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Ultrashort pulsed lasers are effective tools for use in a wide array of nanoscale applications, ranging from
precise machining of nanomaterials, to deposition of nanocomposites, to diagnostics for observations of trans-
port properties on atomistic time and length scales. One critical caveat of these applications is predicting and
controlling the temperature of the materials after the absorbed laser pulse. At relatively low absorbed laser
powers, the temperature can be determined from the reflected energy from the laser pulse off the sample
surface as the reflectivity and the temperature change are linearly related. However, as laser pulses become
more powerful, thereby inducing large temperature changes, and as materials continue to decrease in charac-
teristic lengths, thereby causing substrate interference affecting the absorbed energy, the determination of the
temperature from reflectance becomes more complicated than the traditionally assumed linear relation. In this
work, a reflectance model is developed that accounts for large temperature fluctuations in thin-film metals by
utilizing the temperature dependencies of the intraband �“free” electron� and interband �“bound” electron�
dielectric functions and multiple reflection theory. Electron-electron, electron-phonon, and electron-substrate
scattering are exploited and the change in reflectance as a function of these various scattering events is studied
in the case of both intra- and interband excitations. This thermoreflectance model is compared to thermore-
flectance data on thin Au films.
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I. INTRODUCTION

Electron-interface scattering is a critical transport mecha-
nism in the development and design of nanocomposites and
devices, the engineering importance ever increasing as ma-
terial and device sizes continue to decrease to atomistic lim-
its. This interface scattering pathway creates an additional
form of thermal resistance. Accurate measurements and un-
derstanding of electron-interface thermal resistance can lead
to the control and manipulation of this thermal process,
which has major implications in the further development of
applications to enhance or restrict thermal transport on the
nanoscale, such as chip-level cooling or thermoelectric re-
frigeration, respectively.1

Time-domain short-pulsed thermoreflectance spectros-
copy is a robust technique that has been used by several
groups to back out various electronic thermal processes in
nanomaterials, including electron-gas Fermi relaxation,2–4

electron-phonon �ep� energy transfer,5–11 recombinatory pro-
cesses in semiconductors,4,12,13 and electron-electron �ee�
thermal conductance.14,15 However, with decreasing charac-
teristic lengths of nanodevices and increasing power de-
mands, difficulties in determining these aforementioned ther-
mal phenomena arise since the time and length scales
associated with these phenomena converge. For example,
Hopkins et al.8 measured the electron-phonon coupling fac-
tor, G, of thin Au films in the free-electron limit �no inter-
band excitations�. However, due the electron-interface scat-
tering, determining G was not as simple as the traditional
analysis of fitting the two-temperature model16 to the experi-
mental data.17

In the situation where multiple thermal phenomena are
occurring on similar scales during thermoreflectance mea-
surements, the measured change in reflectance is affected

due to the various scattering mechanisms. The basis for
quantifying the various scattering processes is then related to
the change in reflectance through the electronic temperature
change, which is then related to some type of thermal model
that relates temperature change to the electronic scattering
rate. The key, therefore, is an accurate thermoreflectance
model that can relate multiple electronic-scattering processes
to the change in reflectance as a function of temperature.

Rosei18 developed a thermoreflectance model to account
for the large change in reflectance around interband transi-
tion thresholds observed in several experimental studies.19–23

Hohlfeld et al.24,25 extended Rosei’s work by fitting a modi-
fied thermoreflectance model to experimental data to scatter-
ing times in materials. Smith and Norris26 derived a ther-
moreflectance model for intraband transitions in Au that
specifically accounted for electron-electron and electron-
phonon scattering. Recently, Hopkins27 extended Smith and
Norris’ model to thin films, taking into account multiple re-
flections off interfaces, and included an electron-interface
scattering term to relate the thermoreflectance signal to the
electron-interface thermal processes.

