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Abstract—Multi-layer metal films such as metallic coatings on metal substrate are important elements in
modern engineering applications. Specifically, gold-coated metal mirrors are widely used in high-power
laser systems. This work studies microscopic energy deposition and transport processes during short-pulse
laser heating of multi-layer metals: the absorption of radiation energy by free electrons and the energy
exchange between electrons and the lattice. The results show that multi-layer metals present very different
thermal responses from single-layer metals during the heating process. In a gold and chromium multi-layer
film, although laser energy is absorbed by free electrons in the top gold coating layer, most of the absorbed
energy is converted into lattice energy not in the gold layer but rather in the underlying chromium layer.
The underlying chromium layer reduces the lattice-temperature rise of the top gold layer significantly
during short-pulse laser heating, suggesting a new way to increase the resistance of mirrors to thermal
damage in applications of high-power lasers.

INTRODUCTION

MULTI-LAYER metal thin-films are widely used in
engineering applications since a single metal layer
often cannot satisfy all mechanical, thermal and elec-
tronic requirements. A better understanding of energy
transfer in such multi-layer systems is critical in many
applications. For example, high-power infrared-laser
systems often use gold-coated metal mirrors because
of their extremely high reflectivity—typically over 97%.
Even with such high reflectivity, a small but significant
portion of laser energy is still absorbed in the coatings,
which can cause excessive heating and thermal dam-
age to the mirrors.

Conventionally, the thermal design of mirrors is
based on the Fourier heat conduction model [1, 2]. As
predicted from the Fourier model, materials with a
higher thermal diffusivity spread heat faster, which in
turn reduces the risk of thermal damage. Therefore,
the thermal diffusivity is often considered the most
important thermal parameter in choosing coating and
substrate materials [3]. This design concept is valid
for systems with relatively long laser pulses. But, for
high-power and short-pulse lasers, this concept is sub-
ject to question since its physical basis—the Fourier
heat conduction model—might not be valid in the
short time-scale. For example, non-Fourier heat con-
duction has long been considered [4-8] and observed
in many materials at cryogenic temperatures [9-13].

Laser heating of metals involves two major micro-
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scopic energy deposition processes: absorption of
radiation energy by free electrons and subsequent
heating of the metal lattice through electron-lattice
collisions. Kaganov ef a/. {14] predicted a finite rate
of energy exchange between electrons and the lattice.
Anisimov et al. [15] proposed a phenomenological
model to describe effects of the electron—lattice energy
exchange on laser heating of metals. They predicted
that free electrons can be heated to a temperature
much higher than the lattice temperature during high-
power laser heating. Such electron-lattice non-equi-
librium heating processes have been observed recently
in many single-layer metals [16-20]. The non-equi-
librium laser-heating processes result in a totally
different thermal response of the metal lattice com-
pared to predictions from the conventional Fourier
conduction model [15, 21]. Non-equilibrium laser
heating of multi-layer metals, however, has not been
studied.

The purpose of this work is to investigate energy
transfer in multi-layer metals during short-pulse laser
heating. The present paper (Part 1) and the following
paper (Part II) will focus on theoretical and exper-
imental studies, respectively. The major effort is to
investigate effects of underlying metals on the thermal
response of the top coating layer. This study also
addresses the necessary introduction of an additional
parameter besides the thermal diffusivity—the elec-
tron-lattice coupling factor—to characterize thermal
properties of coatings and substrates in the thermal
design of mirrors.
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NOMENCLATURE
C heat capacity [T m—> K] Iy characteristic laser heating time [s]
G electron-lattice coupling factor Z, laser pulse duration [s]
Wm?K™] T temperature [K]
J laser pulse intensity [J m™?] x spatial coordinate [m].
—1
k Boltzmann constant [J K™} Greek symbols
L film thickness [m] N L .
. d radiation penetration depth [m]
m effective mass of electrons [kg] ] - 11
. 5 K thermal conductivity [W m™' K]
n electron number density {m ] electron relaxation time [s]
Q  heat flux [Wm~?] t a '
R surface reflectivity Subscripts
S source term [W m ™" 0 reference temperature
t time [s] € electron
t. electron-lattice thermalization time, eq equilibrium
t. = Ceo/G [8] £ lattice.

