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ABSTRACT 

How the energy transfers during electron-phonon 
nonequilibrium in thin metal films is still an open question, and 
how to measure the intrinsic thermal transport properties of the 
material under the covering layer is another challenge. In this 
paper, the heat transfer process from electron-phonon 
nonequilibrium in thin gold film to borosilicate glass substrate 
has been studied by resorting to different segments of the 
transient thermoreflectance signal, which is obtained from the 
rear-pump front-probe transient thermoreflectance technique. 
The gold film, which has a thickness of 23.1 nm, is deposited 
on the borosilicate glass substrate using using a physical vapor 
deposition (PVD) approach. Within the framework of the two-
temperature model (TTM), the electron-phonon (e-ph) coupling 
factors of the gold film, which reflect the strength of heat flow 
from hot electrons to cold phonons, are derived from the signal 
taken after the first several picoseconds with different pump 
fluences, and the measured value is (1.95-2.05)×1016 W m-3 K-

1. The electron-phonon coupling factor does not significantly 
change in response to the pump pulse fluence variation and 
exhibits little change compared to the bulk gold value 2.4×

1016 W m-3 K-1. Furthermore, the thermal conductivity of the 
glass substrate is obtained through the thermoreflectance signal 
between 20 to 140 picoseconds and the value is 3 W m-1 K -1. 

Keywords: electron-phonon coupling factor, thermal 
conductivity, gold film, transient thermoreflectance 

NOMENCLATURE 

t time (s) 
x spatial coordinate (m) 
y spatial coordinate (m) 
S source term (W m-3) 
C heat capacity (J kg-1 K-1) 
G electron-phonon coupling factor (W m-3 K-1) 
J laser fluence (W m-2) 
τp duration of the laser pulse (fs) 
δ optical penetration depth (nm) 
R metal surface reflectance 
A metal absorptance 
γ electron heat capacity constant (J m-3 K-2) 
a electron temperature dependent coefficient (K-1) 
b lattice temperature dependent coefficient (K-1) 
Ae electron-electron scattering coefficient (K-2 s-1) 
Bl electron-phonon scattering coefficient (K-1 s-1) 
v speed of electrons (m s-1)  
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d thickness (nm) 
D grain size (nm) 
T temperature (K) 
n electron number density (m-3) 
K thermal conductivity (W m-1 K-1) 
Λ electron mean free path (m) 
p surface scattering parameter, dimensionless 
Rg grain-boundary scattering parameter, dimensionless 
α grain diameter parameter, dimensionless 
β film thickness parameter, dimensionless 
k Boltzmann constant (J K-1) 
TD Debye temperature (K) 

 
Subscripts and superscripts 
f film 
b bulk 
e electron 
l lattice 
eq equilibrium 
s substrate 
RT room temperature 
F Fermi surface 

1 INTRODUCTION 

Dynamic aspects of the interaction between electrons and 
phonons in thin metallic film are of great importance not only 
for the interest of fundamental research but also for broad 
application, as electron-phonon interactions are of major 
importance to electrical and thermal transport in metals and 
govern the formation of the superconducting state [1]. One 
example is in laser processing, especially laser ablation. 
Subpicosecond pulses are widely used because of their unique 
capabilities compared to continuous wave laser and 
nanosecond pulses: lower ablation threshold [2-5], high 
precision [6-9], and minimal collateral thermal damage [6, 8]. 
However, the mechanisms of ultrashort laser ablation are still 
not thoroughly understood. In the ultrashort laser pulse 
ablation, the electron and phonon will keep nonequilibrium and 
the threshold fluence of the laser pulse for melting metal films 
will be determined by the electron-phonon coupling [10-12]. 
The other example is to determine the heat transfer pathways 
from metal to nonmetal across the interface: the electrons of the 
metal and the phonons of the nonmetal directly couple at the 
interface, or phonons of metal couple with the electrons in the 
metal and then couple with the phonons of nonmetal [13]. 

The nonequilibrium energy exchange between electrons 
and the lattice was first theoretically evaluated by Kaganov et 
al. [14]. Anisimov et al. [15] proposed a phenomenological 
two-step model to describe the electron temperature and the 
lattice temperature during short-pulse laser heating of metals. 
Qiu and Tien [16] derived a more rigorous, two-temperature 
model from the Boltzmann transport equation. They [17] 
further studied the size effects on the electron-phonon coupling 
in thin metallic films and arrived at a conclusion that the 

electron-phonon coupling will be enhanced due to shortening 
of the electron mean free path induced by the size reduction. 
Some experimental studies [18-21] show that the e-ph coupling 
increases as films become thinner and appear to support the 
conclusion. However, some experiments [10, 22-28] suggest 
that the conclusion do not have general validity. 

