraband thickness-dependent reflectance
model gives a relation between the thermoreflectance re-
sponse in a metal undergoing intraband excitations and
electron-boundary scattering causing a change in AR. Figure
2 shows AR/R as a function of temperature for a 30 nm Au
films on a SiO, substrate for four different electron-boundary
scattering times (74,=1.0, 0.5, 0.1, and 0.05 fs) along
with AR/R calculations assuming no substrate interference
(1/74=0). The trends in AR/R show that additional electron
scattering processes decrease the magnitude of AR/R. This is
also apparent from comparing the maximum AR/R as a
function of predicted electron temperature from the samples
in Ref. 7 to AR/R calculated with the thickness-dependent
intraband transition model using Eq. (6) for the electron col-
lisional frequency (inset, Fig. 2). The low magnitude and
different curvature of the measured AR/R could have re-

J. Appl. Phys. 105, 093517 (2009)
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FIG. 3. (Color online) Electron-electron, electron-phonon, and electron-
substrate scattering rates. The electron-electron and electron-phonon scatter-

ing rates are calculated by 1/7,.=A..T 3 and 1/7,=B.,T,, respectively. The

electron-substrate scattering rates are predicted by fitting the intraband
thickness-dependent model for AR/R [using Eq. (13) for the electron colli-
sional frequency and 1/7, as the adjustable parameter] to the maximum
AR/R at the electron temperature reported by Hopkins e al. (Ref. 7) Results
of 1/, from this fit agree well with the electron-boundary scattering rate in
the event of an electron-phonon nonequilibrium given by Eq. (16).

sulted from electron-boundary scattering events, where the
models for AR/R in the inset only take into account electron-
electron and electron-phonon scattering events.

To quantify the effects of electron-boundary scattering
during laser pulse excitation, Eq. (13) is used in the
thickness-dependent intraband transition model, and 1/ 7, is
adjusted until the predicted AR/R matches the measured
AR/R by Hopkins et al. for a given film-substrate sample at
the predicted maximum electron temperature. Figure 3
shows the 1/ 7, predictions as a function of maximum elec-
tron temperature predicted by the TTM (Ref. 15) along with
the other electron scattering terms in Eq. (13) assuming 7,
=300 K. This shows the functional form of 1/ 7, with elec-
tron temperature, and based on the AR/R analysis, 1/7y,
should increase with electron temperature. The analysis in
Ref. 7 using the three temperature model®’ predicted an in-
crease in electron-interface energy transfer with electron
temperature, which supports the trends seen in electron-
boundary scattering in Fig. 3. In addition, 1/ 7, is approxi-
mately three orders of magnitude greater than the electron-
electron and electron-phonon scattering rates.

Sergeev38 derived an expression for electron—"“vibrating”
boundary scattering rate in disordered metallic conductors
when the electrons and phonons are defined by the same
temperature given by

1 3 vy, 3
—=— 1 1+2[ ] |, (14)
Teb 35§(3)qt€ep7’ep Ur

where {(s) is the Riemann—Zeta function, g, is the dominant
wavevector of the thermal longitudinal phonons, £, is the
mean free path of electron-phonon scattering events, 1/ 7, is
the electron-phonon scattering rate in the corresponding
bulk, “ordered” (no scattering at a vibrating boundary or in-
terface) material, v; is the group velocity of the longitudinal
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phonons, and v; is the group velocity of the transverse
phonons. Note that only acoustic phonons are considered in
Eq. (14) since optical phonons have near-zero group velocity.
After a short pulsed laser heating event, both electron-
electron and electron-phonon scattering events will affect
electron relaxation, so in the event of an electron-phonon
nonequilibrium after pulse absorption, the electron-boundary
scattering rate is given by

1 3wA.T>+B.T 3
13l + Bey "){Hz(ﬁ) ] (15)
Teb 35§(3)Qt€ee,ep ur

where {¢. ., is the electron mean free path, taking into ac-
count electron-electron and electron-phonon scattering. From
kinetic theory, €o.op=~v,/ (AeeT§+Bepr), so the rate of
electron-boundary scattering after short pulsed laser heating
is given by

1 3mwA.T>+B.T,)? 3
L _ 37T, + BTy {1+2<ﬂ> } (16)
Teb 35{(3)qv;, Ur

Equation (16) is calculated as a function of electron tempera-
ture and is presented in Fig. 3 for the Au films of interest,
assuming that 7,=300 K and the phonon group velocities™
are given by v;=3390 m s~! and v;=1290 m s~'. Since the
lattice system is above the Debye temperature of Au (6
=165 K),* q,=kg0p/ (hv;), where kg is Boltzmann’s con-
stant and £ is Planck’s constant. Equation (16) shows good
agreement in magnitude and trends of 1/7,, predicted from
the AR/R data.