LASER HEATING MECHANISMS

Laser heating of metals is commonly described by
the Fourier heat conduction model as:

C%—tT=V-(KVT)+S, 1)
where C is the volumetric heat capacity, « is the ther-
mal conductivity, and S is the laser heating source
term. The Fourier model can be called the parabolic
one-step radiation model (POS) due to its two major
assumptions. First, radiation energy is assumed to be
converted into lattice energy instantaneously. Second,
energy transfer in solids is assumed to be a diffusion
process.

During short-pulse laser heating, these basic
assumptions of the POS model are subject to question.
For example, wave-type propagation of heat, instead
of diffusion, has been proposed [4, 22], which results
in the hyperbolic one-step radiation heating model
(HOS):

T

o _v.Q+s, @)
ot

0

r—(g— +xkVT+Q =0, 3)

where Q is the heat flux and 7 is the relaxation time
of free electrons in a metal.

Anisimov ef al. [15] proposed that the conversion
of radiation energy into internal energy is not instan-
taneous but involves two energy-deposition steps: (1)
radiation heating of free electrons; and (2) the sub-
sequent energy redistribution between electrons and
the metal lattice. By further assuming that the electron
and the lattice sub-systems can be characterized by an
electron temperature, 7., and a lattice temperature,
T,, respectively, they proposed a parabolic two-step
radiation heating model (PTS):

Ce(Te)a(TT; =V - VI)-G(T.—T)+S, (4)

aT,
CAT) 5/ = G(T.~T), )

where C, and C, are the electron heat capacity and
the lattice heat capacity, respectively, and G is the
electron—lattice coupling factor.

Fann et al. [23, 24] studied the validity of using an
electron temperature to characterize the electron sub-
system. By comparing the measured electron dis-
tribution functions with those predicted from equi-
librium thermodynamics, the electron temperature is
found to be well defined after the initial few hundred
femtoseconds of laser heating. In the first few hundred
femtoseconds, the use of the electron temperature is
only approximate.

Qiu and Tien [25] removed the assumptions regard-
ing instantaneous radiation deposition and diffusive
energy transport in the POS model and derived a
hyperbolic two-step model (HTS) rigorously from the
Boltzmann transport equation for electrons:

oT.
CAT,) 5 = -V Q-G(T.—T)+S, (6)
oT,
CAT) 5= G(T.~T)), 7
Q T B
T};‘{‘F/KVTE-FQ——O. (8)

Figure 1 summarizes the interrelationship between
laser heating models based on three characteristic
times during laser heating: (1) the characteristic heat-
ing time, #,, which is either the laser pulse duration
or the time needed to heat a material to a certain
temperature ; (2) the electron relaxation time, 7 ; and
(3) the electron-lattice thermalization time, {. = C,/G,
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Fi1G. 1. Interrelationship between laser heating models

which is the time needed for electrons and the lattice
to reach thermal equilibrium.

LASER HEATING OF MULTI-LAYER METALS

Figure 2 shows a schematic diagram for laser heat-
ing of multi-layer metal films. Three film structures
are studied in this paper, including gold single-layer,
gold—chromium double-layer, and gold—chromium—
gold triple-layer films. The total film thickness is 1000
A in each case. Gold is chosen as the top layer due to
its wide usage in mirror coatings, and chromium is
chosen as the underlying layer because of its strong
electron-lattice coupling and short electron-lattice
thermalization time [26].

