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Measurements of electron—phonon coupling factor and
interfacial thermal resistance of metallic nano-films
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Using a transient thermoreflectance (TTR) technique, several Au films with different thicknesses on glass and

SiC substrates are measured for thermal characterization of metallic nano-films, including the electron—phonon coupling

factor G, interfacial thermal resistance R, and thermal conductivity K of the substrate. The rear heating-front detecting

(RF) method is used to ensure the femtosecond temporal resolution. An intense laser beam is focused on the rear surface

to heat the film, and another weak laser beam is focused on the very spot of the front surface to detect the change in

the electron temperature. By varying the optical path delay between the two beams, a complete electron temperature

profile can be scanned. Different from the normally used single-layer model, the double-layer model involving interfacial

thermal resistance is studied here. The electron temperature cooling profile can be affected by the electron energy

transfer into the substrate or the electron—phonon interactions in the metallic films. For multiple-target optimization,

the genetic algorithm (GA) is used to obtain both G and R. The experimental result gives a deep understanding of the

mechanism of ultra-fast heat transfer in metals.
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1. Introduction

The development of metallic nano-film processing
in advanced micro-electronic devices highlights con-
siderable needs for thermal characterization.[!l Espe-
cially when combined with the ultra-fast laser process-
ing technique, the quantitative determination of ultra-
fast electron—phonon interactions becomes a problem
of great concern.[>3] Some researchers have reported
on the new micro-structures formed in glass or alloys
by femtosecond laser processing,[*®! so the deep un-
derstanding of the ultra-fast heat transfer in materi-
als is required in particular. Because the time needed
for electrons and phonons to reach a thermal equi-
librium state is only several picoseconds, a transient
measurement technique with ultra-high time resolu-
tion should be developed. On the other hand, the in-
terfacial thermal resistance is commonly considered as
a major factor in restraining the overall performance
of the electric devices. The measurement of the inter-
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facial thermal resistance is already an important part
of the thermal characterization of metallic films.[®! To
develop the performance of the micro-electronic de-
vices, both electron—phonon coupling and interfacial
thermal resistance should be taken into account, es-
pecially for treating the metallic nano-films. How-
ever, the normally used thermosensible electrical resis-
tance methods cannot be used to study the transient
thermal properties of metallic films because of their
low temporal resolution. Also, they are not suitable
for measuring the interfacial thermal resistance be-
tween the nano-film and the dielectric substrate under
transient laser heating conditions.[”=% To solve this
problem, we have built a femtosecond transient ther-
moreflectance (TTR) system for measuring the tran-
sient electron temperature responses to obtain both
the coupling factor and the interfacial thermal resis-
tance. By using the optical pump-probe technique, a
femtosecond time resolution can be achieved.
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2. Transient thermoreflectance

experimental system

The femtosecond transient thermoreflectance
technique has been demonstrated as an effective way
to study ultra-fast heat transfer in materials.'% It has
been successfully used to study the rate of coupling
between electrons and phonons in metallic films and
to determine the thermal properties of films on a fem-
tosecond time scale.'!] In our experiments, an intense
pump laser beam is focused on the rear surface to
heat the film sample. Meanwhile, another weak probe
laser beam is focused on the front surface to moni-
tor the change in the reflectance, which represents the
instantaneous electron temperature change. The ex-
perimental setup is shown in Fig. 1.

T

®

Fig. 1. Experimental setup of femtosecond laser pump-
probe system. 1: Femtosecond laser, 2: wave plate, 3:
optical path delay, 4: acousto-optic modulator, 5: signal
generator, 6: sample, 7: lock-in amplitier, 8: photodetec-

tor, 9: calcite polarizer.

The laser pulses from a MaiTai titanium:sapphire
laser are generated at 80 MHz and then separated
One
intense beam (~ 3.75 nJ/pulse) is used to heat the

into two beams by a polarizing beam splitter.

metallic film, which is referred to as the pump beam.
The other weak beam (~ 0.15 nJ/pulse) is used to
detect the change in reflectivity, which is referred to
as the probe beam. The probe beam is focused on
the front surface of the film to detect the TTR sig-
nal responses while the same spot on the rear surface
is heated by the pump beam. The electron temper-
ature profile is scanned by changing the optical path
delay between the pump beam and the probe beam
step-by-step. The lock-in amplification technique is
used in the experiments to monitor the weak TTR sig-
nals. The pump beam passes through an acousto-optic
modulator (AOM), creating a modulated pulse train
at a prescribed frequency of 1 MHz. Then a series of
heating events at the modulated frequency are created
when the pump beam reaches the film surface. The

optical path delay is precisely controlled by a stepping
motor. The time delay is 6.7 fs as the stepping motor
moves 1 um. The reflected probe beam is sent into
a photodiode detector, which provides a measurable
voltage signal. Then the signal is collected by a lock-
in amplifier according to the modulated frequency of
AOM. There is a pair of calcite polarizers placed in the
pump beam path and the probe beam path separately.
The first polarizer is used to rotate the polarization of
the pump beam, making it perpendicular to the po-
larization of the probe beam. The second polarizer
placed in front of the detector is used to reduce the
noise caused by the scattered pump light.

