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Ultrafast Electron-Phonon Coupling at Metal-Dielectric Interface

Qiaomu Yao, Liang Guo, Vasudevan lyer, and Xianfan Xu

School of Mechanical Engineering, Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana, USA

ABSTRACT

Energy transfer from photo-excited electrons in a metal thin film to the dielectric substrate is impor-
tant for understanding the ultrafast heat transfer process across the two materials. Substantial research
has been conducted to investigate heat transfer in a metal-dielectric structure. In this work, a two-
temperature model in metal was used to analyze the interface electron and dielectric substrate
coupling. An improved temperature and wavelength-dependent Drude-Lorentz model was imple-
mented to interpret the signals obtained in optical measurements. Ultrafast pump-and-probe mea-
surements on Au-Si samples were carried out, where the probe photon energy was chosen to be close
to the interband transition threshold of gold to minimize the influence of non-equilibrium electrons
on the optical response and maximize the thermal modulation to the optical reflectance. Electron-
substrate interface thermal conductance at different pump laser fluences was obtained, and was

found to increase with the interface temperature.

Introduction

Electron-phonon coupling in metals [1], semiconductors
[2], and across metal-dielectric interfaces is an impor-
tant phenomenon in ultrafast heat transfer experiments.
When an ultrafast laser beam is focused on a metal,
the photon energy is absorbed first by free electrons,
and it takes a few tens to a few hundreds of femtosec-
onds for electrons to reach thermal equilibrium. The
electron-phonon energy coupling also heats up the lat-
tice of the metal. For thin metal films on a dielectric
substrate, there can be electron-phonon coupling across
the metal-dielectric interface as well, which spreads the
energy into the substrate through heat diffusion. Much
work have been carried out to quantify the electron—
phonon coupling, characterized by a coupling factor
G, particularly in gold. For example, Holfeld, et al. [1]
found G is independent of the electron temperature in
10 nm-100 nm gold films and is independent of the film
thickness within a 20% uncertainty. Other investigations
considered the electron-phonon coupling factor G as
film thickness and/or pump fluence dependent, and
fitted the value of G to the measured thermal reflectance
variation [3]-[5]. During the electron relaxation process
after the laser irradiation, the excited electrons relax to
the Fermi-Dirac distribution mainly through electron-
electron collisions and electron-phonon scattering [6].

This thermalization process of excited electrons can
influence the optical response, which can be manifested
by varying the probe wavelength. Sun et al. [7] found
that the optical response is largely influenced by the
non-thermalized electrons when probing with wave-
lengths far from the inter-band transition threshold (ITT,
2.47 eV for gold), but the non-thermalized electrons
contributed much less to the optical response at probe
energy close to ITT. Guo and Xu [8] confirmed the probe
wavelength-dependent optical responses in gold. They
used a probe of 490 nm wavelength (2.53 eV), slightly
above the ITT of gold, and found the electron-phonon
coupling G in gold to be 1.5 x 10'® W/(m*K), which is
less than values using other probe wavelengths. A recent
study showed the electron-phonon coupling factor G
was less influenced by non-thermalized electrons at high
pump fluences (up to 10.7 J/m?) because of the higher
rate of electron-electron scattering [9]. Energy coupling
between electrons and phonons across interface has also
been studied, and a linear relation between the electron-
phonon interfacial thermal conductance and the electron
temperature was found in Au films using both 800 nm as
pump and probe wavelengths [10].

This work investigates interface electron—phonon cou-
pling across the gold-silicon interface. Electron and lattice
temperatures in gold together with the lattice temperature
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in silicon are modeled to account for the electron-phonon
coupling in gold and across the interface. The optical
response is computed using a modified temperature-
dependent Drude-Lorentz model. The probe photon
energy is chosen as 2.53 eV to minimize the effect of non-
thermalized electrons on the optical response and maxi-
mize the effect of thermal modulation. The temperature-
dependent electron-phonon coupling factor G is first
obtained from the experimental data on bulk gold. This
coupling factor is assumed independent of the thin film
thickness, and is used to find the temperature-dependent
interface resistance or conductance based on the experi-
mental data on gold thin films.

