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Transient reflectance of gold was measured using ultrafast spectroscopy by varying the

wavelength of the probe laser beam in the visible range. Based on the band structure of
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gold, the influence of the probe beam wavelength on the signal trend is analyzed in terms
of sensitivity, effect of nonthermalized electrons, and relaxation rate. It is found that
probing around 490 nm renders the best sensitivity and a simple linear relation between
the transient reflectance and the electron temperature. The two-temperature model
(TTM) is applied to calculate the electron-phonon coupling factor by fitting the transient
reflectance signal. This work clarifies the ultrafast energy transfer dynamics in gold and

the importance of using proper probe laser wavelength for modeling the transient heat
transfer process in metal. [DOI: 10.1115/1.4028543]
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1 Introduction

Ultrafast spectroscopy has been widely used in the analysis of
energy carrier dynamics in solids, which is an important concern
in the design of micro- and nanoscale electronics and the associ-
ated laser-based diagnostics. One of the key factors affecting tran-
sient energy transfer is the coupling rate of electrons (holes) and
phonons. For metal, transient heat transfer is typically described
by the TTM [1-3]. In this model, free electrons and phonons are
characterized by individual temperatures, T, and T}, and the elec-
tron—phonon coupling rate is quantified by a phenomenological
parameter G called electron-phonon coupling factor. In order to
improve the accuracy of the model, which is critical in the study
of micro- and nanoscale heat transfer and interface heat transfer
[4,5], G has been both derived theoretically [6] and measured
mainly by transient reflectance with free-variable fitting [7-9].
However, experimentally determined G is subjected to several
assumptions. First, early work assumed that the heat-induced
reflectance change AR was proportional to the change of the elec-
tron temperature AT, [7]. However, without knowing the sensitiv-
ity of AR to AT,, AT, may be too high to justify this assumption
and the linearity may be oversimplified. Improved modeling con-
sidered the band structure and calculated temperature-dependent
dielectric constant to fit the transient reflectance [9]. However, the
relaxation rate of electrons was simply related to T.> and T, by
constant empirical coefficients which have limited data source for
verification. Additionally, the energy of the excitation laser was
assumed to be totally absorbed by free electrons except for the
reflected part [8], while in reality the energy may be absorbed by
both electrons and holes if interband transition is induced. In
this work, in order to evaluate these assumptions and illustrate a
better way of determining G, transient reflectance is measured by
varying probe wavelength on bulk gold due to its well-known
properties and wide usage in heat transfer research. The analysis
guides the selection of the laser wavelength for better modeling
and probing the transient heat transfer process in gold and
other materials where these materials are used as temperature
transducer.
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2 Experimental Configuration of Transient
Reflectance Measurement

In this work, gold film thicker than 1 um is used to eliminate
the influence of interface heat transfer in the concerned time
domain so that the relaxation process is only determined by the
dynamics of energy carriers inside the gold film. Films thinner
than 100 nm are only used for demonstrating the effect from the
nonthermalized electrons. Ultrafast spectroscopy is used in a col-
linear scheme to measure the transient reflectance signal. The laser
pulses are generated by a Ti: Sapphire amplified femtosecond
laser system with a central wavelength of 800 nm and a repetition
rate of 5SkHz. Part of the laser is used as the pump beam with a
pulse width of about 70 fs and the other is sent into an optical
parametric amplifier (OPA) to generate the probe beam with tuna-
ble wavelength by nonlinear processes. The pump beam is modu-
lated by a mechanical chopper at 500 Hz, and a lock-in amplifier
is used to detect the signal at this frequency to reduce noise.

The density of energy states (DOS) of gold is qualitatively
shown in Fig. 1 [8]. The electrons in the s/p band are considered
free. The top of the d band, which overlaps with part of the s/p
band in energy, lies 2.47 eV (502 nm) below the Fermi energy Ef.
This energy difference is the interband transition threshold (ITT).
When the excitation photon energy is lower than the ITT, only
free electrons are excited and the d band is not perturbed. On the
other hand, when the excitation photon energy is larger than the
ITT, electrons in the d band can also absorb the energy and transit
over Efg. In the latter case, the contribution from the perturbation
to the d band to the transient reflectance is negligible as long as
the excitation fluence is low enough so that the number of excited
d-band electrons is much smaller than that of electrons in the s/p
band [5]. In this work, the output at 800 nm (1.55eV) from the
laser which is below the ITT is used as the pump. Since the pump-
induced perturbation (AR/R) is small for photon energy far off the
ITT, as shown in Sec. 3, the absorption and the reflection of the
sample to the pump are almost constant. Therefore, the self-action
of the pump discussed in Ref. [8] should be negligible. The wave-
length of the probe is adjusted by the OPA from 2 to 2.7¢eV to
investigate the effect of varying the probe wavelength.