Table 1. Experimental conditions.

parameter specification
wavelength 800 nm
modulated frequency 1.0 MHz
maximum pump laser power 300 mW
probe laser power < 15 mW
focal spot diameter 100 pm
resolution of stepping motor 8.5 nm

Table 1 summarizes the experimental conditions
of the femtosecond laser pump-probe system.

In 1974, Anisimov et al['?l developed a two-
temperature model to describe the heat transfer dur-
ing ultra-fast laser heating in metals. This model is
on the assumption that the “hot” electrons transfer
the absorbed energy to the “cold” lattices through
There are established
two temperature systems (electron temperature T,

electron—phonon collisions.

and lattice temperature 7}) in this transient non-
equilibrium heat transfer process. The change in
the reflectivity of the metal is related to the change
in the complex dielectric constant that is a func-
tion of frequency and temperature, i.e., Ac(w, AT) =
Acy(w, AT) +iAea(w, AT), where ¢; and ey are the
real and the imaginary parts of the dielectric constant,
respectively.'3] Then the change in reflectivity can be
expressed as

& = i %Af:'l + @AEQ . (1)

Rf Rf 861 852

When the change in the electron temperature is small,
(AT, < 150 K) as in our experiments, Ae can be ex-

pressed in a total differential form as*4—16]
(981 861
Ae = — AT, + — AT
15 ar. " + o 1
882 8&‘2
i AT, + —AT ). 2
i ( TN 1) @)
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Combining Eq. (1) with Eq. (2), the change in reflec-
tivity can be simplified tol'4
ARy
Ry

= aAT, + bAT;, (3)

where a and b are the constant coeflicients for elec-
tron temperature and lattice temperature, respec-
tively. The change in the lattice temperature can be
neglected in our experiments, thus the change in the
reflectivity is proportional to the change in the elec-
tron temperature, as

% = aAT,.

f

(4)

In our experiments, different metallic films are
prepared on 500-um borosilicate glass and 100-nm SiC
substrate using a physical vapour deposition method.
The surface of the film sample is scanned using an
atomic force microscope (AFM). The resulting image

is shown in Fig. 2.

Fig. 2. Different Au films with thicknesses of 84.7, 39.9,
27.2 and 23.1 nm, scanned using AFM. The grain size of
the film is evaluated for experimental data analysis.

The measured average gain sizes in different Au
films are listed in Table 2.

Table 2. Measured average grain sizes in Au films.

23.1 272 399 847
15 23 30 49

film thickness/nm

average grain size/nm

It is noted that the grain size increases as the film
thickness increases. The smoothness of the film sur-
face may affect the measured TTR signals.
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Fig. 3. TTR signal profiles of different film thicknesses
on glass substrate, measured using the femtosecond laser
pump-probe system. TTR signals represent the change in
the electron temperature. The electron temperature pro-
files can be used for fitting the thermal properties.

It is observed that the measured TTR signal
amplitude decreases as the film thickness increases.
There are two possible reasons: 1) the electron tem-
perature decreases when the energy is transferred
through the thicker films; 2) the rough film surface
weakens the TTR signals, and the larger grain size in
thicker film leads to the smaller TTR signal ampli-
tude.

It is observed in Fig. 4 that the electron temper-
ature profile of Au film on SiC is lower than that on
glass substrate, while the two film thicknesses are al-
most the same. This indicates that the difference in
substrate will affect the electron temperature cooling
curve. As a result, the metallic film cannot be treated
with a single-layer model. A double-layer model in-
volving interfacial thermal resistance should be used

instead.
10t 7 + 21.0 nm Au on SiC ]
= o 23.1 nm Au on glass
=i a « 27.2 nm Au on glass
0 08¢ 8
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- 0
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Fig. 4. TTR signal profiles of Au films on different sub-
strates. The different normalized electron temperature re-
sponses on glass and SiC substrates can be compared. It
is seen that the electron energy is easier to transfer to
the SiC substrate than to the thermally insulative glass

substrate.
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3. Mathematical models

