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Distribution characteristics of metal film eruption

induced by nanosecond pulse laser

Ma Bin'?, Han Jiaqi'?, Wang Ke'?, Huang Qiushi'?, Jiao Hongfei'?, Guan Shuang'?

(1. Institute of Precision Optical Engineering, School of Physical Science and Engineering, Tongji University, Shanghai 200092, China;
2. Key Laboratory of Advanced Micro-Structure Materials, Ministry of Education, Shanghai 200092, China)

Abstract: Thermo-mechanical damage occurs when a metal film layer is irradiated by a high-power nanosecond
pulse laser. High temperature and high pressure induce the thermal evaporation of the metal film layer and
particles outward ejection. Most of the ejected particles are in atomic and ionic states. In the energy dispersive
spectroscopy analysis test, multiple sets of standard samples for comparison experiments was used to calibrate the
test results in this paper, and an estimated method was given to calculate the number of deposited atoms based on
the results. The differences of the eruption of Al film under different vacuum environments and atmospheric
environments irradiated by different laser fluences were compared. And the eruption and spatial distribution
characteristics of metal films with different melting points were compared. The experimental results were further
analyzed and explained by combining the transient images captured by pump-probe technology.
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0 Introduction

The ejected particles or vaporized metal atoms
caused by laser-induced optical elements damage are
actively injected into the central high-temperature plasma
region of the Tokamak device. From this step, we can
infer the plasma disturbance and intensity distribution and
analyze the correlation between the injected particles and

plasma!' 2.

The interaction between nanosecond pulse
laser and metal film layer is primarily the thermal-
mechanical effect®, which is closely related to thermal
absorption, diffusion, and conduction. When a high-power
laser induces damage in a metal film, the strong
absorption will increase the temperature and pressure in
the partial film layer, and the plasma ball will form and
constantly extend and expand. The thermal effect and
stress increase as the temperature and pressure increase
gradually until the effect and stress exceed the tensile
strength of the material'. Finally, the metal film layer is
fractured, melted, and evaporated. This process is called
laser-induced damage or laser ablation”™. A large
number of studies show that the degree of laser ablation is
related to laser wavelength, pulse width, and properties of
the material (i.e., absorption rate, thermal diffusion,
melting point, and boiling point)® "\

During eruption, a small portion of the metal film
peels off and is jolted by a reverse force to start flying
outwards, which is similar to the ejection of particles'* .
However, the metal film layer is mainly ejected in the
evaporative state, the evaporated atoms and a small
number of layers of peeling block films are depleted
during ejection. Thus, the received or injected number of
particles is a crucial factor to consider in studying the
plasma status in Tokamak and the process of thermal
evaporation eruption'.

Energy Dispersive Spectroscopy (EDS) is used to
evaluate the information on deposited atoms by detecting
the relevant elements and obtaining the relative atomic

ratio and quality ratio of different elements"”. Given the

lack of the electron beam detection depth, specific X-ray

escape ability of metal atoms at different depths, and total
number of detected atoms collected in the test area,
calculating the number of metal element atoms via the
EDS method is impossible. Although pulsed laser depo-
sition technology is more concerned with depositional
efficiency and state, the deposition effect can be estimated
by pulsed laser only when the film layer has a certain
thickness

cumulative effects!®. Consequently, obtaining information

and quality differences with long-term
on the eruption and deposition of particles of the metal
film layer under the action of a single pulse laser is
difficult.

In this paper, we aim to develop an estimated method
for calculating the number of particles ejected from a
metal film layer irradiated by a single pulsed laser. By
preparing a series of standard samples and calibrating the
EDS detection depth, information on the escape intensity
of specific signals of metal elements at different depths is
obtained. Moreover, the amount of metal elements
deposited on the external receiving plate is estimated. By
using pump-probe imaging technology, the transient
eruption characteristics of metal films are captured, the
differences between the vacuum and atmospheric
environments are evaluated. On the basis of the deposited
atomic ratio of different experimental conditions, the

factors influencing metal eruption are analyzed.
1 Experimental setup

As shown in Fig.1(a), the Laser-Induced Damage
Threshold (LIDT) measurement system that includes
pump-probe imaging technology is used. The 1064 nm
wavelength laser with 10 ns pulse width is used as the
pump laser, whereas the 532 nm wavelength laser with
8.5 ns pulse width is used as the probe laser. The transient
process of metal film ejection at different times is
captured by adjusting the length of the relative path of the
two beams. Using a lens with a focal length of 300 mm,
the spot diameter is determined to be approximately
0.1 mm. The particle receiving plate is placed behind

25 mm of the sample; information on the submicron-sized
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particles is monitored by an online microscope. The
atomic-state metal elements formed by thermal evapor-
ation are deposited on the receiving plate, and the
distribution of the elements is measured by EDS.