In this paper, a thermoreflectance model is derived that
accounts for both intra- and interband transitions and in-
cludes an electron-interface scattering term. The model takes
into account specific Fermi-level transitions observed in
measured optical properties of bulk materials, of which there
is a wealth of tabulated data.28–32 In the next section, the
thermoreflectance model is derived for a thin film on a sub-
strate. In Sec. III, the thermoreflectance signal is calculated
for Au in the intra- and interband transition regimes. The
effects of electron-electron and electron-phonon scattering
are discussed. In Sec. IV, an electron-interface scattering
term is introduced and the effects of this scattering mecha-
nism on thermoreflectance at intra- and interband energies in
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Au are examined. Although example calculations are shown
for Au in this work, the model presented in this paper is
easily applicable to any metal.33

II. REFLECTANCE IN THIN FILMS

A thermoreflectance signal is a change in the baseline
reflectivity of a sample surface resulting from a change in
temperature of the sample. The reflectivity of a bulk material
�film� at the air �vacuum�/film interface is given by

R =
�n1 − 1�2 + n2

2

�n1 + 1�2 + n2
2 , �1�

where n1 and n2 are the real �refractive index� and imaginary
�extinction coefficient� parts of the complex index of refrac-
tion, n̂. However, in thin films on the order of the optical
penetration depth, reflection and absorption at the film/
substrate interface can cause a change in the measured re-
flectivity of the sample surface due to multiple reflections
propagating in the film. From thin-film optics, the reflectivity
of a thin film on a substrate, where the incident medium is
air, is given by34

Rf = r�r , �2�

where

r =
�m11 + n̂sm12� − �m21 + n̂sm22�
�m11 + n̂sm12� + �m21 + n̂sm22�

�3�

with n̂s being the complex index of refraction of the substrate
and r� is the complex conjugate of Eq. �3�. In Eq. �3�, mi,j are
the components of the characteristic thin-film matrix,35 de-
fined as

M = � cos � −
i

n̂f

sin �

− in̂f sin � cos �
� , �4�

where �=�Ln̂1 /c and � is the angular frequency of the ra-
diation, L is the film thickness, and c is the speed of light.

The key to determining Eq. �4� is knowledge of n1 and n2
for the film and substrate. Since this work focuses on ther-
moreflectance due to temperature modulations in the film, an
analytical model is used to determine n1 and n2 in order to
exploit the temperature dependence of the film’s optical
properties yet tabulated values will be used for the substrate
optical properties since only small, negligible temperature
changes are assumed in the substrate. The refractive index
and extinction coefficient are related to the complex optical
dielectric function, �̂=�1+ i�2, through33

n1 =
1
�2

���1
2 + �2

2�1/2 + �1�1/2 �5�

and

n2 =
1
�2

���1
2 + �2

2�1/2 − �1�1/2. �6�

Now the complex dielectric function can also be expressed
as �̂= �̂intra+ �̂inter, which explicitly separates the contribu-

tions due to intraband transitions �free electrons� and inter-
band transitions �bound electrons�.

The intraband part, �̂intra, is described by the well-known
Drude model, given by

�̂intra = 1 −
�p

2

��� + i� f
−1�

, �7�

where �p is the plasma angular frequency of the film, � is
the angular frequency of the absorbed radiation ��=2�c /�,
where c is the speed of light and � is the wavelength of the
wavelength of the absorbed radiation�, and � f

−1 is the scatter-
ing rate of the free electrons undergoing intraband transi-
tions.

The interband part of the complex dielectric function,
�̂inter, is given by a model based on the solution to the Liou-
ville equation for the one-electron density matrix in first-
order perturbation theory developed by Jha and Warke36 and
addressed in more detail by Rustagi,37 given by

�̂inter,j = −
4�e2

m2�2 �
k=kF

k0 	pj
2

Ek,j
� �� + i�� j

−1

Ek,j − �� − i�� j
−1

−
�� + i�� j

−1

Ek,m + �� + i�� j
−1� , �8�

where e is the electron charge, m is the effective mass of the
electrons �which, in Au, electrons excited to the Fermi sur-
face have effective masses that are nearly the free-electron
mass, so in this work, the free-electron mass is assumed�, k0
is the radius of the Brillouin zone, kF is the radius of the
Fermi surface given by kF=�2mEF /� with EF being the
Fermi energy, � j

−1 is the scattering rate of the electrons that
are excited via some interband transition from j, and 	pj
 is
the transition momentum matrix element for transition j. As-
suming an isotropic dispersion of a parabolic conduction
band and a flat d band, and assuming transitions between the
d band and conduction band yields the potential energy of
the conduction band with respect to the d-band transition
edge as Ek,j =Ej +�2k2 / �2m�, where Ej is the energy gap be-
tween the conduction and d band in the center of the Bril-
louin zone. With this approximation, 	pj
2=mEp,j /2, where
Ep,j is a constant. Converting Eq. �8� to an integration yields