In this paper, the heat transfer process from electron-
phonon nonequilibrium in thin gold film to borosilicate glass 
substrate, B33, has been studied by resorting to different 
segments of the transient thermoreflectance signal obtained 
from the transient thermoreflectance measurements. The gold 
film and B33 glass are selected to be studied for the reason that 
gold is inoxidizable and B33 glass is transparent. To get rid off 
the influence of the pump pulse on the thermoreflectance 
signal, the configuration applied in this paper is rear heating 
front detection, instead of conventional measurement using 
front heating front detection type configuration. The measured 
electron-coupling factor of the thin gold film is (1.95-2.05)×
1016 W m-3 K-1, and does not significantly change in response 
to the pump pulse fluence variation. Moreover, the e-ph 
coupling factor of the film exhibits little change compared to 
the bulk gold value 2.4×1016 W m-3 K-1 [17]. The thermal 
conductivity of the B33 glass substrate is obtained by studying 
the thermoreflectance from 20 ps to 140 ps, as the thermal 
energy is transmitted from thin gold film into the substrate. The 
measured thermal conductivity is 3 W m-1 K-1. 

2 EXPERIMENT 

A rear-pump front-probe experimental setup, schematically 
shown in Fig. 1, was employed to monitor the transient 
thermoreflectance response of the sample after absorption of an 
ultrashort laser pulse. The ultrashort optical pulses generated 
from a turnkey Ti:sapphire laser (Spectra Physics, Mai Tai) of 
wave-length range 800 nm, pulse width 100 fs, and repetition 
rate 80 MHz, are separated into two orthogonally polarized 
beams by a polarizing beam splitter (PBS). The intensity ratio 
can be steplessly adjusted by rotating the half-wave plate. The 
intense pump beam is modulated by an acousto-optic 
modulator (AOM) with the frequency of 1 MHz and then 
focused on the boundary between the gold film and the 
transparent substrate with a spot diameter of ~100 μm. This 
creates a transient thermoreflectance occurring at the 
corresponding frequency that is detected using a lock-in 
amplifier (LIA). The low power probe beam passes through an 
optical delay line that is used to increase the optical path length 
of the probe beam and therefore the time delay with respect to 
the pump pulse. The probe beam is then focused on the surface 
opposite to the heated area with a spot diameter of ~50 μm, and 
used to monitor the heating-induced reflectance change. A 
Gland prism with an extinction ratio of ~10-6 is placed in front 
of the detector to filter out the scattered pump light. A lock-in 
amplifier monitors the detector’s response as the probe pulse is 
delayed in time, resulting in the temporal relaxation profile of 
the temperature-dependent reflectance of the sample. 
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Fig. 1 A SCHEMATIC OF THE KEY ELEMENTS OF THE PUMP-PROBE SYSTEM. 

 

 
Fig. 2 PHYSICAL MODEL AND COORDINATE SYSTEM [29]. 

Figure 2 schematically shows the physical model and the 
coordinate system for the following theoretical analysis. When 
the sample is excited by the pump pulse, free electrons absorb 
energy from the laser while the lattice remains cold [15, 16]. 
On a femtosecond time scale the electrons are thermalized and 
an electron temperature is established by electron-electron 
collisions [20]. During the following several picoseconds, the 
energy transfer from “hot electrons” to the “cold lattice” 
dominates the energy exchange in gold film and is governed by 
electron-phonon collisions. The two-temperature model (TTM) 
[15, 16], assuming that electron distributions and phonon 
distributions can be characterized in terms of electron 
temperature Te and lattice temperature Tl, can be applied to 
describe the temperature dynamics. It consists of the diffusion 
equations for the electrons and lattice, coupled by a term 
proportional to the temperature difference of the two reservoirs 
multiplied by the electron-phonon coupling factor G, which is 
used to characterize the strength of the electron-phonon 
interaction [15, 16, 30], 
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where Ce(Te) is the temperature-dependent electronic heat 
capacity, defined as Ce=γTe [30], the electron heat capacity 
constant is taken as 71.4 J m-3 K-2 [21], K(Te, Tl) is the effective 
electron thermal conductivity that accounts for electron-
electron and electron-phonon scatterings, defined as K(Te, Tl) = 
K0[Te/Tl] [30], where K0 is the equilibrium thermal conductivity 
317 W m-2 K-1 [21]. For a Gaussian laser pulse, the 
mathematical form of the 1D volumetric laser energy deposited 
into the film S(x,t) is expressed as [16,30]: 
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where τp is the full-width-at-half-maximum (FWHM) duration 
of the laser pulse. It should be noted that in the present study, 
the absorptance of the film is carefully measured and the value 
is 0.08, other than taken as the literature value, 0.06. 

