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Abstract The thermionic emission of the single-layer

gold thin film and the two-layer film was assembled by

gold padded with other metals (Ag, Cu, and Ni) and irra-

diated by the femtosecond laser pulse. Additionally, the

emission was simulated by a two-temperature model

combined with the Richardson–Dushman equation. It was

found that the two-layer metal structure can change the

electron temperature of the gold surface and control the

thermionic emission compared with the single-layer gold

film. With the same laser fluence, the two-layer film

structure may shorten the duration of thermionic emission,

and the duration of the thermionic emission can be further

optimized by changing the proportion of thin film thickness

with gold layer in the two-layer structure. The result can be

especially beneficial in the context of ultrafast electron

emission induced by femtosecond laser.

1 Introduction

The interaction of femtosecond laser pulses with metals has

become the topic of most concerns thanks to its increasing

significance and contribution in many applications [1–4].

Femtosecond laser irradiation metal is a complex process

[5]. When the metal surface is irradiated by a femtosecond

laser pulse, the electron temperature tends to increase

rapidly in an extremely short period of time since specific

heat capacity of the electron is very low. Consequently, the

great temperature difference between electron and lattice is

generated. The nonequilibrium energy transport of electron

and lattice will take place on account of the electron–lattice

coupling mechanism [6]. Based on the nonequilibrium

electron heating process, laser-induced electron emission

tends to give rise to several applications, such as laser

driven electron sources [7, 8] and ultrashort x-ray pulses [9,

10]. Additionally, the produced electron emission has also

been widely used for plasma diagnostics [11, 12], excited

electron lifetimes [13], ultrafast electron dynamics in

metallic surfaces [14, 15], surface states [16, 17], and so

forth.

The femtosecond laser-induced ultrafast electron pulse

can be generated by the optical field emission [18, 19] or

the photoemission [20, 21]. Both of the processes of

produced electron emission will be inevitably attached to

the thermionic emission [22] under femtosecond laser

pulse irradiation. The mechanism of thermionic emission

with femtosecond laser irradiation metal has been studied

by many researchers [23, 24]. The tailing phenomenon of

the thermionic emission can be observed in the published

data [25, 26]. In the applications of ultrafast electron

emission, people consider that the duration of electron

emission is much shorter. Therefore, the studies on the

reduced tailing phenomenon and decreased thermionic
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emission duration are of great importance to the appli-

cations of the ultrafast electron emission. On the grounds

of physical mechanism of thermionic emission [27, 28],

the thermionic electron emission comes from the metal

surface electrons with the higher temperature, and these

electrons can overcome the potential energy barrier. The

number of emitted electrons is determined by the electron

temperature [29]. By decreasing the electron temperature

of metal surface after laser irradiation, the thermal energy

of electrons cannot overcome the binding potential,

also known as the work function of metal. The tailing

phenomenon of thermionic emission, therefore, can be

reduced.

Due to the nonequilibrium process of femtosecond laser

heating metal, some researchers started to work on the

electron dynamics mechanism in two-layer metal films

which is irradiated by femtosecond pulsed laser [30–32].

By the two-layer structure, the electron temperature of

metal surface can be obviously reduced after femtosecond

laser irradiation so that the thermionic emission can be

optimized. In this paper, the two-layer structure was

introduced into the thermionic emission under femtosecond

laser irradiation. In addition, femtosecond laser heating of

the single-layer gold or the two-layer gold padded with

other metal materials, such as silver, copper, and nickel,

was investigated numerically. The predicted results indi-

cated that the additional layer metal can accelerate the

decay of surface electron temperature. Furthermore, the

thermionic emission of gold surface will be optimized

accordingly. The study can be especially advantageous in

the context of femtosecond laser-induced ultrafast electron

emission.