Ultrafast optical measurements

We first discuss the transient reflectivity signals obtained
in the pump-and-probe experiments and their depen-
dence on the probe wavelength in gold. Gold has been
widely used as the temperature transducer in the stud-
ies of ultrafast heat transfer. During femtosecond pump-
probe experiments, the laser pulses interact with gold
with the following steps [1]: at the time when the pump
pulse hits the gold surface, some of the electrons absorb
photons. These excited electrons can move into the
material ballistically without interacting with the lattice.
The initially photo-excited electrons are not in thermal
equilibrium. The collisions among these thermally non-
equilibrium electrons and with the un-excited electrons
form an equilibrium Fermi-Dirac distribution, typically
within 10 s to 100 s of femtoseconds. This equilibrium
state can then be represented using an electron tempera-
ture. Through the electron—phonon coupling process, the
electron temperature will decrease and the lattice tem-
perature will increase. This electron-phonon interaction
typically takes several picoseconds until electrons and
phonons reach thermal equilibrium.

The optical response resulting from the energy trans-
fer process described above can be explained by the band
structure of gold. Gold has a typical band structure as a
noble metal. The free electrons in the s/p band follow the
Fermi-Dirac distribution [6]:

f(ET) = (1)

where E denotes the energy, Ey is Fermi energy of gold,
kg is Boltzmann constant, and T is absolute electron tem-
perature. Due to the variation of electron occupancy with
temperature, both the d band and s/p band excitation will
affect the absorption of light and cause the change in opti-
cal response. Figure 1 shows the electron occupancy of
gold and the Fermi-Dirac distribution near the Fermi
energy, which can explain the impact of the change of
the Fermi-Dirac distribution on the optical reflectance.

ITr=2.47eV

___:________________________________‘______________ 2]

s/p band

E

Figure 1. Interband transition from d band to s/p band (dashed
arrow) and intraband transition inside s/p band (solid arrow) in
gold, where gold has an ITT of 2.47 eV. The vertical axis represents
the electron occupation (EO). The electrons in s/p band follow the
Fermi-Dirac distribution.

As the temperature increases, the occupation of elec-
trons with energy above the Fermi energy increases and
the occupation of electrons with energy below the Fermi
energy decreases. For probe photon energy larger than
ITT (as indicated by the dashed arrow in Figure 1), the
change in the electron distribution will decrease the pho-
ton absorption for electron transitions from the d band
to unfilled energy states above the Fermi energy and thus
increase the reflection. On the other hand, for probe pho-
ton energy less than ITT, the absorption increases and
the reflection decreases. These trends were experimen-
tally observed [2], [8].

Non-thermalized electrons do not follow the Fermi-
Dirac distribution and do not have a well-defined tem-
perature, so the two-temperature model (TTM) does not
apply. Del Fatti et al. [11] experimentally determined that
these non-thermalized electrons exist for the first few
hundred femtoseconds after the laser pulse. Guo and Xu
[8] obtained the probe wavelength-dependent transient
reflectance and showed the relative contribution from
the non-thermalized electrons to the transient reflectance
signal. The thermalized electron distribution vs. non-
thermalized electron distribution is shown in Figure 2
(adopted from [8] for its importance). It is seen that when
the probed state is far from the Fermi energy, the opti-
cal signal will be mainly caused by the non-thermalized
electrons. In order to minimize the effect of the non-
thermalized electrons on the transient reflectance change,
the 490 nm probe wavelength (2.53 eV) is chosen in
this work for the measurements for which the influence
from thermalized electrons is much larger than non-
thermalized electrons.
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Figure 2. Electron distribution change for non-thermalized elec-
trons and thermalized electrons created by an 800 nm pulse, the
dashed line indicates the detected state by the probe energy of
2.53 eV (490 nm) and therefore the change from non-thermalized
electrons is much less than that from thermalized electrons
(adopted from [8]).