Qui and Tien* proposed a microscopic parabolic
two-step (PTS) model to predict the temperature re-
sponse after femtosecond laser heating. The complete
PTS model is given as

oT, o (, oT,

Cc ot - % (kc ax> 7G(Tc *TO) +S, (5)
T

Cl ot _G(Tc Tl)v (6)

where C, T, k, G and S are the specific heat, tem-
perature, thermal conductivity, electron—phonon cou-
pling factor and laser source term, respectively. The
subscripts e and 1 represent the electron and lattice,
respectively. k. is actually the efficient electron ther-
mal conductivity induced by e—e and e-l scatterings,
defined as k. = ko (Te/Tl).[lg] This expression for
conductivity is valid for relatively low electron tem-
perature, as in our experiments. The Gaussian laser
heating source term S in the governing equation is
expressed as[!9-20]

(1—Ry)J
T/

2
X exp <—§—4ln2<t_72Tp> >, (7)
P

where Ry is the reflectivity of the film, § is the radia-
tion penetration depth, and J is the laser pulse inten-

S(z,t) = v4In2

sity. In our experiments, J is about 0.96 J-m~2 and
the corresponding maximum electron temperature rise
is below 100 K. In addition, the corresponding maxi-
mum lattice temperature rise is below 1 K in the ini-
tial stage of heating. As mentioned above, the film
is normally treated as a single-layer with two thermal
insulation boundaries (see Fig. 5(b)).?!] But due to
our experimental observation in Fig. 4, a double-layer
model should be considered here.

(a) (b)

film substrate

pump laser %

pump laser

film

T

thermal resistance

Fig. 5. (a) Double-layer model, which takes the interfacial
thermal resistance into account, by which the substrate-
dependent effect can be studied, and (b) single-layer model
with two thermal insulation boundaries, and the electron
temperature is affected only by electron—phonon interac-
tion.

The heat leak from the hot electrons into the
substrate is considered as the interfacial thermal re-
sistance in the double-layer model. The interfacial

boundary conditions are given as

T, 0T

—ke = —ks , 8
Ox r=d Ox r=d ( )
T, Te — T

_ke = P
O r=d R r=d (9)

where z = d is the interface between the film and
the substrate. kg, Ty and R are the substrate ther-
mal conductivity, substrate temperature and electron—
substrate interfacial thermal resistance, respectively.
A semi-implicit Crank—Nicholson scheme is used to
solve the PTS governing equations. The convergence
criterion of the calculation is set to be AT, /T, < 1078
for each time step. A uniform grid system is used with
400 grid points and the time step is chosen to be 5 fs.
Furthermore, different grid spacings and time steps
are used to check the consistency and stability of the
numerical solutions.

As shown in Fig. 6, the interfacial condition will
affect the rate of cooling the hot electrons in the metal-
lic film. It should be mentioned that R is actually
the electron—substrate interfacial thermal resistance
describing the transient heat loss from the electrons to
the substrate. Chen et al.2?] proposed a temperature-
dependent model for G, indicating that G increases as
The smaller R

decreases the electron temperature, leading to a de-

the electron temperature increases.

creased G. As a result, the single-layer model will
over-estimate the coupling factor G, which is actu-
ally an apparent electron—phonon coupling factor, as
discussed in Ref. [13]. In a three-temperature model
proposed by Hopkins and Norris,[23] the cooling of the
electrons is contributed by both electron—phonon cou-

pling and electron—substrate energy transfer. From

. . =
another point of view, some researchers!24:2%]

pointed
out that the transient energy transfer from the elec-
trons to the substrate is possible by coupling between
electrons and phonons within the metal, and then sub-
sequently coupling between the phonons in the metal
and the phonons in the substrate. It is noteworthy
that the electron—phonon coupling is part of the inter-
facial thermal conductance. In the experimental data

analysis, we use a genetic algorithm (GA) method to
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determine R and G simultaneously.

101 g e single layer model
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Fig. 6. Comparison between electron temperature profiles
obtained based on the single-layer model and the double-
layer model for different R values showing that the smaller
interfacial thermal resistance leads to a lower electron tem-
perature cooling curve. The substrate-dependent effect
should be attributed to the electron—phonon interaction

in the metallic film.

4. Experimental data analysis

The objective function S is given as

N
S:

=1

6:6) -~ 0n(0)]

where 0(t) and 0(t) are the measured and the cal-
culated normalized temperatures, respectively. The
minimum function S gives the best fitting to the mea-
sured temperature curve, and so the thermal param-
eters can be obtained. In order to verify the accu-
racy of the GA method, we give the true thermal
properties as electron—phonon coupling factor G =
2.5 x 1018 W-m=3.K~! and interfacial thermal resis-

tance R = 1.0 x 1078 m2-K-W~1. Then the GA sim-

+ 23.1 nm Au

1.0} &
‘?;&3 ° 399 nm Au
osl ".‘1;3 + 84.7 nm Au

Normalized TTR signals

ulation is repeated 5 times and the results are shown
in Table 3.