The deviations of Eq. (16) from the data could be due to
other electron scattering mechanisms not taken into account
in this study. The formulation of Eq. (13) assumes that
electron-electron, electron-phonon, and electron-boundary
scatterings are the sole electron scattering mechanisms that
affect thermoreflectance. However, using Matthiessen’s rule,
the effects of other electron dephasing mechanisms on ther-
moreflectance can be considered. For example, electron-
impurity scattering is described by replacing the electron
mean free path in Eq. (14) with the characteristic dimension
of the material.”®*' Therefore, electron-impurity scattering
after short pulsed laser heating is given by

2
i:3”(AeeT€+BePTP)[1+2<ﬂﬂ, (17)
Tei 35{(3)q,d Ur

where d is the film thinkess. In the temperature range of
interest, the electron-impurity scattering rate predicted by

_a'b" exp[2nyf'] + c'd’ expl—2nyf"] +2q" cos[2n,f"] + 25" sin[2n,f"]

J. Appl. Phys. 105, 093517 (2009)

Eq. (17) is of the order of 10'3—10'4, of the same order as the
electron-electron and electron-phonon scattering rates, but
still three orders of magnitude less than the electron-
boundary scattering rate. Therefore, in thin films where film/
substrate interface scattering is significant, this scattering
mechanism will be the dominant contribution to the change
in the thermoreflectance signal. However, as film/substrate
interface scattering becomes less pronounced, other electron
dephasing mechanisms can affect thermoreflectance, such as
electron-impurity scattering.

In conclusion, electron-boundary scattering after ul-
trashort pulse absorption in thin metal films can drastically
affect the change in reflectance induced from the laser heat-
ing. To take electron-boundary scattering into account, an
additional scattering term is introduced into the Drude model
for the complex dielectric function. Using an intraband
thickness-dependent reflectance model, transient thermore-
flectance data of Au films subject to intraband excitations are
analyzed with the electron-boundary scattering Drude model
introduced in this work. The electron-boundary scattering
rate is determined from the Au data, showing that after short
pulsed laser heating, electron-boundary scattering rates can
be almost three orders of magnitude greater than the
electron-electron and electron-phonon scattering rates. The
scattering rates determined from the thermoreflectance data
agree well with the theoretical predictions for electron-
boundary scattering calculated from an electron-boundary
scattering model for disordered conductors in the event of an
electron-phonon nonequilibrium.

ACKNOWLEDGMENTS

The author is greatly appreciative for funding by the
LDRD program through the Harry S. Truman Fellowship
Program at Sandia National Laboratories. The author would
also like to thank Justin R. Serrano for critical reading of this
manuscript. Sandia is a multiprogram laboratory operated by
Sandia Corporation, a Lockheed-Martin Co., for the United
States Department of Energy’s National Nuclear Security
Administration under Contract No. DE-AC04-94AL85000.

APPENDIX: SURFACE REFLECTIVITY OF A THIN
FILM ON A SUBSTRATE

The reflectivity of the Au/substrate samples examined in
this work can be calculated with the equation for reflectivity
of an absorbing film on a nonabsorbing substrate derived by
Abeles® and given by

T b'd exp[2nof']+a’ ¢ exp[—2nyf']+ 2t cos[2n,f' ]+ 2u’ sin[2n,f']’

where

a’=(n1—n1,0)2+n§, (A2)

(A1)

[
b' = (ny +ny,)*+n3, (A3)
c’=(n1—n1’x)2+n§, (A4)
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d = 2403 A5
=(n +ny )" +nj, (AS)
[ =2mdIN, (A6)
2 282, .2 2, .2 2 2
q' = (nyg+ni)(ny+n3) - (ny+ ny)* - 1y oMy
2
—4ny gny 3, (A7)
2, .2
s' :2”2(”1,x_n1,0)(”1+n2+”1,0”1,s), (A8)
2 2.2, .2 2, .2 2 2
t'=(njg+n )(ny+n3y) - (n) + n2)2 —ny gy
+ 4}’11,0”1’3”%, (A9)
2, .2
u' =2ny(ny s+ ny)(ny+ny—nyong ), (A10)

and n, ; and n,  refer to the real part of the index of refrac-
tion of the substrate and ambient, respectively.
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