Experiment configuration

A Ti-Sapphire amplified femtosecond laser is used to gen-
erate laser pulses with 100 fs pulse width, central wave-
length at 800 nm, and repetition rate of 5 kHz. A collinear
pump and probe technique is used by dividing the laser
beam into a relatively weak probe beam and higher power
pump beam. The pump beam is focused to a 29.8 um
radius on the sample. The probe beam is sent to an opti-
cal parametric amplifier (OPA), which generates tunable
wavelengths with nonlinear processes. The output from
the OPA is fixed at the 490 nm wavelength in order to
reduce the effect of non-thermalized electrons as dis-
cussed above. The probe spot radius is 13.8 pm, smaller
than half of the pump spot radius. A computer-controlled
mechanical delay stage is used to adjust the time delay
between the pump and the probe beams in femtosecond
time step.

Gold films were deposited on silicon substrates using
electron beam evaporation. The substrates were cleaned
using toluene, acetone, methanol, and isopropanol before
the gold deposition. Thin gold films with thicknesses
of 24 nm, 39 nm, and 65 nm, and bulk gold (>1 pm
thick gold film on silicon) are measured at varying
pump fluences. The bulk gold sample is used to identify
the interface-independent factors such as the electron-
phonon coupling within the gold film, and helps to dis-
tinguish thermal conductance across the interface and
the electron-phonon coupling within the films. The oxide
layer that develops over the silicon substrate is extremely
thin and electrons are assumed to tunnel through this
layer and couple with the silicon phonons.
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Numerical models

The two-temperature metal-dielectric interface
model

The interaction between electrons and phonons, when
there exists thermal non-equilibrium between electrons
and phonons within the metal, can be described by the
TTM [12]-[14]:

OT, k T, G(I,—T,)+S (2a)
e ., —Re 75 — e a

ot 0x2 P
AT, 9%T,

Cp E = kp 8x2 + G(Te - Tp) (2b)
aT. 92T,

C,— =k, — 2
ot Py (2)

With interface conditions [15]:

aT, .- T
_kei = (3a)
0x R,
x=L x=L
aT, T, — Ti
— Pip = P : (3b)
0x Ry
x=L x=L
aT, T, — T, T, — T,
—k s _ e s P s 3c
*dx Res + Ry (3¢)
x=L x=L x=L

The subscripts e, p, and s stand for electrons, phonons
and substrate, respectively. R is the thermal resistance
between interfaces. C, and C, are the respective heat
capacities of electrons and lattice and k., k, denote the
thermal conductivity of electrons and phonons. With
this formulation, the interaction between electrons and
phonons in gold is represented using the coupling factor
G, while the possible interaction between electrons in thin
films with phonons in the substrate is accounted for in the
interface energy transport, Eq. (3a). Hence, G is treated as
independent of the film thickness.

The laser source term S is given as [16]:

1—R
(8 + 8) (1 _ e—L/(8+8h))

I = 77(i)2 (4)
'tp exp 510 . L

This equation represents a temporal Gaussian pulse
with the consideration of the ballistic motion of electrons
and thermal absorption in the x-direction. ¢, is the full
width at half maximum of the laser pulse, R is the reflec-
tivity of gold film at the pump wavelength calculated
using the multilayer approach, L denotes the thickness
of sample, §, is the ballistic range of electrons which is
taken as 100 nm [16], J is the fluence of laser beam, and
8 is the optical absorption depth.

$=0.94
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The Drude-Lorentz model for optical responses

As discussed earlier, a close to ITT probe beam with
a wavelength of 490 nm is used in order to mini-
mize the effects from the non-thermalized electrons. The
Drude model combined with Lorentz oscillators is needed
to describe the interband transition in metal, and is
implemented here to describe the relation among the
electron temperature, the phonon temperature, and the
probe wavelength with the temperature dependent dielec-
tric function and the resulting temperature dependent
reflectance. Earlier studies applied only the Drude model
to bridge TTM with reflectance signals [5], [10], [15]
where 800 nm probe photon energy was used for intra-
band transition of electrons. It should be noted that inter-
band transition could happen even with the probe energy
less than ITT to states below the Fermi energy, where
holes are formed in the s/p band due to excitations of these
states to higher states.