Figure 1(b) shows the small vacuum devices employed to

Pump Jp=1 064 nm

obtain a low vacuum degree of about 100 Pa by using a
mechanical pump. Thus, the differences in the character-
istics of metal film eruptions under vacuum and atmo-

spheric environments can be compared and analyzed.

Nd: YAG laser
*—
10 ns

< Pm—
Pump Apr=532 nm

1 Splitter

Vacuum
chamber

‘I‘;’,EPBS

Receiver Micro

Vacuum

& Receiving
plate

Fig.1 Schematic of experimental equipment. (a) LIDT test system with pump-probe technology; (b) A small vacuum system

2 Evaporation model of metal film

2.1 Distribution of Al atoms

To calculation of particle number, the proportion of
metal elements on the receiving plate is measured by
EDS. After ejection, the ratio of the metal elements
reaching the receiving plate to the total number of metal

elements ejected is calculated. The calculation is divided

into two parts: (1) the number of particles of metal
elements in the damaged area is determined, and (2) the
number of particles of metal elements on the receiving
plate is computed.

The number of particles of metal films ejected is N,
which is expressed as:
_Adp.

N,
M

NA (1)
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where A is the damaged area after eruption on the surface
of the metal films; d is metal film thickness; p is metal
density; M is the molar mass of the metal; and NA =
6.02x 107,

The distribution area of the particles on the receiving
plate is a circle. Starting from the center of the circle,
along a certain direction of the radius, r is a fixed distance
for the EDS test and the test areas S are all the same until
the metal elements no longer appear. The result of the
EDS test is the proportion of metal elements in several
different test areas, which is Py%, P,%, P,%,---,P,%.
Furthermore, the number of particles in the ring area with
a width of Ar=r between the test points is the same, and
this number is an arithmetic average of the density of the
inner and outer rings.

The number of metal particles received on the

receiving plate is N,, which is expressed as:
Ny= > Ap, @)
n=0

where A, is the nth ring area. A, is a circle with a radius
of r and the center of the circle as the circle center,
Ay =nrt A, =3nrt A, = 5ar?, -+ LA, = 2n+ Drr?. The
density of particles in the nth ring area is p,:

’ Pn%+Pn+1%
N 2 _ 3hpSi02NA Pn%+Pn+l%
S Mo, 2

P = 3)

where N'is the total number of SiO, particles in the test
area S and detection depth . N' is approximated to the
total number of particles.
Finally, the percentage of particles of metal elements
received by the receiving plate 77 is expressed as:
n= % x 100% 4)
Then, the experimental results are calibrated by a
series of standard samples. Using the aforementioned
method to calculate the density of the number of particles
of metal elements in the EDS test area, the number of
particles in area S and depth % is approximately

considered as the total number of test particles in the

volume. However, the number of particles that EDS can

detect plummets with the penetration depth. Therefore,
the result needs to be corrected and calibrated. The steps
for producing the standard sample are as follows:

(1) An Al film layer is coated with a thickness of d|,
(1 um) on a fused silica substrate, marked as Class I
sample;

(2) SiO, film layers of different thicknesses are
coated onto Class I sample; the thicknesses of the SiO,
film layers are integral multiples of 0.25 um, marked as
Class II samples;

(3) The Al ratio of Class I and Class II samples are
measured by EDS, and the Al ratio of Class II samples are
modified by using the measurement results of Class I
sample;

(4) The thickness of the SiO, film layer and the
modified Al ratio curve are plotted. When the Al ratio is
0, the thickness of the SiO, film layer is the penetration
depth of EDS.