2 Mathematical model

2.1 Two-temperature model

The period of time for the action that metals are heated

with femtosecond laser pulses is significantly much less

than electron–lattice relaxation time. Therefore, when

calculating the temperature, it is necessary to adopt the

two-temperature model (TTM) [33–35] which takes into

account the heating of electron subsystem relative to the

lattice subsystem. The radiation energy is initially absorbed

by free electrons and then transferred to the lattice. The

lattice is therefore already heated by the pulse ends. The

one-dimension two-temperature equation is given below

[36–38]
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where C stands for the volumetric heat capacity, k is the

thermal conductivity, T represents the temperature, G is the

electron–lattice coupling constant [39], t is the time, and x

is the depth. The subscripts e and l represent the electron

and lattice, respectively. The heat source S can be modeled

with a Gaussian temporal profile [40]
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where R is the target reflection coefficient, tp is the full

width at the half maximum (FWHM) with the linear

polarization, a is the penetration depth including the bal-

listic range, I is the incident energy, and b ¼ 4 lnð2Þ.
The electron heat capacity is proportional to the electron

temperature when the electron temperature is less than the

Fermi temperature as Ce ¼ cTe [41] and c ¼ p2nekB=2TF.

ne is the density of the free electrons, and kB is the

Boltzmann’s constant. The lattice heat capacity can be set

as a constant due to its relatively small variation as the

temperature changes. As the temperature changes, the

variety of lattice heat capacity is relatively small, which is

considered as a constant.

The electron heat conductivity can be expressed as ke ¼
ke0BTe=ðAT2

e þ BTlÞ [42], where ke0, A, and B are material

constants. The lattice thermal conductivity is therefore

regarded as 1 % of the thermal conductivity of bulk metal

since the mechanism of heat conduction in metal mainly

depends on electrons [43].

Many of the ultrafast laser heating analyses are carried

out with constant electron–lattice coupling factor G.

However, due to the significant changes in electron and

lattice temperatures induced by high-power laser heating,

G should be considered as a temperature dependent

(G ¼ G0ðAðTe þ TlÞ=Bþ 1Þ, where G0 is the coupling

factor at room temperature) [44, 45].

For the two-layer structure, the position of the interface

is x = l. For the two-layer thin film, the two-temperature

equation (Eqs. 1, 2) for studying thermal behavior in the

two-layer metal thin film can be expressed as follows: [46]
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2.2 Thermionic emission

If the temperature of conduction electrons in metal is high

enough, the tail part of the Fermi–Dirac distribution leaks

into the vacuum level, resulting in thermionic electron

emission. The rate of thermionic emission from metal is

represented by the Richardson–Dushman equation [47–49].

J ¼ 4pm

h3

� �
ðkBTeÞ2 exp � eu

kBTe

� �
ð8Þ

where kB is the Boltzmann constant, u is the work function

of the metal [50], m is the mass of the electron, and h is the

Planck constant. In the equation, the photoemission is

ignored. According to the physical mechanism of the

photoemission, the photoemission will not generate the

tailing phenomenon after femtosecond laser irradiation.

2.3 Initial and boundary conditions

In order to solve Eqs. (4, 5, 6, 7), the electron and lattice

subsystems are considered to be at the same initial tem-

perature (T0 = 300 K). The initial conditions are as

follows:

TI
eðx; 0Þ ¼ TI

l ðx; 0Þ ¼ T0 ð9Þ

TII
e ðx; 0Þ ¼ TII

l ðx; 0Þ ¼ T0 ð10Þ

The boundary conditions are as follows:
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At the interface of the film (x = l), the two-layer thin

film is in perfect thermal contact. Therefore, we set the

boundary conditions of the interface as follows:
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3 Result and discussion

The laser light source employed in the simulation process

was a 100-fs laser with the wavelength of 800 nm. The

surface reflectivity of gold was R = 0.974. The values of

the thermal physical parameters adopted in these calcula-

tions are listed in Table 1 [51–55]. Figure 1 shows the

comparison of normalized calculated electron temperature

and normalized experimental transient reflectivity [56]

under femtosecond pulse laser irradiation. The laser fluence

was 6 mJ cm-2. The change in electron temperature (DTe)

directly was related to the change in the reflectivity (DR/R).