�̂inter,j =
3

2

�p
2

�2

Ep,j

EF

1

kF


kF

k0 � z1
2

k2 − z1
2 −

z1�
2

k2 − z1�
2 −

2z0
2

k2 − z0
2�dk ,

�9�

where k0=21/3kF,38

zn,j
2 =

2m

�2 �n�� + in�� j
−1 − Ej� �10�

and

zn,j�2 =
2m

�2 �n�� + in�� j
−1 + Ej� . �11�

In Au, the lowest energy d band to Fermi-surface transition
at 516 nm �2.4 eV� affects the reflectance spectra drastically
more than other Fermi-surface transitions in the wavelength
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range of interest in this study ��	300–1000 nm or 1.24–
4.13 eV�. However, there are other Fermi-surface transitions
in this wavelength range that do affect reflectance near the
2.4 eV transition as apparent by the shape of the Au reflec-
tivity at 300 K plotted in Fig. 1. Each inflection point in the
reflectance spectra roughly corresponds to an interband
Fermi-surface transition.33,39 These transitions appear as lo-
cal extrema in the thermoderivative of �̂2.18,39 Therefore, for
every inflection point in the reflectivity of Au, a new transi-
tion must be considered in the interband dielectric function
via Eq. �9�. Three Fermi-surface transitions affect the reflec-
tance in the wavelength range of interest in this study, so the
interband dielectric function is given by �̂inter=� j=1

3 �̂inter,j.
The sum of Eqs. �7� and �9� gives �̂= �̂intra+ �̂inter which is

related to Eqs. �5� and �6� by �̂=�1+ i�2. To determine the
interband dielectric function in Au at 300 K, n1 and n2 were
calculated and best fit with tabulated data29 iterating �p, � f

−1,
and Ep,j, Ej, and � j

−1 for each of the three transitions. The
best-fit values used to calculate the complex dielectric func-
tion in Au listed in Table I. The plasma frequency fitted
result, �p=1.3
1016 rad s−1, is in excellent agreement with
literature values of the plasma frequency, 1.3–1.4


1016 rad s−1.28,30 As seen in Fig. 1, the calculation of R for
bulk Au agrees well with R determined from the tabulated
data on bulk Au.29 Using Eq. �2�, the reflectance for thin Au
films on Si at 300 K are also shown in Fig. 1 for film thick-
nesses of 10, 20, 30, 40, and 50 nm. Also shown is the bulk
reflectivity of Si at 300 K calculated from the tabulated val-
ues of n1 and n2 �Ref. 29� used to calculate the thin-film Au
on Si reflectivity.

III. THERMOREFLECTANCE IN INSULATED THIN
FILMS

To determine the thermoreflectance signal, or the change
in reflectance due to a temperature change, the temperature
dependency of the complex dielectric function must be
known. This is determined through the electron-scattering
rates. In bulk, clean metals, the primary scattering mecha-
nisms of the free electrons at the Fermi surface are ee and ep
scattering. Therefore, employing Matthiessen’s Rule, � f

−1

=�ee
−1+�ep

−1. The electron-electron and electron-phonon scat-
tering times are given by �ee

−1=ATe
2 and �ep

−1=BTp, respec-
tively, where A and B are scattering coefficients that are typi-
cally determined by resistivity experiments40 and Te and Tp
are the electron and phonon system temperatures. Literature
values of A and B in Au are 1.2
107 K−2 s−1 and 1.23

1011 K−1 s−1,41 respectively, yielding � f

−1=3.8
1013 s−1

when the electrons and phonons are at 300 K, in good agree-
ment with the value for � f

−1 determined from the complex
dielectric function fit to data at 300 K, 2.0
1013 s−1. In this
work, electron temperatures from 300–3000 K are consid-
ered which ensures no d-band excitations due to Fermi
smearing in Au.42 In this temperature regime, Au has a con-
stant electron-phonon coupling constant,42 so A is taken as
the literature value for electron-electron scattering of free
electrons and B is determined from � f