3 Analysis of Sensitivity to Electron Excitation

The transient reflectance signals using 800 nm pump with inci-
dent fluence of 5.28 mJ/ecm® and varying probe wavelength are
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Fig. 1 Qualitative illustration of the DOS of gold: the light and
the dark blue regions indicate the s/p and the d bands, respec-
tively, which overlap partially in energy; the light and the dark
arrows indicate transition from the d band to states below and
above Eg

shown in Fig. 2(a) with curves shifted vertically for clarity. The
signals are characterized by a fast change (increase, decrease, or
both) and a slower recovery. Probe with photon energy larger than
the ITT detects AR >0 while probe with photon energy smaller
than the ITT detects AR < 0. This is due to change of the electron
occupation induced by the excitation, which leads to change of
the dielectric constant ¢ =¢; 4+ ie, [10]. The excitation increases
the electron occupation above Er and depletes the states below
EE. For probe with photon energy below the ITT (502 nm), transi-
tion from the d band to states below Ef is enhanced due to the
reduced occupation as indicated by the dark arrow in Fig. 1. In
this case, the absorption of the probe photon increases (Aé, > 0).
On the other hand, for probe with photon energy above the ITT,
transition from the d band to states above Eg is weaken as indi-
cated by the light arrow in Fig. 1; therefore, such probe detects
decreased absorption (Ae¢, <0). Based on the band structure of
gold, Ae, can be computed after laser excitation, Ae; can then be
calculated from the Kramer—Kronig relation. AR is then calculated
using A¢; and Ag, as shown in Ref. [10]. Our experimental data
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agree with the predicted probe wavelength dependent AR in Ref.
[10]. According to the calculation in Ref. [10], the inflection at
phonon energy close to ITT is caused by a combined effect of
thermal and nonthermalized electrons (details of nonthermalized
electrons are discussed in Sec. 4). In addition, when the probe
photon energy is close to the ITT, due to the finite bandwidth of
the laser, transition from the d band to states both below and
above Ep contributes to the signal, which can also produce a
hybrid feature. Another observation from Fig. 2(a) is the different
amplitudes of the signals probed by different wavelengths. Note
the pump fluence remains the same for all the wavelengths used.
In Fig. 2(b), the maximum (in terms of the absolute value) of the
transient reflectance signal is plotted versus the probe photon
energy. The photon energy above 2.6 eV is achieved by third har-
monic generation from the OPA output. The signal is strong
locally around 2.34eV and 2.53eV and weakens around the ITT
and far off the ITT. This phenomenon can be understood by the
temperature-dependent Fermi—Dirac distribution [10]. When T,
rises, smearing of the Fermi—Dirac distribution occurs as shown
qualitatively in Fig. 3(a), and the change of the Fermi—Dirac func-
tion is small at Eg but there are two peaks in the vicinity of Eg as
illustrated in Fig. 3(b), resulting in stronger signals. The states far
from Ef are not perturbed after thermalization of the electrons.

Due to the high sensitivity to AT,, weak excitation can be used
to achieve strong signal when probed around 490nm (2.53eV).
This helps to keep the perturbation low enough to ensure the
validity of the commonly used models for physical properties
without sacrificing the signal-to-noise ratio. Also, with sufficiently
low perturbation, AR is nearly proportional to AT,. To justify this,
measurements are conducted by varying the pump fluence (1.76
mJ/cm?, 3.52 mJ/cmz, 5.28 mJ/cmz, and 7.04 mJ/cmz). AT, is cal-
culated using the TTM with details provided in Sec. 5, and the
maximum of the signal probed by 490nm is plotted versus the
maximum of AT, in Fig. 4 together with a linear fitting. It can be
seen that good linearity is achieved within this fluence range. This
simple relation between AR and AT, facilitates the analysis by the
TTM as shown in Sec. 5.