The electron—lattice thermalization time and the
electron relaxation time determine energy transfer
mechanisms during laser heating: whether energy
deposition is a one-step process or a two-step process,
and whether energy propagation is parabolic or hyper-

LASER PULSE

bolic. Figure 3 shows the thermalization time and
relaxation time of noble metals from 10 K to 800 K.
The thermalization time is taken from measurements
[27] and the relaxation time is estimated from its
relation to the thermal conductivity [28] :

3m
n’nk®T

o(T) = k(T), &)

where n and m are the number density and effective
mass of free electrons, respectively, and & is the Boltz-
mann constant. The thermal conductivity data are
from Powell and Ho [29] and the other physical con-
stants are from Kittel [28]. The thermalization time
depends on temperature very weakly, but the electron
relaxation time is extremely sensitive to the lattice
temperature, especially at low temperatures. It
increases dramatically as the temperature decreases,
e.g. from 0.04 ps at room temperature to about 10 ps
at 10 K. At high temperatures, the thermalization time

MULTI-LAYER FILM
Au Cr Au

N

FiG. 2. Schematic diagram for laser heating of multi-layer metal films.
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Fi1G. 3. Relaxation time and thermalization time of noble metals.

is longer than the relaxation time, indicating that the
effect of two-step non-equilibrium heating is stronger
than that of hyperbolic transport. At low tem-
peratures the situation is reversed.

Figure 4 presents application regimes of laser heat-
ing models for gold. The onset of non-equilibrium
laser heating and hyperbolic energy transport is
chosen as #, = 5¢, and ¢, = 57, respectively. The POS
model applies for slow heating processes, the PTS
model applies for fast heating processes at relatively
high temperatures, and the HOS model applies for
low-temperature and fast heating processes. In certain
low-temperature and fast heating regimes, the HTS
model must be used.

This work considers short-pulse laser heating at
room temperature and the case that the laser beam
diameter is much larger than the heat penetration
depth. Therefore, the heating process can be described
by the one-dimensional PTS model as simplified from
the HTS model:

0T, 06 (T, oT,
C(T) 7, —5;<;{x ax)—G(Te—T,)an, (10)
oT,
Co—=G(T.—T)), an

where the electron heat capacity is proportional to the

1(x) T T T T 1T T°7 T T T T 1T 1T r:
R ;
= N :
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Fi1G. 4. Application regimes of laser heating models for gold.
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electron temperature, and the thermal conductivity is
modified by the ratio of the electron temperature and
the lattice temperature. Equation (10) describes the
change of the electron energy as a result of heat
diffusion, energy exchange between electrons and the
lattice, and radiation absorption. Equation (11)
describes heating of the lattice through electron-lat-
tice coupling. In pure metals, energy transport by free
electrons is much greater than that by lattice
vibrations. Therefore, heat diffusion by the lattice is
neglected.

The spatial distribution of laser intensity is assumed
to be uniform, and the temporal shape of the laser
pulse is assumed to be Gaussian. By further neglecting
the temperature dependence of optical properties [30,
31], the laser heating source term in equation (10) is:

1-R x ty
S=094—1‘7J CXpI:—g—277 (;') :I, (12)

p p

where R is the reflectivity, J is the radiation pen-
etration depth, J is the total energy carried by a laser
pulse divided by the laser spot cross section, ¢, is the
full-width-at-half-maximum (FWHM) duration of
the laser pulse, and time ¢ = 0 is defined at the moment
when the peak of a laser pulse arrives at the metal
surface.

The initial conditions for both the electron and the
lattice systems are:

To(x, —2t,) = T,(x, —2t,) = T. (13)

During the short period of laser heating, heat losses
from the front and back surfaces of the film can be
neglected, leading to the thermal-insulation boundary
conditions,

oT,
Ox

_ 0T,
T oox

T

_or,
L

Ox

=0.

x=L

(14)

x=0 x=L x=90

At the gold—chromium interface, both the electron
heat flux and temperature are continuous:

T, 0T, T, 0T,
(T,K 6x>Au - <T,K ax>
Analytical solutions to the above equation are quite

intractable due to the strong non-linearity of equation
(10). The semi-implicit Crank—Nicholson scheme is
therefore employed to solve the equations numeri-
cally. The electron and lattice temperatures are iter-
ated for each time step until the convergence criteria
are satisfied (AT,/T, < 10~ *and AT,/T,, < 107°). A
uniform grid system is used with 400 grid points. The
total increase of the electron energy and lattice energy
is calculated at certain times and compared with the
absorbed radiation energy. The difference is within
0.1%. Furthermore, different grid spacing and time

steps are used to check the consistency and stability
of the numerical solutions. Material properties of gold

TeIAu = TelCr' (15)

Cr

2793

and chromium used in the simulation are listed in
Table 1.