−1=�ee
−1+�ep

−1 at 300 K
using the fitted value for � f

−1, which yields B=6.3

1010 K−1 s−1. Note that the electron-electron and electron-
phonon scattering constants are relatively temperature inde-
pendent in Au.40 Therefore, the electron temperature depen-
dency of the intraband dielectric function takes a Te

2

dependence.26 The temperature dependency of the interband
dielectric function follows the temperature dependency of
the Fermi energy described by the Sommerfeld expansion.43

The electron-scattering rates in the interband dielectric func-
tion are assumed temperature independent, so the � j

−1 con-
stants in Eq. �9� are treated as dampening coefficients, simi-
lar to those in the Lorentz model for oscillators.33 For this

FIG. 1. �Color online� Reflectivity data as a function of wave-
length of bulk Au �red squares� and bulk Si �blue circles� along with
calculations for the reflectivity as a function of wavelength for bulk
Au �solid line� using the reflectivity model discussed in Sec. II. The
dotted and dashed lines show reflectivity calculations of Au films of
various thicknesses on a bulk Si substrate using the reflectivity
model taking into account reflections from the Au/Si interface via
Eq. �2�.

TABLE I. Parameters used in reflectance model discussed in Sec. II.

Parameter B �p � f
−1 Ep,1 E1 �1

−1

Units 1010 K−1 s−1 1016 rad s−1 1014 s−1 eV eV 1014 s−1

Value used in model 6.3 1.3 0.20 1.5 −2.9 2.0

Parameter Ep,2 E2 �2
−1 Ep,3 E3 �3

−1

Units eV eV 1014 s−1 eV eV 1014 s−1

Value used in model 1.5 −2.0 4.0 5.0 −1.0 7.0
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study, a constant phonon temperature of 300 K is assumed
which is a valid assumption for thermoreflectance studies
using short pulses where the electron system rapidly changes
temperature from pulse absorption before any substantial en-
ergy is transferred to the lattice. By calculating the complex
dielectric function at various electron temperatures, the ther-
moreflectance signal, �R /R, is calculated via

�R��Te�
R

=
R�Te� − R�300 K�

R�300 K�
. �12�

Figure 2 shows thermoreflectance calculations for thin Au
films on Si substrates. Figure 2�a� shows the thermoreflec-
tance signal on a 20 nm Au film for three different changes in
temperatures. The inset of Fig. 2�a� shows the thermoreflec-
tance signal for bulk Au for the same three changes in tem-
perature. The signals are drastically different. Figure 2�b�
shows how the thermoreflectance signal of an Au film on a Si
substrate changes with film thickness. Even at Au film thick-
ness of 50 nm, the thermoreflectance signal is still affected
by the underlying substrate. In addition, the thermoreflec-
tance signal is affected by the underlying signal differently at
different photon energies, which will be addressed in more
detail in the next section.

IV. EFFECTS OF ELECTRON-BOUNDARY SCATTERING
ON THERMOREFLECTANCE (NONINSULATED

THIN FILMS)

When the film thickness is less than the thermal penetra-
tion depth in the material, electron-boundary scattering can
affect the thermoreflectance signal.27 This arises due to an-
other scattering mechanism for the free electrons. In the case
of electron-boundary scattering, the electron relaxation time
of the free electrons is given by � f

−1=�ee
−1+�ep

−1+�b
−1, where �b

−1

is the electron-boundary scattering rate. In this case, the di-

FIG. 3. �Color online� �a� 800 nm thermoreflectance signal for
Au films of varying thickness on a Si substrate assuming an insu-
lated ��b=0� Au/Si interface along with experimental thermoreflec-
tance data taking at 800 nm for thin Au films �film thicknesses are
20, 30, 40, and 50 nm� on Si substrates �Ref. 8�. The predicted
thermoreflectance signal of Au/Si at 800 nm assuming no electron-
boundary scattering is much greater �absolute value� than the mea-
sured data, to the point where the measured data appear approxi-
mately zero compared to the predictions. �b� Calculations for �R /R
with varying values for �b

−1. As �b
−1 increases, the magnitude of the

800 nm thermoreflectance signal for 20 nm Au/Si decreases. �c�
�R /R for different Au film thicknesses for Au/Si compared to the
data from Hopkins et al. �Ref. 8� assuming �b

−1=2.0
1016 s−1.
Taking into account electron-boundary scattering drastically im-
proves the predictions of �R /R.