4 Influence of the Nonthermalized Electrons

In previous works [10—13], it is shown that the thermalization
process of the photo-excited electrons can take hundreds of fs
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Fig. 2 (a) Transient reflectance signals of gold by 800 nm pump and varying probe wavelength. (b) Dependence of the
amplitude of the transient reflectance signal on the probe photon energy (the horizontal dashed line marks AR/R =0 and

the vertical dashed line marks the energy for ITT).
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Fig. 3 (a) Fermi-Dirac distribution function at varying temperature and (b) difference in Fermi-Dirac distribution function

between T, = EF/50kg and T, = EF/20kg

depending on the excitation wavelength and the excitation flu-
ence. Prior to the thermalization process, the electron system does
not follow the Fermi—Dirac distribution and thus has no defined
temperature, which increases the difficulty of modeling. The
instantaneous change of the electron distribution immediately
after optical excitation can be calculated as [10]

Af o< fo(E = Ep)[1 = fo(E)] = fo(E)[1 —fo(E +Ep)] (1)

where f; is the Fermi-Dirac distribution at the initial temperature
before the excitation and E, is the energy of the excitation photon.
The coefficient of the proportionality is related to the fluence of the
excitation. Physically, this means electrons within an energy span
of E, are excited from states below Ef to states above Er. In this
work, the initial temperature is 298 K and the pump has photon
energy of 1.55eV. The comparison between the change of the elec-
tron distribution due to the nonthermalized electrons based on
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Fig. 4 Dependence of amplitude of the transient reflectance
signal on AT, probed by 490 nm with linear fitting indicated by
the black line
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Eq. (1) and due to the fully thermalized electrons is illustrated in
Fig. 5. To compute Fig. 5, T, is calculated using the TTM with
pump fluence 5.28 mJ/cm? (see Sec. 5) to quantify the thermalized
Fermi-Dirac distribution. The two distribution functions are nor-
malized with respect to the peak of the thermalized Fermi—Dirac
distribution, and the proportionality coefficient in Eq. (1) is
obtained by assuming the areas enclosed by the two curves are
equal. The nonthermalized distribution evolves into the thermalized
distribution mainly through interaction among the hot electrons.
When probed in the two sides of EF, the contribution from the ther-
malized electrons is much larger than that from the nonthermalized
electrons while the contribution from the thermalized electrons is
almost zero and the transient reflectance signal is dominated by the
nonthermalized electrons when probed far off Ef.

To illustrate the influence from the nonthermalized electrons,
transient reflectance is measured using 1300 nm pump and 800 nm
probe on gold films of varying thickness. At 1300 nm, the pump

L e e L o o o o o o o L s o o o B

""" Nonthermalized
—— Thermalized

0.5 [

Normalized Af
)
5
!
!
}
!
)
:
}
L

Fig. 5 Comparison between the change of the electron distri-
bution due to the nonthermalized electrons based on Eq. (1)
and due to the thermalized electrons (the vertical dashed line
indicates the states probed by 800 nm)
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Fig. 6 Transient reflectance signals of gold films of varying
thickness excited by 1300 nm and probed by 800 nm

excites only free electrons in the s/p band. The results are shown
in Fig. 6. For samples thicker than 80 nm, the signals are featured
by a fast decay within 1 ps. Such a fast relaxation process cannot
be modeled by the TTM with a reasonable value of G, which
assumes fully thermalized electrons. This nonthermalization pro-
cess was accounted for by adding a time constant to the excitation
pulse width in the TTM [14], but this method only improves the
fitting to the rising edge of the transient reflectance. The fast
decay is caused by the fast thermalization of the electrons. With
probe at 800nm (1.55eV), the contribution to the signal mainly
comes from the perturbation of the states 0.92eV below the ITT,
2.47¢eV, as indicated by the vertical dashed in Fig. 5. After ther-
malization of the electrons, which typically takes less than 1 ps
[10-13], these states are hardly perturbed and thus the signal
evolves within 1 ps into a period determined only by lattice heat-
ing. The relative contribution from the nonthermalized electrons
to the transient reflectance signal is larger for thicker films since