RESULTS AND DISCUSSION

Figure 5 shows the transient temperature profiles in
a 1000 A thick gold film during femtosecond laser
pulse heating. The laser pulse duration is 0.1 ps and the
laser intensity is 500 J m~2. The temperature profiles
predicted from the PTS model and the conventional
POS model are distinctly different. The absorbed radi-
ation energy calculated from the POS model is con-
fined mostly within the radiation penetration depth
during the laser pulse, while the PTS model predicts a
much larger heated region. As a consequence, the peak
lattice-temperature rise predicted from the PTS model
is much smaller than that from the conventional POT
model. These differences could be very important in
processes in which the temperature and the size of
heated area need to be precisely controlled, such as
laser micro-fabrication. The temporal lattice-tem-
perature responses predicted from these two models
are also very different. The temperature predicted
from the conventional model begins to fall near the
end of the laser pulse. On the other hand, the lattice
temperature predicted from the PTS model is still
increasing at this instant, because the microscopic
electron-lattice interactions delay the lattice response
to the heating pulse.

The peak electron-temperature rise is one order of
magnitude larger than the peak lattice-temperature
rise, and electrons and lattice are strongly out of ther-
mal equilibrium with each other. The PTS model and
the conventional model also predict totally different
speeds of energy propagation. In the PTS model, elec-
trons transfer energy and their thermal diffusivity is
o, = k/C.. On the other hand, in the POS model, elec-
trons are in thermal equilibrium with the lattice, which
results in a much smaller thermal diffusivity,
deq = K/(C.+C,). The a,, is typically two orders of
magnitude smaller than a.. As a result, the PTS model
predicts a much more rapid energy transport and a
much larger heat-affected region than the con-
ventional POS model.

Figure 6 presents the temperature profiles in a gold-
chromium two-layer film during a 0.1 ps laser pulse
heating. The POS model predicts a weak effect of
the chromium underlying layer on the laser heating
process, but the PTS model shows a significant effect
of the chromium layer on both the electron tem-
perature and the lattice temperature responses in the
top gold layer. In the POS model, the laser energy is
deposited directly into the gold lattice and then the
absorbed energy propagates slowly in the lattice. Since
the thermal diffusivity of gold is o, = x/(C.+C,) =
1.2x107* m? s7 it takes about 7 ps for a heat pulse
to diffuse a 300 A distance. During the initial laser
heating process, the heat pulse does not travel far
enough to reach the gold—chromium interface and
thus does not feel the existence of the underlying chro-
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Table 1. Physical properties of gold and chromium used in simulation

Reflectivity, R = 0.93}

Radiation penetration depth, 6 = 15.3 nm?

Parameters Gold Chromium
Initial temperature (7,) 300 K 300K
Thermal conductivity (x) 3ISWm™' K ' 94Wm 'K 't
Lattice heat capacity (C,) 25x10°Jm ¥ K~ ' 33x10°Fm* K™t
Electron heat capacity (Ce) 21x10*Tm3K-'§ 58x10* Jm™3K™'§

Electron—phonon coupling factor (G) 26x10"Wm K'Y 42x10Wm K'Y

T Typical value for visible light, see 1.

1 American Institute of Physics Handbook (3rd Edn). McGraw-Hill, New York (1972).

§ Ref. [28].
€ Ref. [21].
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mium layer. After about 4 ps, the heat pulse reaches
this interface. Since chromium has a lower thermal
conductivity than gold, it slows down the propagation
rate of the heat pulse.

