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n this work, we examine Fermi relaxation in 20 nm Au films with
ump-probe themoreflectance using a thin film, intraband ther-
oreflectance model. Our results indicate that the Fermi relax-
tion of a perturbed electron system occurs approximately
.10�0.05 ps after absorption of a 785 nm, 185 fs laser pulse.
his is in agreement with reported values from electron emission
xperiments but is higher than the Fermi relaxation time deter-
ined from previous thermoreflectance measurements. This dis-

repancy arises due to thermoreflectance modeling and elucidates
he importance of the use of a proper thermoreflectance model for
hermophysical property determination in pump-probe
xperiments. �DOI: 10.1115/1.4002778�

eywords: Fermi relaxation, electron-electron scattering, ther-
oreflectance

Introduction
The relaxation of a perturbed electron gas into a Fermi distri-

ution directly influences electronic scattering processes that drive
lectrical and thermal transport, laser induced chemical reaction
nd phase transitions, and optical interactions with solids. Ul-
rashort pulsed laser systems provide a unique measurement capa-
ility to examine the Fermi relaxation dynamics through pump-
robe thermoreflectance as the transient changes in the
hermoreflectance data are related to the Fermi relaxation time
1–4� and electron-phonon thermalization time �5–11� in a metal.
hese times, and corresponding thermal properties such as the
lectron-phonon coupling factor �12� G, are determined from the
ump-probe thermoreflectance data by fitting rate-relaxation mod-
ls, such as the two-temperature model �TTM� �13�, to the experi-
ental data. However, the key step in this process is relating the
odels to the thermoreflectance data. A common and traditional

rocedure to relate the models to the data is by assuming that the
hermoreflectance response �R /R is directly related to the elec-
ron and phonon temperature changes through �14�

�R

R
= a�Te + b�TL �1�

here a and b are the coefficients determined by scaling the elec-
ron and lattice temperature changes �Te and �TL, respectively, to
he thermoreflectance data at various pump-probe delay times.
lthough this approach is valid for small perturbations in electron

emperature, at high electron temperatures, the thermoreflectance
esponse of metals can become highly nonlinear �11,15�. This
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nonlinearity has been shown to lead to errors in measurements of
G if not properly taken into account. However, the Fermi relax-
ation of the electron system after short pulse laser absorption has
not been as rigorously studied using pump-probe thermoreflec-
tance as electron-phonon thermalization. Previous works by Sun
et al. �3,4� used pump-probe thermoreflectance and a similar rela-
tion to Eq. �1� to show that gold exhibits a Fermi relaxation time
of about 0.500 ps, far greater than the theoretical Fermi relaxation
time in Au �40 fs� �16�. However, electron emission experiments
conducted by Fann et al. �17,18� measured the Fermi relaxation
time of a perturbed electron systems as �1 ps, twice as high as
that determined from pump-probe thermoreflectance.

In this work, we analyze pump-probe thermoreflectance data
from Au films with a modified TTM and an intraband �nonlinear�
thickness dependent thermoreflectance model �15�. We determine
the Fermi relaxation time �F in Au from the thermoreflectance
data as �1.1 ps, in good agreement with the measurements from
electron emission by Fann et al. �17,18�, and show that not ac-
counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of �F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
literature.

2 Experimental Details
Two 20 nm Au films were evaporated on a single crystalline,

lightly doped Si substrate and a glass microscope cover slide
�Corning 2947�. We measure the transient thermoreflectance re-
sponse of the two Au films with the thermoreflectance setup de-
scribed in detail in Ref. �19�. In short, the laser pulses in our
thermoreflectance setup emanate from a Spectra Physics Mai Tai
with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator �EOM� operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 �m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal ��R /R� as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise �20� and thermal accumulation from the pump
pulses �21� by monitoring the imaginary component of the ther-
moreflectance response and the pump phase. The temporal ther-
moreflectance responses of the two 20 nm Au thin film samples
�Au/Si and Au/glass� are monitored after excitation with three
different incident laser fluences, 0.7 J m−2, 2.0 J m−2, and
3.1 J m−2. A representative thermoreflectance data set is shown in
Fig. 1 for the 20 nm Au/glass sample measured with 3.1 J m−2

incident pump fluence. In the graphical representation of the data,
we set the time of maximum thermoreflectance signal equal to t
=0.