1F 3 g (a)

Normalized (-4AR/R)

Delay/ps

heat diffusion and ballistic transport reduce the contribution from
the thermalized electrons, consistent with the observation in
Ref. [10]. This explains why good or at least close fitting can be
achieved on gold films thinner than 80 nm in literature [4,5,15], in
which the samples were probed at 800 nm. However, for the pur-
pose of thermal modeling, it is more appropriate to use a probe
wavelength so that the nonequilibrium electrons contribute little
to the signal, such as 490 nm for gold. As shown in Sec. 5, the
transient reflectance signals can be well modeled using the TTM
when probed at 490 nm.

5 Analysis of the Electron-Phonon Coupling Rate

While the previous work finds electron relaxation time inde-
pendent of the probe wavelength in the vicinity of the ITT [10],
varying relaxation times are detected when probed with wave-
length farther from the ITT. Figure 7(a) shows normalized
transient reflectance signals using 800nm pump with fluence
5.28 mJ/cm” and probed using photon energy below ITT. Within
this range, AR is negative due to the increased empty states or
holes below Er created by the excitation. The decay rate of the
signal indicates how fast these holes are filled with the cooling
electrons or, in other words, how fast the holes relax. Gold has a
face centered cubic crystal structure with one atom per primitive
cell. Therefore, gold has three acoustic phonon branches and the
carrier—phonon coupling is only through interaction with acoustic
phonons, the characteristic time of which should scales with
(ElkgT)~ ' [16]. Here, E refers to the energy of the electrons or
holes, kg is the Boltzmann constant, and 7 is the temperature.
Therefore, carriers with higher energy should scatter with acoustic
phonons at a faster rate, which makes physical sense since such
carriers can emit phonons with a broader energy range. Since
probe of longer wavelength detects holes with higher energy, it
detects faster decay. If probe with longer wavelength (>600nm)
is used, the effect from the nonthermalized electrons begins to
show up. In addition, states farther below Ef are probed with long
wavelength. Perturbation to these states after thermalization of the
electrons is smaller and disappears earlier during cooling of the
electrons compared with states closer to Ex as shown in Fig. 3(a).
Thus probe with long wavelength sees smaller perturbation and
shorter relaxation time. Therefore, the relaxation time detected as
such underestimates the time required for the electrons and the
phonons to reach thermal equilibrium. Figure 7(b) shows

i - ®)

Normalized AR/R

Delay/ps

Fig. 7 Dependence of the electron relaxation time on the probe wavelength: (a) probe photon energy below ITT; (b) probe
photon energy above ITT (470 nm and 460 nm are generated from third harmonic of the OPA output so the noise level is larger

due to more nonlinear processes involved)
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normalized transient reflectance signals using 800 nm pump with
fluence 5.28 mJ/cm? and probed using photon energy above ITT.
Similar to using probes with photon energy below ITT, probes
with photon energy farther from ITT detect faster relaxation.
Accordingly, measurements without considering the wavelength
dependency may result in large deviation in estimating the cou-
pling factor G, which describes the electron system as one entity
with one unified temperature regardless of the energy levels. Prob-
ing with 490 nm detects states most affected by thermal excitation,
and therefore the relaxation time or G probed by 490 nm reflects
the time for electrons and phonons to reach thermal equilibrium.
To show the merit of using a proper probe wavelength, the
TTM is applied to model the transient heat transfer process with
G as a free variable. The width of the heating pulse including the
thermalization time of electrons is taken as 280 fs to fit the rising
edge of the transient reflectance. Immediately after the excitation,
the high-energy electrons can propagate into the deeper part of the
sample with a speed near the Fermi velocity, which is called
ballistic motion [8]. The effect of ballistic motion is an extension
of the region, where the laser energy is deposited and which is
characterized by the ballistic depth. The ballistic depth of elec-
trons in this work is taken as 200 nm for gold [18], and the uncer-
tainty caused by this value will be analyzed later. The surface
reflectance and the optical penetration depth for 800 nm are 0.97