In the PTS model, laser energy is absorbed by free
electrons, which then undertake two simultaneous
energy transfer processes: (1) electron—lattice ther-
malization that transfers part of the absorbed radi-
ation energy from electrons to the local lattice ; and (2)
energy diffusion through random motion of electrons
that carries the rest of absorbed energy away from
the radiation absorption region. These two competing
processes have the opposite effects on the lattice-tem-
perature response. A stronger thermalization process
results in a more localized lattice-temperature dis-
tribution and a higher lattice-temperature rise. On
the other hand, a stronger energy diffusion process
spreads the absorbed energy to a larger region that
leads to a lower lattice-temperature rise. Due to the
small heat capacity of electrons, their thermal diffu-
sivity is very high, &, = k/C, = 1.5x 1072 m? s~! in
gold. It takes only about 100 fs for the heat pulse to
propagate across the 500 A thick gold layer and reach
the underlying chromium layer. Since chromium has
a larger electron-lattice coupling factor than gold, the
thermalization process in chromium is more rapid
than in gold. As a result, most of the absorbed radi-
ation energy is converted to the chromium Ilattice
energy, although it is absorbed in the top gold layer.
The lattice-temperature rise of chromium is about one
order of magnitude higher than the temperature rise
of the gold lattice.

Figure 7 shows transient temperature profiles in a
gold—chromium-—gold triple-layer film during 0.1 ps
laser pulse heating. For the POS model, the structure
change has negligible effects on the heating process.
Introducing the sandwiched chromium layer neither
increases or decreases the peak surface temperature
rise. The sandwich structure has, however, very strong
effects in the PTS model. The chromium layer blocks
the thermal transport carried by electrons due to its
fow thermal diffusivity. It also converts most of the
absorbed radiation energy to the lattice energy inside
the chromium layer, resulting in a sandwiched dis-
tribution of the lattice temperature.

Figure 8 presents the lattice-temperature response
of the gold surface during 0.1 ps laser pulse heating
of multi-layer metals. Results from the POS model
and the PTS model are very different. The POS model
predicts both a much higher temperature rise than the
PTS model and the independence of the temperature
response from the film structure. On the other hand,
the temperature response depends on the film struc-
ture strongly in the PTS model. The chromium layer
can reduce the lattice-temperature rise significantly.
These results indicate that during short-pulse laser
heating the microscopic energy deposition and trans-
port processes must be considered. Furthermore, the
thermal conductivity is no longer the unique thermal
parameter determining energy transfer during short-
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pulse laser heating; the electron-lattice coupling
factor, which characterizes the energy transfer
between electrons and the lattice, becomes an impor-
tant thermal parameter as well.

The fact that energy deposition to the lattice does
not occur where radiation energy is absorbed suggests
new potential concepts for the prevention of thermal
damage of mirrors in high-power laser applications.
For example, the top coating layer of metal mirrors
benefits from a material with both high thermal con-
ductivity and low electron-lattice coupling to reduce
the amount of lattice heating. Lattice defects in the
top layer generated during coating processes should
be minimized since these defects enhance the energy
transfer between electrons and the lattice [18]. It might
also be possible to introduce a layer of material
beneath the top metal coating as an electron heat sink
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that converts the absorbed radiation energy into the
lattice energy in this new layer instead of in the top
coating layer so that the coating layer is not over-
heated.

CONCLUSIONS

This work analyses energy transfer in gold and
chromium multi-layer films during femtosecond laser
heating. A regime map for the applicability of different
laser heating models has been constructed based on
the characteristic laser heating time-scales. The micro-
scopic radiation deposition and energy transport pro-
cesses have been shown to have significant effects on
the thermal response of multi-layer metals. A chro-
mium layer beneath the top gold coating layer can
significantly lower the lattice temperature rise of the
gold layer. Although the laser energy is absorbed in
the top gold layer, most of the absorbed energy is
converted into the lattice energy at the underlying
chromium layer instead of in the top gold layer. This
mechanism suggests potential new design concepts for
the prevention of thermal damage of mirrors in high-
power laser applications.
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