3 Data Analysis

3.1 Two-Temperature Model. To quantitatively analyze the
electron thermalization processes observed in the thermoreflec-
tance data, we turn to the TTM. The two-temperature model in the
thin film limit �i.e., film thickness is less than the ballistic pen-
etration depth of the electrons ensuring minimal temperature gra-
dient in the film� is given by �8�

�Te

�Te = − G�Te − TL� + S�t� �2�

�t
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CL

�TL

�t
= G�Te − TL� �3�

here � is the linear coefficient to the electron heat capacity,
hich for Au is 62.9 J m−3 K−2 �22�, Te is the electron tempera-

ure, G is the electron-phonon coupling factor, which character-
zes the rate at which electrons lose energy to the vibrating lattice
12�, S is the laser source term, CL is the lattice heat capacity, and
is the time. Equations �2� and �3� are subject to the initial con-
ition Te�t=0�=TL�t=0�=T0 where T0 is assumed as 300 K. The
raditional source term is given by

S�t� =
0.94F�1 − R�

dtp
exp�− 2.77� t − 2tp

tp
�2	 �4�

here F is the incident laser fluence, R is the reflectivity, d is the
lm thickness, and tp is the pump pulse width �185 fs�. To quan-

ify the Fermi relaxation in the TTM formulation, we modify the
tandard source term to account for a delayed electron thermali-
ation. The traditional source term in the TTM assumes that after
ulse absorption, the electron system is fully thermalized. This
ould mean the peak reflectance would occur �185 fs after the

nitial absorption process takes place. As apparent from Fig. 1,
his is clearly not the case as the rise time of the fast transient is

2 ps. Therefore, we assume the source term in the TTM is
iven by �23�

S�t� =
0.94F�1 − R�

d�tp + tth�
exp�− 2.77� t − 2�tp + tth�

tp + tth
�2	 �5�

here tth is the delay in the electron thermalization time after
ulse absorption �i.e., the Fermi relaxation time�. This expression
or the source term of the TTM assumes that there is a delay in
hermalization beyond the pulse width. This is typically true for
aser experiments using femtosecond pulses �on the order of 100
s� interrogating metals under relatively low energy perturbations.
nder energetic excitations that increase the electronic density

round the Fermi level or cause a large perturbation of the elec-
ron gas from the Fermi surface, the Fermi relaxation time will
ecrease to that which is orders of magnitude less than the
lectron-phonon thermalization time and much less than the pulse
idth �16�. In this case, tth will be negligible compared with tp. In

ddition, in thicker films or bulk materials in which diffusion need
e accounted for in the temperature evolution of the system, bal-

ig. 1 Transient thermoreflectance data taken on a 20 nm Au
lm evaporated on a glass substrate fit with the TTM using two
ifferent source terms: „dashed line… the traditional source
erm „Eq. „4…… and „solid line… the source term that accounts for

delay in electron thermalization „Eq. „5……. Accounting for a
elay in electron thermalization gives a much better fit of the
TM to the experimental data and yields a best fit value for G
hat is in much better agreement with previous measurements
f G on Au.
istic transport of the electron system can occur during pulse ab-
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sorption, stretching out the depth in which the electron system
equilibrates �24�. Although in this work we limit this ballistic
transport phenomenon by studying Au films with thicknesses on
the order of the penetration depth, to apply this delayed thermal-
ization source term to thicker films, a correction to the depth of
electronic thermalization must be employed �8�.

3.2 Thermoreflectance Model. To fit the TTM to the experi-
mental data, the change in temperature predicted by the TTM is
related to the change in reflectance through an appropriate ther-
moreflectance model �15�. 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 =
�n − 1�2 + k2

�n + 1�2 + k2 �6�

where n and k are the real �refractive index� and imaginary �ex-
tinction coefficient� parts of the complex index of refraction n̂.
The key to relating Eq. �6� to the thermoreflectance signal is
knowledge of the temperature dependency of n and k for the film
and substrate �25�. The refractive index and extinction coefficient
are related to the complex optical dielectric function �̂=�1+ i�2
through �26�

n =
1

2

���1
2 + �2

2�1/2 + �1�1/2 �7�

and

k =
1

2

���1
2 + �2

2�1/2 − �1�1/2. �8�

Now the complex dielectric function can also be expressed as �̂
= �̂intra+ �̂inter, which explicitly separates the contributions due to
intraband transitions �free electrons� and interband transitions
�bound electrons�. Since we are examining Au with 785 nm
pulses, we only focus on the intraband part �̂intra, which is de-
scribed by the well known Drude model. This intraband model
and its dependency on temperature is discussed in detail in Refs.
�11,15�.