and 12.44 nm, respectively. The other parameters are the same as
those in Ref. [4]. The evolution of AT, is compared with the nor-
malized transient reflectance signal probed by 490 nm, as shown
in Fig. 8 for four different pump fluences. For these four fluences,
the maximums of T, are 368 K, 427K, 481K, and 528 K, all of
which are much lower than the Fermi temperature of gold
(6.42 x 10*K) and within the range for assuming a linear relation
between AR and AT,. The calculated AT, is almost proportional to
AR except for the measured signal always has a flatter peak, which
is also found in Ref. [8]. This discrepancy should not be caused
by the limited temporal resolution (on the order of 100 fs) in the
measurement since the rising edge is captured well, which is the
most steep part on the signal. It is perhaps caused by contribution
from intraband transition of the probe photon, which tends to
reduce the reflectance. In Fig. 8, except for the small deviation
near the peak, the relaxation process is well matched up to 4 ps,
after which the contribution from heating of the lattice is mani-
fested. For all the fluences, the value of G is found to be
1.5 x 10" W/(m® K).

The ballistic depth may incur some uncertainly, whose value
varies in literature from 105 nm [8] to 200 nm [17]. The value of
G obtained by fitting should increase with increased value of the
ballistic depth because large ballistic depth reduces the tempera-
ture gradient, weakens the diffusion effect in the calculation and
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Fig. 8 Comparison between the transient reflectance signals of bulk gold with the AT, calculated by the TTM for pump fluence
(a) 1.76 mJ/cm?; (b) 3.52 mJ/cm?; (c) 5.28 mJ/cm?; and (d) 7.04 mJ/cm?
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stronger electron-phonon coupling is needed to maintain the same
cooling rate. With this consideration, fitting is also performed
using a ballistic depth of 100nm and 150nm. For 100nm,
G =1.3 x 10"°*W/(m> K) renders the best fitting while for 150 nm
G =1.4 x 10"*W/(m> K). Therefore, it is seen that the value of G
does not vary significantly when the uncertainty of the ballistic
depth is considered.

Compared with the published results obtained by transient reflec-
tance measurements (2.9 x IOIGW/(m3 K) probed by 800nm [7],
2.7 % 10" W/(m® K) probed by 630nm [18], 4.0 x 10'°W/(m® K)
probed by 615 nm [19], and 2.2 x 10'*W/(m® K) probed by 785 nm
[20]), the value of G in this work is relatively small. As analyzed
previously, this is because the probe photon energy in these previous
works is farther from the ITT and thus states farther from E are
detected. The thermal perturbation to these states is smaller and dis-
appears before electrons and the lattice reach equilibrium as shown
in Fig. 3. Therefore, these measurements tend to overestimate the
electron-phonon coupling rate. In Ref. [8], 500nm probe was used
and G was measured to be 2.1 x 10" W/(m> K), closer to the result
in this work. The drawback of using 500 nm probe is that the probed
states are too close to Ex and the hybrid feature discussed previously
begins to show up, which can be seen from the negative long-term
signal for samples thicker than 100 nm in Ref. [8]. This effect speeds
up the decay of AR toward zero, resulting in an artificially large
value of G.

Finally, we want to point out the analysis described above can
be extended to other metals for optimizing experiment configura-
tion and simplifying the modeling effort, provided that the band
structure is known. For instance, probing slightly away from the
ITT of copper (577 nm, 2.15eV), may render the best sensitivity
to electron excitation in transient reflectance measurement [21,22]
and more accurate information on electron-phonon coupling.

6 Conclusion

In summary, transient reflectance of gold is investigated using
ultrafast spectroscopy with varied probe wavelength. The depend-
ence of the signal on the probe wavelength is demonstrated and ana-
lyzed. It is shown that the signal is most sensitive to electron
excitation when probed around 490 nm. Additionally, a simple lin-
ear relation between AR and AT, with minimized impact from the
nonthermalized electrons is obtained around this wavelength. The
TTM is applied to obtain the electron-phonon coupling factor by fit-
ting the transient reflectance signal probed at 490nm. This work
points out the importance of using proper probe wavelength for the
study of electron-phonon coupling. With detailed information of the
band structure, the analysis in this work can be extended to other
metals for study of transient heat transfer by ultrafast spectroscopy.
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