The combined Drude-Lorentz model for gold consid-
ers two Lorentz oscillators at 330 nm and 470 nm to pro-
duce a close agreement with the dielectric constant at
room temperature [17]. This model is expressed as:

2

“ L L 5
—m-F 1 (@) + Ly (w) (5)

& = &x

where the first two terms are the contributions of the
Drude model. L; and L, are the Lorentz oscillators that
describe the contributions of interband transitions. £ is
the high frequency limit of dielectric constant, Iy is the
Drude damping term which stands for the scattering rate
of free electrons, w, is the plasma frequency (1.37 x 10'°
rad/s in Au [6]). The two interband transition terms are
expressed as [17]:

L () = D; [é¥(w; — 0 — iT)" + e (w; + w + iT)"]
(6)
D; is the amplitude for the oscillator, w; is the resonant
frequency, ¢; is the phase, u; is the order of pole, which is
used to characterize the dielectric constant involving sev-
eral close transitions (-1 for both transitions of gold), and
I"; is the damping factor. This model has proven to be con-
sistent with the Kramers-Kronig relation [17], [18].
The damping factor can be described as a result of
electron—-electron scattering and electron—phonon scat-
tering and is expressed as [6], [15], [19]:

[ = Aci Tez + BepiTp +Y (7)

The subscripts i are 0, 1, and 2 for the Drude term
and the two Lorentz terms, respectively. For the damp-
ing factor in the Drude model I'y, the coefficient describ-
ing electron—electron scattering A, is taken as 1.2 X
107 s7'K=2 which is obtained from the low tempera-
ture Fermi liquid theory [20]. B,y is chosen as 3.6 x

10" s7'K~! which is predicted by matching the experi-
mental results of dielectric constant at room temperature
[21]. The electron-electron scattering rate of Lorentzian
oscillators A,.;, Ae.2 are assumed to be the same as those
in the Drude model Aceo. Bepy, Bep2 are determined using
room temperature optical constants with Eq. (7) [17]. We
also found that a temperature-independent term Y; needs
to be included for the Lorentzian oscillators (Y} is taken to
be 0), in order to fit the entire optical response. Y; Y, are
found to be 7.9 x 10 rad/s and 1.9 x 10'° rad/s, respec-
tively. All the parameters are listed in Table 1.

The calculated dielectric constant (¢ = &; + is,) at
room temperature matches with what is given in [17], and
this model also provides a temperature- and wavelength-
dependent dielectric constant as shown in Figure 3. A
closer examination of the difference between the dielec-
tric constant at elevated temperaures and room temper-
ature shows that the change of the real part of dielectric
constant &; at 490 nm is more significant compared with
those at the neighboring wavelengths (Figure 3a). Thus,
the transient reflectance is largely influenced by the real
part of the dielectric constant &;. The reflectivity is calcu-
lated from the dielectric function as [22]:

R— le] — /2 (g1 +lel) +1 (82)
lel + /2 (&1 + |e]) +1

le]? = & +&; (8b)

The depth-dependent temperature of the film and
hence the depth-dependent dielectric constant is taken
into account using the multilayer approach. A larger vari-
ation of the reflectivity at 490 nm than the neighboring
wavelengths was observed in [8]. Thus, using the probe
wavelength near ITT not only minimizes the effect of
non-thermalized electrons, but also provides the largest
optical response for improving the signal-to-noise ratio.

The electron-phonon coupling factor G is regarded as
temperature dependent. Its relation with A, and B in
the Drude model can be expressed as [23]:

Aeel

G (T) =Gy (yp0 (T. + Tp) + 1) 9)

Table 1. Summary of the parameters in the Drude-Lorentz model.