The expression was DR/R = aDTe [56–58], and the coef-

ficient a was a constant. Figure 1 presents a reasonable

agreement between the numerical result and the experiment

result. Therefore, it was convinced that the numerical

simulation method is credible.

The time dependence of calculated electron temperature

on the surface of single-layer gold is demonstrated in

Fig. 2a. The thickness of single-layer gold film was

200 nm. The laser fluence was 50, 100, 500, and

1,000 mJ cm-2, respectively. We can see from this plot

that electron temperature rose rapidly at the surface region,

with that attained the maximum of surface electron tem-

perature. After femtosecond laser irradiation, the surface

electron temperature decreased with the delay time due to

the effect of heat diffusion in the free electron gas [38, 42].

The decay time of electron temperature increased along

with the increase of femtosecond laser fluence. Figure 2b

shows the temporal evolution of thermionic emission cal-

culated from Fig. 2a and Eq. (8). It indicated that the peak

intensity of the thermionic emission was significantly

Table 1 Physical parameters for the four metals

Au Ag Cu Ni

G0 1017 Jm�3 s�1 K�1
� �

0.21 0.31 1.0 3.6

c Jm�3 K�2
� �

68 63 97 1,065

ke0 ðJm�1 s�1 K�1Þ 318 428 401 90

Cl ð106 Jm�3 K�1Þ 2.5 2.5 3.5 4.1

a ð10�9 mÞ 13.7 12.9 12.2 13.5

A ð107 s�1 K�2Þ 1.18 0.932 1.28 0.59

B ð1011 s�1 K�1Þ 1.25 1.02 1.23 1.4

Fig. 1 The comparison of simulated and experimental results
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increased by increasing the laser fluence. The tailing of

thermionic emission was obviously prolonged with the

increase of laser fluence [25, 48, 59].

In general, the thermal parameters for metals are phys-

ically originated from free electron thermal movement and

coupling of electron–lattice in the metal [35, 36]. For two-

layer metal film, the thermal parameters, such as the

electron–lattice coupling strength, can vary significantly

with different layers of the assembly [30, 31]. The two-

layer metal film under femtosecond pulse laser irradiation

would take on the different thermal behavior of the electron

and lattice for the different substrate metal [46]. Therefore,

the variation of electron temperature will be affected

accordingly. The electrons with higher temperature lead to

thermionic emission. And the corresponding thermionic

emission of the two-layer metal film will be largely

affected by changing the substrate metal.

Figure 3a, b shows the variation of electron temperature

and lattice temperature at the surface with the delay time

for the single-layer gold film and the gold-coated two-layer

metal films irradiated by femtosecond pulse laser. The laser

fluence was 100 mJ cm-2. The thickness of the single-

layer gold film was 200 nm. The two-layer metal film was

a 100-nm-thick gold layer padding on a 100-nm-thick

silver layer, a 100-nm-thick copper layer, and a 100-nm-

thick nickel layer, respectively. In Fig. 3a, the electron

temperature rose rapidly at the metal film surface, attaining

all surface electron temperature maximum with 4,696 K

for Au, Au/Ag, Au/Cu, and Au/Ni. The surface electron

temperature decreased along with the time due to the heat

diffusion effect of free electron gas in a very short delay

time (about 1 ps). With the increase of the delay time, the

distributions of the surface electron temperature for four

different metal film assemblies were already noticeably

different. The decay rate of electron temperature of single-

Fig. 2 The evolution of electron temperature (a) and thermionic

emission (b) with the delay time at the different laser fluence. The

thickness of single-layer gold is 200 nm. The laser fluence is 50, 100,

500, and 1,000 mJ cm-2, respectively

Fig. 3 The evolution of electron temperature (a) and lattice temper-

ature (b) with the delay time at the surface, the distribution of lattice

temperature (c) with the depth at the delay time of 20 ps for single-

layer Au film (200 nm), Au/Ag two-layer film (100 nm Au and

100 nm Ag), Au/Cu two-layer film (100 nm Au and 100 nm Cu), and

Au/Ni two-layer film (100 nm Au and 100 nm Ni). The laser fluence

is 100 mJcm-2
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layer gold film was less than that of the two-layer metal