The 20 nm thin films in this study have film thicknesses on the
order of the optical penetration depth, so reflection and absorption
at the film/substrate interface can cause a change in the measured
reflectivity 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
by �27�

Rf = r*r �9�

where

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

�10�

with n̂s being the complex index of refraction of the substrate and
r� is the complex conjugate of Eq. �10�. In Eq. �10�, mi,j is the
component of the characteristic thin film matrix �28� defined as

M = � cos � −
i

n̂f

sin �

− in̂f sin � cos �
� �11�

where �=�dn̂f /c, � is the angular frequency of the radiation, and
c is the speed of light. The temperature dependencies of the indi-
ces of refraction in this thin film reflectance model follow those of
the Drude model, as previously discussed. Once Eq. �9� is deter-
mined, the intraband, thin film thermoreflectance model is given

by

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



W
t
v
p

4

fl
t
u
�
t
u
t
U
t
	
s
	
c
p
m
o
o
r
b
fi
3
2
	
3
	
fl
t
p
t
v
1
d
F
r
�

r
f
�
fi
t
p
d
b
m
d
e
F


e
s
e
F
i
d
m
m
c

J

Dow
�R

R
=

Rf�Te� − Rf�T0�
Rf�T0�

�12�

ith the temperature predictions from the TTM, the predicted
emperature rise after short pulsed laser absorption is then con-
erted to a thermoreflectance signal via Eq. �12� to directly com-
are the TTM to the experimental data.

Discussion
The best fit of the TTM using the thin film intraband thermore-

ectance model is shown in Fig. 1. Two fits are shown: one using
he TTM with the traditional source term �Eq. �4�� and the other
sing the source term that accounts for a delay in Fermi relaxation
Eq. �5��. The best fit electron-phonon coupling factors G using
he parameters described in the text are also presented in the fig-
re. In the graphical representation of the data, we set the time of
he predicted maximum thermoreflectance signal equal to t=0.
sing the traditional source terms results in a poor fit of the TTM

o the experimental data and gives a value of G of 1.8
1016 W m−3 K−1, which is low compared with previous mea-

urements of 20 nm Au films in the low fluence limit �2.2–4.0
1016 W m−3 K−1 depending on film structure� �9,11,29,30�. Ac-

ounting for a delay in Fermi relaxation of 1.08 ps after pump
ulse absorption gives a much better fit of the TTM to the experi-
ental data. Use of this Fermi relaxation time leads to a best fit G

f 2.6	1016 W m−3 K−1, in much better agreement with previ-
usly measured values of G in the low fluence limit. The Fermi
elaxation time was determined by fitting the TTM to the data
efore the peak in the data at zero delay time using tth as the
tting parameter. The best fit G from the data taken with
.1 J m−2, 2.0 J m−2, and 0.7 J m−2 incident fluences was
.6�0.3 W m−3 K−1, 2.4�0.1 W m−3 K−1, and 2.1�0.2
1016 W m−3 K−1 for the Au/glass samples and

.2�0.2 W m−3 K−1, 2.6�0.1 W m−3 K−1, and 2.3�0.2
1016 W m−3 K−1 for the Au/Si samples, respectively. The slight

uence and substrate dependency is expected due to electron scat-
ering at the film-substrate interface during the period of electron-
honon nonequilibrium �9,10,15�. The electron thermalization
ime tth showed no sample or fluence dependency. The average
alue determined from the thermoreflectance data was
.10�0.05 ps, in good agreement with the Fermi relaxation time
etermined from the electron emission experiments reported by
ann et al. �17,18�. However, this value for tth is higher than that
eported from previous thermoreflectance measurements on Au
3,4�.

To understand the reason for the discrepancy between the Fermi
elaxation time measurements in this work and those determined
rom previous thermoreflectance studies, we fit the TTM with Eq.
5� to the thermoreflectance data to determine tth using the thin
lm intraband thermoreflectance model �Eq. �12�� and the tradi-

ionally used thermoreflectance model �Eq. �1�� �note that a com-
arison between a intraband thermoreflectance model and the tra-
itionally used thermoreflectance model on determining G has
een discussed previously� �11�. The Fermi relaxation time deter-
ined through the use of Eq. �12� does not exhibit a fluence

ependency, which is consistent with Fermi liquid theory of hot
lectron relaxation; i.e., that a single particle lifetime above the
ermi level is related to the energy above the Fermi level �tth
�E−EF�−2, where E is the electron energy and EF is the Fermi