Value Parameter (units) Value

Aceo, Aegt, Acer 'K 12x 10 Y, (rad/s) 0

Bepo (K™ 36 x 10" Y, (rad/s) 7.9 x 10"
By 57K 7.8 x 10" Y, (rad/s) 19 x 10°
Bep (7K™ 19 x 10" D, (m™) 2.0 x 108
&, ¢, (rad) —n/4 D, (m™) 4.1 x 10°
T, (rad/s) 13 x 10' Iy 14, (rad) —1

Eq 153 , (rad/s) 4.0 x 10
w, (rad/s) 137 x 10" w, (rad/s) 57 x 10
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Figure 3. Calculated real part (3a) and imaginary part (3b) of dielec-
tric constant &, and &, vs. wavelength and temperature using the
Drude-Lorentz model.

where Gy can be considered as the room temperature
electron-phonon coupling factor. Eq. (9) is valid under
the conditions of A, << Beyo, Tes Ty >Tp and T, < Tr
where Tp is the Debye temperature and Tr is the Fermi
temperature [23]. T, and T, in our measurement range
from 300 K to 6000 K, Tp is 170 K, and TF is 6.39 x 10*
K for gold, which satisfy these conditions.

Experiment results and discussions

The experiments are carried out on Au-Si samples with
different thicknesses of gold (24 nm, 39 nm, 65 nm, and
1 um (bulk)) and different pump fluences (33.0 J/m?,
74.3 J/m?, and 116 J/m?). In Figure 4, the data of the bulk
gold film is shown and is used to find the coupling fac-
tor Gy. For these pump fluences, as Figure 4a shows, the
coupling between electrons and phonons within the gold
film is almost fluence independent. This is because ballis-
tic transport exists in bulk gold. Photo-excited electrons
are transferred deep into the material and the tempera-
ture rise is lower. The value of Gy is found to be 1.4 x
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Figure 4. (a) Experiment result of bulk gold using 490 nm probe
and 800 nm pump with pump fluence at 33.0, 74.3, and 116 J/m?.
(b) Fitting result of bulk Au at 33.0 J/m? with electron-phonon cou-
pling G, as 1.4 x 10 W/(m?K).

10'® W/(m>®K). This value is similar to that found in [8]
(1.5 x 10 W/(m’K)), the difference being that an
improved dielectric constant model is used in this work,
resulting in an excellent fit to the experimental data for the
entire duration of the measurement as seen in Figure 4b.
The maximum electron temperatures obtained at these
fluences are 463 K, 620 K, and 751 K. These temperatures
are relatively low, and thus result in almost the same G
according to Eq. (9) and almost the same cooling rates
shown in Figure 4a.

Figure 5 shows the measurement data for the 24 nm,
39 nm, and 65 nm thick films, using pump fluences of
33.0, 74.3, and 116 J/m?2. For calculations, G, is fixed as
1.4 x 10'® W/(m?K), and the interface resistance R,
between electrons and the substrate is taken as the fitting
parameters to match the experimental data. Phonon-
substrate coupling at the interface does not have influence
on the measured data over a range of three orders of mag-
nitude [15], and is taken as 1.0 x 1077 m?K/W. It is seen
from the figures that when the pump fluence increases,
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Figure 5. Experiment and fitting result of 24 nm (5a), 39 nm (5b),
65 nm (5¢) Au-Si with 490 nm probe and 800 nm pump at 33.0,74.3,
and 116 J/m?.

the decrease of reflectance is slower. This is because the
electron heat capacity C, increases as the electron temper-
ature increases, which slows down the electron cooling.
Comparing the results of different gold films at the
same fluence, the thicker gold film has a faster reflectance

decrease. This is because in a thick gold film, heat is trans-
ported deeper into the film, and the smaller electron heat
capacity C, caused by the lower temperature increases the
relaxation rate. It is seen from Figure 5 that agreements
are obtained between the calculated optical responses and
the experimental data for all the films at all laser fluences.