FIG. 2. �Color online� �a� Thermoreflectance signal on a 20 nm Au film on a bulk Si substrate for three different changes in electron
temperatures. The inset shows the thermoreflectance signal for bulk Au for the same three changes in electron temperature. �b� Thermore-
flectance signal of Au film of various thicknesses on a Si substrate.

PATRICK E. HOPKINS PHYSICAL REVIEW B 81, 035413 �2010�

035413-4



electric function is affected, which changes the thermoreflec-
tance signal due to the additional scattering mechanism.

The thermoreflectance signal at 800 nm for Au/Si as a
function of electron temperature is shown in Fig. 3. Figure
3�a� shows the 800 nm thermoreflectance signal for Au films
of varying thickness on a Si substrate assuming an insulated
��b=0� Au/Si interface. Also shown in this figure are experi-
mental thermoreflectance data taken at 800 nm for thin Au
films �with varying thicknesses of 20, 30, 40, and 50 nm� on
Si substrates as a function of electron temperature.8 The pre-
dicted thermoreflectance signal of Au/Si at 800 nm assuming
no electron-boundary scattering is much greater �absolute
value� than the measured data, to the point where the mea-
sured data appear approximately zero compared to the pre-
dictions. This can be explained by the change in thermore-
flectance due to electron-boundary scattering. The effect of
boundary scattering on the thermoreflectance signal of a 20
nm Au film on a Si substrate is shown in Fig. 3�b�, which
shows calculations for �R /R with varying values for �b

−1. As
�b

−1 increases, the magnitude of the 800 nm thermoreflectance
signal for 20 nm Au/Si decreases. The expression developed
by Hopkins27 for electron-boundary scattering during an
electron-phonon nonequilibrium predicts a boundary scatter-
ing rate of �2.0
1016 s−1. Using �b

−1=2.0
1016 s−1, Fig.
3�c� shows �R /R as a function of Au film thickness for
Au/Si compared to the data from Hopkins et al.8 Taking into
account electron-boundary scattering drastically improves
the predictions of �R /R.

Although this effect was observed experimentally at 800
nm, Hohlfeld et al.7 conducted a similar study to Hopkins et
al. differing only by measuring thermoreflectance signals
causing interband transitions �using 500 and 540 nm probe
wavelengths� and did not observe the effects of electron-
boundary scattering in their measurements of electron-
phonon coupling factor in Au. Potential reasons why
Hohlfeld et al.’s work did not observe boundary scattering
phenomena lie in the thermoreflectance model. First and
foremost, the interband thermoreflectance model used in
Hohlfeld et al.’s analysis24 did not take into account reflec-
tions from the film/substrate interface, i.e., it was not thick-
ness dependent. As seen from the thickness-dependent ther-
moreflectance model derived in this work, for Au/Si, these
substrate reflections drastically affect the thermoreflectance
signal.

Another potential reason for the discrepancy is the sensi-
tivity of the thermoreflectance model to electron-boundary
scattering at different wavelengths �as previously mentioned,
Hohlfeld et al.7 used thermoreflectance signals at 500 and
546 nm to determine the electron-phonon coupling factor in
Au�. Figure 4 shows the change in the thermoreflectance
signal as a function of temperature for different electron-
boundary scattering rates at three different wavelengths—�a�
800 nm; �b� 506 nm; and �c� 400 nm—for a 20 nm Au film
on a Si substrate. The values shown in Fig. 4 are the changes
in the thermoreflectance signal due to electron-boundary
scattering for a 20 nm Au film—the absolute values of the

FIG. 4. �Color online� Change in the thermoreflectance signal as a function of temperature for different electron-boundary scattering rates
at three different wavelengths—�a� 800 nm; �b� 506 nm; and �c� 400 nm—for a 20 nm Au film on a Si substrate. The values shown are the
changes in the thermoreflectance signal due to electron-boundary scattering for a 20 nm Au film—the absolute values of the difference
between �R /R using �b

−1 listed in the figure and �R /R when �b
−1=0—this is effectively showing the sensitivity of the thermoreflectance

signal to �b
−1. Comparing the thermoreflectance signal at the varying wavelengths shows that at high temperatures, �R /R is nearly 3–4 times

greater when probing at 800 nm than when probing interband transitions for �b
−1 expected in thin Au films �i.e., on the order of 1016 s−1 �Ref.