film. And, the two-layer structure also reduced the gold

surface lattice temperature, as shown in Fig. 3b. Figure 3c

shows the distribution of lattice temperature with the depth

at the delay time of 20 ps. It was noticed that the distri-

bution of lattice temperature had big ups and downs in the

interface region of the two-layer films. At the range from 0

to 100 nm, the lattice temperature of single-layer gold film

was higher than that of two-layer films. In the case of the

two-layer assemblies, at first, electrons established an

extended energy deposition depth in the gold layer [39, 40].

Then, these electrons penetrated into the padding layer and

started to couple their energy to the lattice. The coupling

efficiency of the padding layer was much faster than the

counterparts in the top gold layer due to large electron–

lattice coupling coefficient (shown in Table 1). The effect

resulted in reducing electron temperature of gold surface.

The rapid decay rate of the electron temperature would

reduce the duration of the thermionic emission tailing.

The thermionic emission of gold-coated two-layer metal

film surface calculated from Fig. 3a and Eq. (8) is clearly

presented in Fig. 4a. As can be seen from this figure, the

tailing phenomenon of thermionic electron emission

irradiated under femtosecond laser pulse was obviously

reduced by the two-layer structure. The duration of electron

emission of four metal films (including Au, Au/Ag, Au/Cu,

and Au/Ni) was 5, 4.2, 2.7, and 2 ps, respectively. As

shown in Fig. 4b, among three gold-coated two-layer metal

films, Au/Ni was the most effective assembly (the elec-

tron–lattice coupling coefficient is largest). The duration of

the thermionic emission tailing was reduced to 40 %

compared with the single-layer gold. In the process of

femtosecond laser heating metal film, electron temperature

became very high at the surface by absorbing laser energy,

resulting in large electron thermal conductivity [34, 42].

Therefore, electrons could quickly transfer energy to the

internal electrons of second-layer metal. The reason for

that was the second-layer metal had larger electron–lattice

coupling coefficient (G), and the energy was then rapidly

transferred to the lattice of the second-layer metal. An

increase of electron temperature gradient was present [60,

61], resulting in faster electron energy transfer. The surface

electron temperature of gold layer would therefore be

reduced. The second-layer tended to serve as an energy

sink absorbing the thermal energy of the first-layer

Fig. 4 a The evolution of thermionic emission with the delay time

for single-layer Au film (200 nm), Au/Ag two-layer film (100 nm Au

and 100 nm Ag), Au/Cu two-layer film (100 nm Au and 100 nm Cu),

and Au/Ni two-layer film (100 nm Au and 100 nm Ni). The laser

fluence is 100 mJ cm-2. b comparison of electron emission duration

(left axes) and percentage (right axes)

Fig. 5 The evolution of the thermionic emission (a) and the changed

ratio (b) with the laser fluence for single-layer Au film (200 nm), Au/

Ag two-layer film (100 nm Au and 100 nm Ag), Au/Cu two-layer

film (100 nm Au and 100 nm Cu), and Au/Ni two-layer film (100 nm

Au and 100 nm Ni). The laser fluence is 50, 100, 500, and

1,000 mJ cm-2, respectively
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electrons. It may accelerate the decay of surface electron

temperature, and the duration of the thermionic emission

tailing was reduced.