For the 24 nm-thick film, thermal resistances between
electrons in gold and the silicon lattice R,, are found to be
2.1 x 107 m?K/W, 1.6 x 10~° m?’K/W, and 1.3 x 107°
m?K/W, for laser fluences of 33.0 J/m?, 74.3 J/m?, and
116 J/m?, which is seen slightly decrease with the increas-
ing fluence. The resistance values are 3.7 x 10~° m?K/W,
2.9 x 107° m*K/W, and 3.0 x 10~° m*K/W for the 39 nm
film, and 3.7 x 107° m?’K/W, 4.5 x 10~° m*K/W, and
4.0 x 1072 m*K/W for the 65 nm film for laser fluences
of 33.0 J/m?, 74.3 J/m?, and 116 J/m?.

The uncertainties of interface resistance are estimated,
by assuring the experimental noises are within the calcu-
lated reflectivity values, using a higher (upper bound) and
lower (lower bound) resistance values. The uncertainty
values obtained are largely determined by the tempera-
ture rise in the gold film. For example, for the 65 nm-
thick sample with a laser fluence of 33.0 J/m?, a relatively
low temperature is obtained resulting in a relatively large
uncertainty in R, which is about £ 13.5% where R, is
(3.7 £0.5) x 10~ m*K/W. For the 24 nm-thick film with
a laser fluence of 116 J/cm?, the uncertainty is reduced to
+ 4.7% where R, is (2.1 £ 0.1) x 107° m?K/W. All the
uncertainty values are represented as uncertainty bars in
Figure 6.

The inverse of the interface resistance, the interface
conductance is assumed to have a similar form of tem-
perature dependence as the electron-phonon coupling G
in Eq. (9):

h (T)=hy (C(T. + T,) +1) (10)

5 T T T T T 0.9

451 % O Thermal Conductance

4 iﬁ; m— fitting

O Thermal Resistance
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Figure 6. The relationship between interface thermal resistance
R,., interface thermal conductance h (1/R,,), and the maximum
electron and phonon temperature T+T,.



hy represents the conductance when the electron and
phonon temperatures are low. by and C are found from
the data in Figure 6 as 1.1 x 10® W/(Km?), and 1.8
x 107* K71, respectively. It should be noted that the
temperatures plotted in Figure 6 and used in Eq. (10)
are the maximum electron temperatures and the lat-
tice temperatures at the interface at each laser fluence,
while the interface resistance or conductance values
were fitted for the time duration when both electron
and lattice temperatures are changing. Therefore, the
results shown in Figure 6 are only used to provide an
estimation of the interface conductance vs. the interface
temperature.

The temperature-dependent interface conductance
obtained has the same trend as what was reported in
[10]. The differences are that hy obtained in this work
is 1.1 x 10® W/(Km?) vs. 2.5 x 107 W/(Km?, C is
1.8 x 107> K™! vs. 1.4 x 1072 K71, and the tempera-
ture coefficient hy x Cis 2.1 x 10° W/ (m?K?) vs. 3.5
x 10° W/ (m?K?). Therefore, the results obtained in this
work have a higher low-temperature thermal conduc-
tance and are less temperature-dependent. The samples
used in the two studies may not be identical. In addition, it
is noted that 800 nm pump and probe beams were used in
[10]. As discussed earlier, probing with energy near ITT
significantly reduces the effect of non-thermalized elec-
trons. Also, we determined electron-phonon coupling
factor Gy from bulk gold which was then used in the
determination of thermal conductance at the interface.
We noted that many related works obtained a higher G
value for electron-phonon coupling in gold and consid-
ering G as a temperature independent factor, for example,
2.9 x 10'® W/(m>K) with an 800 nm probe in [24], 2.7 x
10'® W/(m*K) with a 630 nm probe in [25], 4.0 x 10
W/(m?K) with a 615 nm probe in [3], and 2.2 x 10'°
W/(m?K) with a 785 nm probe in [26]. Because these
probe wavelengths are farther from ITT, the states probed
can be much affected by the non-thermalized electrons as
shown in Figure 2 and the non-thermalized states tend to
disappear faster than the coupling process between elec-
trons and the lattice.