Define time t=0 as the moment when the peak of a pump 
laser pulse arrives at the metal surface, and hence the 
corresponding initial conditions for both the electron and the 
lattice systems are [30]: 

  ( ) ( ) 0, 2 , 2 .e p l pT x T x Tτ τ− = − =  (4)
During the short period of electron-phonon 

nonequilibrium heat transfer, heat losses from the front and 
back surfaces of the film can be neglected, leading to the 
thermal-insulation boundary conditions for both the electron 
and the lattice systems [30], 

 
0 0
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As stated above, the electron-phonon nonequilibrium heat 
transfer in thin gold film can be studied by extracting the 
electron-phonon coupling factor from fitting the TTM predicted 
temperature profile to the temperature-dependent 
thermoreflectance response in the initial several picoseconds. 

Furthermore, to study the thermal transport as the thermal 
energy is transmitted from thin gold film into the substrate at a 
rate proportional to the thermal conductivity of the material, the 

Pump pulse Probe pulse 
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difference between the electron and phonon temperatures of the 
gold film in the initial several picoseconds is negligible. Hence, 
the thermal transport can be reliably estimated by Fourier’s law 
[31], 
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The initial conditions for both the thin gold film and the 
substrate can be obtained with the same definition of time t=0 
as above, 

 ( ) ( ) 0, 2 , 2 .f p s pT x T y Tτ τ− = − =  (8)
In the studied period, about one hundred picoseconds, 

radiation and convection at the air/slab interface can be ignored 
compared with heat conduction. Considering the interface 
thermal resistance Rint, the temperature-jump and uniform heat 
flux boundary conditions are imposed at the interface between 
the thin film and the substrate which is assumed semi-infinite,  
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In this way, the heat transfers from the thin gold film into 

the substrate can be studied. The thermal conductivity of the 
substrate can be obtained by fitting the temperature profile 
predicted from the Fourier’s law [Eqs. (6) and (7)] to the 
temperature-dependent thermoreflectance signal. 

The electron and phonon temperature changes, resulting 
from pump pulse heating, can be obtained from reflectivity 
change detected by the probe pulse. Finally we can get a 
simplified liner relationship between the reflectance and the 
electron and phonon temperatures [21, 24, 32]:  
 ,e lR a T b TΔ = Δ + Δ  (12)
where the parameters a and b describe how much the 
temperatures of the electrons and phonons affect the 
thermoreflectivity. The coefficient a can be extracted from 
fitting the peak of the electron temperature profile, and the 
coefficient b is determined by fitting the lattice temperature 
profile when the electron and phonon systems reach 
temperature equilibrium again. 
 

3 RESULTS AND DISCUSSION 
3.1 Electron-phonon coupling factor 

The electron-phonon coupling factor of the thin gold film 
with thickness of 23.1 nm is measured, which is deposited onto 
borosilicate glass (B33) using physical vapor deposition (PVD) 
technique. The borosilicate glass substrate is cleaned by the 
piranha solution (boiled mixture of sulfuric acid and hydrogen 
peroxide with volume ratio of 3:1), then washed with deionized 
water, and dried by nitrogen gas. The thin gold film is 

deposited on the substrate with a deposition rate of 0.2 nm s-1 
under vacuum 10-4 Pa.  

The electron-coupling factor of the film is measured with 
four different pump fluences (0.96, 0.80, 0.64, 0.48 J m-2) 
respectively, while the probe fluence is held constant. The 
transient thermoreflectance response of the film with different 
pump energy are normalized at the peak reflectance of the 
maximum energy and shown in Fig. 3 (scatters). On the other 
hand, the electron and lattice temperatures of the film with 
different electron and phonon interaction strength are 
calculated by using the two-temperature model. The time-
dependent reflectance changes caused by the electron and 
lattice temperatures shift are also shown in Fig. 3 (lines). The 
electron-phonon coupling factor is obtained from optimizing 
the theoretical prediction to best fit the experimental data.  

 
Fig. 3 NORMALIZED TRANSIENT THERMOREFLECTANCE ON 23.1 
NM AU/GLASS SAMPLE TAKING WITH DIFFERENT PUMP 
FULENCES. 