nergy� �31�. However, tth determined through the use of Eq. �1�
hows a strong fluence dependency, decreasing with increased flu-
nce with values ranging from 0.70 ps to 1.10 ps. This is shown in
ig. 2, which plots the Fermi relaxation times as a function of

ncident fluence determined from the fits of the thermoreflectance
ata to the TTM with Eq. �5� using the traditionally used ther-
oreflectance model ��Eq. �1�� and the thin film intraband ther-
oreflectance model �Eq. �12��. In the low fluence case, Eq. �12�
an be approximated by Eq. �1� since the temperature rise in the

ournal of Heat Transfer
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Au film is relatively small �i.e., for small temperature excursions,
the thermoreflectance of a metal is approximately linear with tem-
perature� �15�, explaining the agreement of the two approaches in
determining tth. This further supports our finding that Fermi relax-
ation in Au occurs �1.1 ps after excitation with a 785 nm �1.58
eV� laser pulse.

5 Summary
In conclusion, we have examined electron relaxation mecha-

nisms in 20 nm Au films with pump-probe themoreflectance using
a thin film, intraband thermoreflectance model. We show that not
accounting for the delayed Fermi relaxation can affect the value
determined for the electron-phonon coupling factor G. Our data
indicate that the Fermi relaxation of a perturbed electron system
occurs approximately 1.1 ps after absorption of a 785 nm, 185 fs
laser pulse. This is in good agreement with electron emission ex-
periments �17,18� but is higher than the Fermi relaxation time
determined from previous pump-probe thermoreflectance mea-
surements on thin Au films �3,4�. This discrepancy arises due to
not properly accounting for the thermoreflectance response in Au
at high temperatures in the previous works, elucidating the impor-
tance of the use of a proper thermoreflectance model for thermo-
physical property determination in pump-probe experiments.

The relaxation and scattering mechanisms of hot electrons in
solids is a critical parameter in thermal management and design of
micro- and nanoscale devices. As length scales decrease and de-
vice power densities increase, the thermal resistances associated
with the electronic scattering mechanisms studied in this work
become increasingly dominant. For example, consider a 10 nm
gold contact. The thermal resistance associated with electron-
phonon scattering is described by the inverse of the electron-
phonon coupling factor. Therefore, the electron-phonon resistance
of the 10 nm gold contact is �5	10−9 m2 K W−1. This is the
equivalent resistance of 5 nm of SiO2. With Fermi relaxation
times on the same order as the electron-phonon thermalization
times, as shown in this work, there will be an additional resistance
due to electron thermalization mechanisms that is of the same
order as the electron-phonon resistance �i.e., a few nanometers of
SiO2�. Therefore, this Fermi relaxation mechanism and subse-
quent thermal resistance must be accounted for in the design and

Fig. 2 Fermi relaxation times as a function of incident fluence
determined from the fits of the thermoreflectance data to the
TTM with Eq. „4… using the traditionally used thermoreflectance
model „„Eq. „1…… and the thin film intraband thermoreflectance
model „Eq. „11……. The Fermi relaxation time determined through
the use of Eq. „11… does not exhibit a strong fluence depen-
dency, which is consistent with the Fermi liquid theory of hot
electron relaxation, compared with tth determined through the
use of Eq. „1….
thermal management of next-generation devices.
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omenclature
a � coefficient related change in electron tempera-

ture to thermoreflectance, K−1

b � coefficient related change in phonon tempera-
ture to thermoreflectance, K−1

C � heat capacity, J m−3 K−1

c � speed of light, m s−1

d � film thickness, m
e � exponential
F � incident laser fluence, J m−2

G � electron-phonon coupling factor, W m−3 K−1

k � extinction coefficient
m � component of the characteristic thin film

matrix
n � refractive index
n̂ � complex index of refraction
R � reflectivity
S � laser source term, W m−3

T � temperature, K
t � time, s

tp � pulse width, s
tth � delay in electron thermalization after pulse

absorption, s

reek Symbols
� � linear coefficient to the electron heat capacity,

J m−3 K−1

� � change in
�̂ � complex dielectric function
� � dielectric function component

�F � Fermi relaxation time, s
� � photon angular frequency, rad s−1

ubscripts
0 � ambient
1 � real
2 � imaginary
e � electron
f � film

inter � interband
intra � intraband

L � phonon
s � substrate
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