The result of h, represents the low-temperature limit
of the interface conductance between electrons in metal
and the dielectric substrate. In this work, it was found to
be about 1.1 x 108 W/(Km?) at the gold-silicon interface.
There have been a great deal of works for quantifying
the conductance at the metal-dielectric interface but in
general a total conductance including contributions from
both electron-substrate and phonon (in metal)-substrate
coupling is obtained [e.g., 27]. Moreover, it was often
assumed that the electron-substrate contribution to the
total interface conductance is small. Our work shows that
the electron-substrate conductance is of the same order
of the total conductance reported in literature, and it is
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possible to independently quantify this electron-substrate
conductance.

Conclusions

Heat transfer at the metal-dielectric interface is a major
concern in ultrafast spectroscopy with the pump-probe
technique. In many previous works, the probe energy
chosen for detecting the transient reflectance change was
far from ITT in metal (gold), and the signals detected
tended to be influenced by non-thermalized electrons
and overestimated both the electron-phonon coupling
rate within the metal film and the electron-phonon ther-
mal conductance at the metal-dielectric interface. In this
work, measurements were carried out using the 490 nm
probe, near ITT of gold to reduce the effect of non-
thermalized electrons and also increase the measurement
sensitivity. We also introduced a temperature-dependent
Drude-Lorentz model for the dielectric constant of gold.
Combined with the two-temperature model, it provided
an excellent agreement with the experimental data. Our
results showed that the interface conductance increased
linearly with the interface temperature within the laser
fluence range used in this work. This allows for extrapo-
lation of the interface conductance between electrons in
metal and the substrate to near the room temperature,
which is of importance for quantifying interface conduc-
tance in details. In addition, our method can be extended
for the study of other metal-dielectric systems of interest
in the future.

Nomenclature

2
1

A, electron-electron scattering coefficient, sTLK™
B,, electron-phonon scattering coefficient, s™'.K~
C  volumetric heat capacity, L m—>.K™!
D; Lorentz oscillator amplitude, s
E energy, eV
Ef  Fermi energy, eV
EO electron occupation
f  Fermi function
G electron-phonon coupling factor, W.m3.K~!
Go bulk electron-phonon  coupling factor,
Wm3K!
h interface conductance, WK 'm~
hy room temp thermal conductance, W.K~!.m~
ITT interband transition threshold, eV
J pump fluence, W.m 2
k  thermal conductivity, W.m 1. K™!
kg  Boltzmann constant, m*.kg.K~'.s~
L thickness of gold film, m
L; Lorentz oscillator terms
optical parametric amplifier
R reflection coefficient

2
1

2
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R, electron substrate interface resistance, m>. K. W~!
R, phonon substrate interface resistance, m*>.K.W~*
S volumetric heat generation, W.m >
t time,s
T temperature, K
To room temperature, K
Tr  Fermi temperature, K
Tp Debye temperature, K
t, pulse duration, s
TTM two temperature model
x x coordinate, m
Y; temperature independent scattering coefficient,

S—l

Greek symbols

¢ dielectric constant
€1 real part of dielectric constant
€, imaginary part of dielectric constant
€0 high frequency permittivity
8 optical penetration depth, m
8y electron ballistic length, m
¢; Lorentz oscillator phase, rad
'y Drude damping term, rad.s™
I';  Lorentz damping term, rad.s™!
wui order of pole
o frequency, rad.s™!
wp, plasmon frequency, rad.s™!
w; Lorentz oscillator resonant frequency, rad.s™!

1

Subscripts

electron

phonon

substrate

Drude term

first Lorentz oscillator term
second Lorentz oscillator term

D= O T o
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