From Fig. 3, it can be found that the electron-coupling 
factor of the thin gold film is (1.95-2.05)×1016 W m-3 K-1 and 
the measurement uncertainty is ±0.1 W m-3 K-1. This agrees 
well with previous studies, which show that the electron-
phonon coupling factor ranges from 2.0 to 3.0×1016 W m-3 K-1 

[10, 22-28]. The electron-phonon coupling strength is almost 
unchanged versus the pump pulse energy within the 
experimental uncertainty. It appears that this result deviates 
from the conclusion reached by Chen et al. [12] and Hopkins et 
al.[21, 28] which states that the increased electron temperature 
caused by the higher laser fluence tends to create a subsequent 
increase in G. However, the maximum electron temperature 
increment in this study is 67.6 K. Based on the analysis of 
Chen and co-workers, it can be found that the e-ph coupling 
factor varies versus the temperature [12], 

( ) 1 ,e
RT e l

l

AG G T T
B

⎡ ⎤
= + +⎢ ⎥

⎣ ⎦
 (13)

where GRT is the value of e-ph coupling factor when the 
electron temperature increase tends to zero, the two constants 
Ae and Bl are functions of the Fermi temperature. For gold, they 
are Ae=1.2×107 K-2 s-1 and Bl=1.23×1011 K-1 s-1 [33-35]. The 
ration of the factor G to GRT versus electron temperature 
increment is shown in Fig. 4.  
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Fig. 4 THE RATIO OF THE ELECTRON-PHONON COUPLING 
FACTOR VS. ELECTRON TEMPERATURE INCREMENT. 

It can be found that the e-ph coupling factor will increase 
as electron temperature increment increase. However, the 
temperature-dependent effect is not significant until the 
temperature increase is on the order of 103 K. The e-ph 
coupling factors change in the studied temperature range are 
shown in the inset of Fig. 4. We can find that the maximum 
ratio is 1.065. Such a tiny change will be overwhelmed by the 
measurement uncertainty. And hence, the measured value of the 
electron-coupling factor appears not change versus the pump 
pulse energy. 

The thin gold film is investigated via tapping-mode atomic 
force microscopy (AFM) as shown in Fig. 5, and we can find 
the film is polycrystalline. 

 
 

Fig. 5 ATOMIC FORCE MICROSCOPY TAPPING-MODE IMAGE OF 
THE GOLD FILM. 

Qiu and Tien [17] have studied the effect of electron 
scatterings by film surface and grain boundary on the e-ph 
coupling based on the fact that these scatterings will shorten the 
electron mean free path and subsequently increase the electron 
collision frequency. They developed a simple thermodynamics 
approach to evaluate G, 

 ( )
2 29 ,

16
D F

l l F

nk T vG
T T E

=
Λ

 (14)

where Λ(Tl) is the electron mean free path at the lattice 
temperature. Finally, they studied the size effects from surface 

and grain boundary on the G due to the shortening of electron 
mean free path in thin polycrystalline metallic film, 
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where α=ΛbRg/D(1-Rg), β=d/Λb, d is the film thickness, D is the 
mean grain size. 

 
Fig. 6 X-RAY DIFFRACTION SPECTRUM OF GOLD FILM. 

The microstructure of the nanofilm has been investigated 
by x-ray diffraction (XRD) and the diffraction spectrum is 
presented in Fig. 6. The average size of the crystallites is 
estimated 15.2 nm from the full width at half maximum 
(FWHM) of the peaks using the Scherrer equation. For bulk 
gold, taking the value of each parameter as follows, n=5.9×
1028 m-3, TD=165 K, vF=1.39×106 m s-1, EF=8.82×10-19 J [36], 
and Λb(300 K)=37.0 nm, the calculated e-ph coupling factor is 
Gb=2.4×1016 W m-3 K-1. The predicted e-ph coupling factors 
of the film Gf versus the grain boundary reflection coefficient 
Rg when the surface reflection parameter is taken as p=0 
(completely diffuse scattering) and p=1 (completely specular 
reflexion) are shown in Fig. 7, respectively. From Fig. 7, it can 
be found that the electron-phonon coupling is nearly the same 
as that of bulk gold. The predicted value of the film e-ph 
coupling factor will be within the dashed area. However, it can 
be found that Gf does not show sharp increase as Qiu and Tien 
stated. 