27��. The insets show the thermoreflectance signals as a function of temperature for a 20 nm Au film assuming �b
−1=0 for the different

wavelengths.
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difference between �R /R using �b
−1 listed in the figure and

�R /R when �b
−1=0—this is effectively showing the sensitiv-

ity of the thermoreflectance signal to �b
−1. Comparing the

thermoreflectance signal at the varying wavelengths shows
that at high temperatures, �R /R is nearly 3–4 times greater
when probing at 800 nm than when probing interband tran-
sitions for �b

−1 expected in thin Au films �i.e., on the order of
1016 s−1�.27 The insets show the thermoreflectance signals as
a function of temperature for a 20 nm Au film assuming
�b

−1=0 for the different wavelengths.
Figure 5 shows the sensitivity of the 20 nm Au/Si ther-

moreflectance signal to electron-boundary scattering as a
function of wavelength for two different electron tempera-
tures, 1000 and 3000 K. The thermoreflectance signal of Au
is much more sensitive to electron-boundary scattering in the
free-electron regime. This offers another explanation for the
difference between the electron-phonon coupling results re-
ported by Hohlfeld et al.—who probed the Au response
around wavelengths in which the interband thermoreflec-
tance response would dominate that from the free
electrons—and Hopkins et al.—who probed the Au response
in the free-electron regime. Figure 5 clearly shows that the
thermoreflectance signal from interband transitions in Au is
much stronger than the thermoreflectance signal due to
electron-boundary scattering at wavelengths close to and
lower than the interband transition threshold. However, in
the free-electron regime, the interband response plays a mi-
nor role in the thermoreflectance signal so that free-electron
scattering phenomena, such as electron-boundary scattering,
can be clearly observed.

The model developed in this work shows the effects of
boundary scattering on the thermoreflectance response of a
thin metal film on a dielectric substrate. This model is gen-
eralized to account for any metal film or substrate given ex-
perimentally determined values for the complex index of re-
fraction of the corresponding bulk material. For example, the
change in the thermoreflectance response due to structural or
chemical alterations of the substrate material can easily be
accounted for if the optical properties of the altered substrate
are known. In addition, this model assumes a constant rate
for electron-boundary scattering. A temperature-dependent
boundary scattering rate is easily incorporated, although the
material comprising the boundary and intrinsic properties of
the boundary can drastically affect the temperature depen-
dency and scattering rates.27,44–46 Although this work consid-
ers boundary scattering as a temperature-independent con-
stant, examination of Fig. 4 shows that the trends in the
thermoreflectance responses for the different wavelengths are
similar regardless of the electron-boundary scattering con-
stant; that is, as concluded in Fig. 5, the free-electron regime
is much more sensitive to electron-boundary scattering.

V. CONCLUSIONS

In this work, a reflectance model is developed that ac-
counts for large temperature fluctuations in thin-film metals
by utilizing the temperature dependencies of the intraband
�“free” electron� and interband �“bound” electron� dielectric
functions and multiple reflection theory. Electron-electron,
electron-phonon, and electron-substrate �boundary� scatter-
ing are exploited and the change in reflectance as a function
of these various scattering events is studied in the case of
both intra- and interband excitations. This thermoreflectance
model is compared to thermoreflectance data on thin Au
films. The sensitivity of the thermoreflectance signal to
electron-boundary scattering is discussed, and the thermore-
flectance signal is much more sensitive to this electron-
scattering mechanism in the free electron �intraband regime�
than when approaching photon energies affected interband
Fermi-surface transitions. This explains the discrepancy in
electron-phonon coupling measurements observed in thin Au
films.
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FIG. 5. �Color online� Sensitivity of the 20 nm Au/Si thermore-
flectance signal to electron-boundary scattering as a function of
wavelength for two different electron temperatures, 1000 and 3000
K. The thermoreflectance signal of Au is much more sensitive to
electron-boundary scattering in the free-electron regime.
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