Table 3. Results of GA simulation.

No. 1 2 3 4 5 average
G/10716 W.m—3.K~1|2.47 247 2.57 2.56 2.57 2.53
R/10® m?2K-W~! |0.80 0.81 1.1 1.1 0.78 0.92

The GA simulation uncertainties of G and R are
1.2% and 8.0%, respectively.

The sensitivity analysis in Fig. 7 reveals that the
larger deviation in R from the its average value is due

to its lower sensitivity.

T T
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Fig. 7. Numerical simulation results, showing that the
52% increase in G is comparable to a 70% decrease in R,
which indicates that G is more sensible to the measured

electron temperature profile.

4.1. Measurements of nano-films with
different thicknesses

As shown in Fig. 8, the calculated profiles based
on two models are compared with the experimental

data for different thicknesses.

° éxperimenfal data
= Single layer model
—— double layers model

10}

08¢
23.1 nm

Normalized electron temperature

06}
04}
02r
0 L
0 2 4 6 8
Time/ps

040701-5



Chin. Phys. B Vol. 20, No. 4 (2011) 040701

Time/ps

© : ‘
g 10} © experimental data
- . o
5 s single layer model
g —— double layers model
g 08¢ i ]
g o 39.9 nm
g§ 06}
B
Q o My
5] o
T 041 BN
o} o6
L] o o o 00 Gwm% o IOy °
= 02f B ST IR
‘5 : ° : @ ESRY
8
0 ‘ ‘ ‘
“ 0 2 4 6 8

® : .
3 | - experimental data
& 10 b ;
g \ wwnn gingle layer model
&, 08 —— double layers model
g .
g 06}
B
15}
o
T 04r
e}
D 0
N
= 02r
JREE e
( 1o ‘
~ 0 2 4 6 8

Fig. 8. Comparison between measured TTR data and normalized electron temperature profiles calculated using G and

R selected by the GA method based on the single-layer model and double-layer model.

The electron thermal conductivity, the electron specific heat, and the lattice specific heat of Au are cal-
culated to be ke = koT./Ty (ko = 315 W-m LK), Co = AT, (Ac = 70 Jm=3K=2) and ¢} = 2.5 x
106 Jm—3.K~1, respectively.[”] Due to our numerical results, the predicted electron temperature profiles are

insensitive to the electron thermal conductivity and thus the bulk value is acceptable. The bulk specific heat
and the bulk thermal conductivity of the borosilicate glass are calculated to be 1.73 x 10 J-m™3-K~! and
1.10 W-m 'K, respectively. The estimated G and R for different film thicknesses are listed in Table 4.

Table 4. Results of GA simulation for different Au films.

No. parameters 23.1 nm 39.9 nm 84.7 nm
G/10716 W.m—3.K~1 1.7394 1.9727 2.0869

! R/10® m2.K-W—1 5.91 12.88 29.80
G/10716 W.m—3.K~1 1.7394 1.9020 1.8606

2 R/10% m?.K-W—! 5.64 18.82 21.82
G/10716 W.m—3.K~1 1.7333 2.0434 1.9657

3 R/108 m?2.K-W—! 5.73 17.83 24.85
G/10716 W.m—3.K~1 1.7273 2.1000 1.9899

4 R/108 m2.K-w—! 5.36 16.84 27.58
G/10716 W.m—3.K~1 1.7455 1.9727 2.2000

> R/10® m2. K-W—1 5.82 12.88 23.94

G/10716 W.m—3.K~1 1.74 2.00 2.02

average R/108 m2-K-W~1 5.69 15.85 25.60

Meanwhile, based on the single-layer model,
of 23.1 nm,
39.9 nm and 84.7 nm films are determined to be
1.95x10'6 W-m=3.K~1!, 2.10x10'® W-m—3.K~! and
2.20x10'® W-m—3.K~!, respectively. The results are
summarized in Fig. 9.

the apparent coupling factors

Qiu and Tien2% studied the non-equilibrium heat
conduction in metals and developed a simple thermo-
dynamic expression as

g nkQTJ%vF

= 1
16 AT Ew (10)

where A is the effective electron mean free path in
polycrystalline thin film. n, k, Tp, vp and Ep are the

electron number density, Boltzmann constant, Debye
temperature, Fermi velocity and Fermi energy, respec-
tively. The bulk value of the coupling factor is calcu-
lated to be 2.3x10'¢ W.m=3.-K~!, which is slightly
larger than the simulation results.