 
Fig. 7 PREDICTED E-PH COUPLING FACTOR VS. GRAIN 
BOUNDARY REFLECTION COEFFICIENT. 
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In order to fit the measured e-ph coupling factor of the 
film, both the surface reflection parameter and the grain 
boundary reflection coefficient have to be taken as zero, which 
may not conform to physical reality. One possible reason is that 
in thin film, the phonons are softened and the corresponding 
Debye temperature decreases due to spatial confinement. In the 
Debye model for phonons, the maximum energy of a phonon is 
proportional to the Debye temperature [37]. During electron-
lattice interactions, electrons gain or lose the energy of a 
phonon. And hence, the phonon softening in thin film will 
hinder the electron-phonon coupling. As illustrated by the Qiu-
Tien model, the e-ph coupling factor is proportional to the 
Debye temperature [17]. Now we can find that the size 
reduction is a double-edged sword in nonequilibrium heat 
transfer of thin gold film, since it enhances the electron-phonon 
coupling through shortening the electron mean free path while 
hinders the coupling through softening the phonons. The 
overall coupling strength increase or not depend on the relative 
intensity of the size effects on phonons compared to on 
electrons. By taking into account the phonon softening in thin 
film, the present model is expected to explain and predict the 
change of electron-phonon coupling strength in thin films more 
reliably. 
 
3.2 Thermal conductivity of the borosilicate glass 
substrate 

As stated above, in order to obtain the e-ph coupling 
factor, our attention is focused on the initial several 
picoseconds when electron system and lattice system have their 
separate temperatures and maintain nonequilibrium. However, 
the thermal conductivity of the B33 glass is studied in the 
following time range from 20 ps to 140 ps after the gold film is 
heated by the pump pulse, as the thermal energy is transmitted 
from thin gold film into the substrate at a rate proportional to 
the thermal conductivity of the B33 glass. 

The temperature relaxation of the film caused by heat 
conduction into the substrate is calculated by the Fourier’s law 
[Eqs. (6) and (7)]. As the electron and lattice temperature are 
the same, and the relationship between the reflectance change 
and the temperatures of electrons and phonons [Eq. (12)] can 
be simplified into, 

 ,fR c TΔ = Δ  (16)

where the parameter c, equals to the sum of a and b, can be 
extracted from fitting the starting point of the studied time 
range, ie., 20 ps. As shown in Fig. 8, at the initial several 
picoseconds, the electron temperature decreases rapidly. 
Subsequently, the electron and phonon remain equilibrium and 
transfer energy deep into the substrate and the temperature 
decreases slowly. The thermal conductivity of the B33 glass 
will determine the temperature relaxation process, and hence it 
can be obtained by least square fitting the predicted 
temperature relaxation trace to the measured temporal 

relaxation profile of the sample temperature-dependent 
reflectance. The measured value of the thermal conductivity of 
the substrate is 3 W m-1 K-1. For comparison, the predicted 
temperature relaxation traces when the thermal conductivity is 
taken as 1 W m-1 K-1 and 5 W m-1 K-1 are also shown inset. It 
can be found that when the thermal conductivity is not taken as 
3 W m-1 K-1, the predicted relaxation will deviate significantly 
from the measured trace, which illustrates the substrate thermal 
conductivity measurement using the present method has a 
sufficient sensitivity. It should be noted that in the measured 
signal, there are many fluctuations as shown in Fig. 8, which 
tends to reduce the measurement advantage. However, it is very 
difficult to get rid of the fluctuations drastically and 
subsequently make the signal prefect for the reason that the 
thermoreflectivity is very small, about 10-6. 

 
Fig. 8 NORMALIZED TRANSIENT THERMOREFLECTANCE ON 23.1 
NM AU/GLASS SAMPLE VS. DELAY TIME. 

4 CONCLUSION 
The heat transfer process from electron-phonon 

nonequilibrium in thin gold film to B33 glass substrate has 
been simultaneously studied by resorting to different segments 
of the thermoreflectance signal obtained from the rear heating 
front detection transient thermoreflectance technique. The 
measured electron-coupling factor of the thin gold film is 
(1.95-2.05)×1016 W m-3 K-1, does not significantly change in 
response to the pump pulse fluence variation. From analysis, it 
can be found that the electron temperature increment is not 
large enough and therefore only leads to a tiny e-ph coupling 
factor change, which will be overwhelmed by the measurement 
uncertainty. Moreover, the e-ph coupling factor of the film 
exhibits little change compared to the bulk gold value 2.4×1016 
W m-3 K-1, which shows that the size reduction of the thin film 
is a double-edged sword in nonequilibrium heat transfer, since 
it enhances the electron-phonon coupling through shortening 
the electrons mean free path while hinders the coupling through 
softening the phonons. The thermal conductivity of the B33 
glass substrate is obtained by studying the transient 
thermoreflectance from 20 ps to 140 ps as the thermal energy is 
transmitted from thin gold film into the substrate. The 
measured thermal conductivity is 3 W m-1 K-1.  
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