With that, we calculated the duration of the thermionic

electron emission with the laser fluence. Figure 5a shows

that the duration of the thermionic emission of gold for

single-layer and two-layer films increased monotonically

with the laser fluence. In comparison with the single-layer

metal film, the increase of the duration was much slower

for the two-layer metal films. Meanwhile, the duration of

single-layer gold was longer than the duration of the gold-

coated two-layer film. The ratio of thermionic emission

duration of the gold-coated two-layer film to the single-

layer gold was calculated through the duration of two-layer

film divided by the duration of single-layer gold, as shown

in Fig. 5b. The ratio decreased with the laser fluence in the

range from 10 to 100 mJ cm-2. Continue to increase the

laser fluence, the ratio was almost constant. For Au/Ag

two-layer film, the thermal parameters (Table 1) between

Au and Ag were very close to each other so that the ratio of

Au/Ag two-layer film was above 80 %. However, the ratio

of Au/Cu and Au/Ni may even reach around 50 % for the

higher laser fluence.

Above the section, we mainly discussed the effect of the

laser fluence for the duration of the thermionic emission at

the fixed proportion of thin film thickness of gold layer

(100 nm) and substrate layer metals (100 nm). Next, the

evolution of gold-coated two-layer metal thermionic

emission with the thickness of the gold layer thin film was

investigated. The thickness of the gold layer was l,

changing between 50 nm and 150 nm. The interval was

10 nm. The thickness of the substrate layer was L -

l (L = 200 nm). Figure 6 shows the duration of the

thermionic emission as a function of the thickness of the

gold layer for four laser fluence (including 50, 100, 500,

and 1,000 mJ cm-2). It is clearly suggested that the

increase of laser fluence could wholly lead to the signifi-

cant increase of the duration of the thermionic emission for

the three different two-layer metal film assemblies. At

higher laser fluence, the duration of electron emission was

reduced obviously by decreasing the thickness of the gold

layer for two-layer metal films of Au/Ag and Au/Cu.

However, for the high laser fluence (1,000 mJ cm-2),

compared with Au/Ag and Au/Cu, the abnormal change on

the Au/Ni could be observed. In the thermal physical

parameters of Ni (Table 1), the electron heat conductivity

was low compared with the other metals (Au, Ag, and Cu).

When the laser fluence was higher, the energy of the laser

heating electron could not be transferred quickly [1, 44]. So

that electron of gold surface electron was at a higher

temperature in a relatively long time [38]. Therefore, it can

be concluded that we should not only choose the metals

with the large electron–lattice coupling coefficient as the

second-layer of two-layer metal film, but also choose the

metals with large electron heat conductivity.

4 Conclusion

In conclusion, a numerical solution of the two-temperature

model combined with the Richardson–Dushman equation

had been performed up to the thermionic emission of

femtosecond laser-heated single-layer gold film and the

gold-coated two-layer metal films. For the same laser flu-

ence, the single-layer gold film and the two-layer metal

films (including Au/Ag, Au/Cu, and Au/Ni) would lead to

the different evolution of gold surface electron temperature

and the corresponding duration of thermionic electron

emission. The gold-coated two-layer metal films could

shorten the duration of electron emission compared with

the single-layer gold film. At the higher laser fluence, the

Fig. 6 The evolution of electron emission duration with the thickness

of gold layer for the different laser fluence: a Au/Ag two-layer film,

b Au/Cu two-layer film, and c Au/Ni two-layer film. The laser fluence

is 50, 100, 500, and 1,000 mJ cm-2, respectively
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duration of the thermionic emission tailing was reduced to

around 50 % by the two-layer structure. Additionally, the

duration of thermionic emission could be further optimized

by changing the proportion of thin film thickness of gold

layer in the two-layer structure. Besides, as choosing the

second-layer metal, not only the metals with large elec-

tron–lattice coupling coefficient as the second-layer of two-

layer metal film should be chosen, but also the metals with

large electron heat conductivity. This result could optimize

the thermionic electron emission in the applications of

ultrafast electron beam source generated by femtosecond

laser irradiation metal.
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