Majumdar and Reddy®* proposed a physical
model to describe the energy transfer from electrons
to substrate as

1

R=—— Rs:Ro Rs;Rc: ;
/Gk1+ p p+ p p /le

where R, andR,s are the electron-phonon thermal

(11)

resistance in metals and the phonon—substrate ther-
mal resistance through the interface. It is noted that
the interfacial thermal resistance R is the sum of these
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two thermal resistances. Based on the measured G in
Fig. 9, Rep, is found to be about 0.3x107% m? K-W~1,
which is within 10% of the measured R. This sug-
gests that the most interfacial thermal conductance
is contributed by the phonon—substrate coupling at
the metal-nonmetal interface and the measured R
(5x1078 m2.K-W~1 ~26x1078 m?-K-W~1) is close to
the other GA simulation results of Au films on SiO5
substrates.?”) The fact that the measured R increases
as the film thickness increases in Fig. 9 may be due to
the roughness of the surface and the thermal stress in
the film. The surface roughness may increase as the
grain size increases, as shown in Table 2. This is also
proved by the fact that the noise induced by the scat-
tered pump light increases as the film becomes thicker.
The increasing roughness will lead to a larger Rq as
the film thickness increases.*® Secondly, the thermal
stress in the metallic film is proportional to the metal
layering time, and more thermal stress, i.e. thicker

metallic film, will cause a larger interfacial thermal

resistance. 29!
3.0 ‘ ‘ ‘ ‘
O double layer model
- A single layer model
‘M a5l —— bulk vlaue
C?.
g
= 20/a C 1
= o
i
S 1.5+
(a)
1.0

20 30 40 50 60 70 80 90

Film thickness/nm

35
307
25
20+

L

10+

R/1078 m2.K-w—!

5. b) |
0

20 30 40 50 60 70 80 90

Film thickness/nm

Fig. 9. The best-fitting G based on the single-layer model
is larger than that based on the double-layer model, be-
cause the electron energy transferred into the substrate is
considered as a part of G in the single-layer model (a); R
increasing as the film thickness increases (b).

4.2. Measurements of nano-films with
different substrates

It is noted that the cooling curve on the SiC sub-
strate is lower than that on the glass substrate in
Fig. 10. This substrate-dependent feature is confirmed
by the repeated measurements of 23.1 nm and 27.2 nm
Au films on the glass substrates. Because the ther-
mal conductivity of 100-nm SiC film may be different
from the bulk value, we choose G, R and SiC ther-
mal conductivity ks as the objective parameters for
the GA simulation. The best-fitting values after 5
runs are G = 1.93 x 1016 W.m=—3.K~!, R = 11.14 x
1078 m2-K-W~1, and Ky = 131.30 W-m— 1. K~!. The
best-fitting profile using these parameters is also plot-
ted in Fig. 10. It is seen that the energy of the elec-
trons is more readily transferred to the SiC substrate
than to the thermally insulating glass substrate, and
the Au-SiC coupling factor is larger than the Au-glass
coupling factor 1.74 x 10*¢ W-m=3.K~! for 23.1-nm
film. This substrate dependence of G is more signif-
icant when the film is heated by higher power laser

beams, as discussed in Ref. [13].

+ 21.0 nm Au on SiC
o 23.1 nm Au on glass
« 27.2 nm Au on glass
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Fig. 10. Comparison between TTR data measured and
calculated based on two models (a), and normalized elec-
tron temperature profiles on SiC substrate and glass sub-
strate, showing that the former is lower than the latter.
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5. Conclusions

The non-equilibrium electron—phonon interac-
tions and interfacial thermal resistance are two major
concerns in studying the transient heat conduction in-
duced by the ultra-fast laser heating. We have built
a TTR system to measure the electron temperature
responses of Au nano-films with different thicknesses
and substrates. Unlike the normally used single-layer
model, the double-layer model separates the electron—
substrate cooling effect from the electron—phonon cou-
pling effect, giving a deep understanding of the tran-

sient heat transfer mechanism. A GA method is used
for the experimental data analysis. It is noted that
the measured electron—phonon coupling factor accords
with the theoretical prediction. The measured interfa-
cial thermal resistance increases as the film thickness
increases, owing to the increasing roughness and more
thermal stress gained in the film. It is also observed in
the experiment that the electron energy is more read-
ily transferred to the SiC substrate than to the ther-
mally insulating glass substrate because of the higher
thermal conductivity of SiC and stronger interfacial
electron—phonon interactions.
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