As shown in Fig.2, the EDS penetration depth is

approximately 1.65 pm, and the total number of particles

. . 38 hpgio, NA .
detected in Equation (3), N’ = = Psioy is fixed:
SiOy
38 psio, NA (165
N’ =LJ q%-dh ~
Mo, 0
38 psio,NA < %o+ i1 Yo
2P0 TENT 955 2T A 5
Mo, — 2
100% | = Al element ratio
@ Fit of Al element ratio
5 80% f
g
5
= 60% |
k51
g
5 40% |
[}
Y
= 20% ¢t
S
[}
o oL

0 03 06 09 12 15 18
Thickness of SiO,/um
Fig.2 EDS measurements of 1 um Al layer embedded in different depths
of SiO, film. The horizontal coordinate is the thickness of the
SiO, film layer, and the ordinate is the proportion of the quality of
Alelements obtained by EDS. The measuring area is 50 pmx=100 um,

the scanning time is 25 s, and the electron beam energy is 10 keV

202100364
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where ¢,% is the proportion of particles that can be
detected by EDS under different thicknesses obtained

from the experiments; and 0.25 pum is the film thickness

step.
Equation (3) becomes:
N, pn% + Pn+l %
_ 2 _ 3h,pSiOZNA pn%+Pn+l% (6)
= s T Mso, 2

d % %
where I’ = E 0.25x % can be defined as the
n=1

equivalent penetration depth. The result of this calculation
is /' =0.27 um. Actually, the results of EDS measure-
ments of several metals are compared. The difference
between the penetration depth and equivalent depth is not
significant, which means that the penetration ability of
specific X-ray signal to SiO, or fused silica is similar.
Under very high laser fluence, the metal layer and
substrate of the Class I sample are damaged simul-
taneously, and most of the ejected particles are microns in
size. The main component is SiO,, which is mainly from
the substrate itself, and the metal elements adhere to the
SiO, particles. By contrast, under proper laser fluence,
only the metal layer is damaged, and thermal evapor-
ation ejects additional particles in atomic and ionic states.
After a period of ejection and flight, the particles are
deposited on the surface of the receiving plate. Th-
rough EDS measurements, the relative mass ratio of
the metal elements can be obtained. The experimental
results show that most of the metal elements are
distributed within 2 mm on the receiving plate center
which is placed 40 mm behind the sample, and the size

of the film-peeling area is about 100-200 pum by 0.1 mm

laser spot diameter.
2.2 Impact of environment and laser fluence
Differences in environments and laser fluences.
Using Equations (1), (2), (4) and (6), the total number of
atoms ejected by the Al film layer, the total number of
atoms deposited on the receiving plate, and the deposited
proportion can be determined. The distribution charac-
teristics of Al elements on the receiving plate under
different laser fluences in the atmospheric and vacuum
environments are compared. As shown in Fig.3 and
Tab.1, the thickness of Al film is 1 um, which is coated by
electron beam evaporation. The total number of ejected
particles, the number of deposited particles, and the
deposited proportion are roughly calculated. Figure 4
gives the damage morphology of Al film. Because of the
stable film structure and the small internal stress, the
damage morphology shows to be symmetrical.

Under the same laser fluences, the size of the

Ejection angle of Al element/(°)
0 22 44 66 88 11.013.215417.6 19.8

3.5% T T T T T T T T

—=—/- 0-Energy density 33 J/cm?

2 3.0% —eo-/- o-Energy density 42 J/cm?

5} 24/- &-Energy density 50 J/cm?

E 25% t

(5]

=< 2.0% |

[

S 15% |

; 1.0% | \

S 05% |, .. o N

& Solid icon for atmospheric environment "\

0 Open icon for vacuum environment

0 1000 3000 7 000 9 000
2 000 4000 6 000 8000

Distance from center point/um

5000

Fig.3 Distribution characteristics of Al particles in atmospheric and

vacuum environments under different laser fluences

Tab.1 Number of Al particles received by the receiving plate under different conditions

Environment Laser fluence/J-cm >

Total ejected particles

Total received particles Percentage of reception

33 1.2481x10'

Atmosphere 42 1.3814x10'
50 1.9798x10'

33 1.2011x10'

Vacuum 42 1.4448x10'
50 2.0198x10"

7.2583x10" 58.16%
7.2847%10" 52.73%
1.0892x10' 55.01%
4.8924x10" 40.73%
5.6541x10" 39.13%
7.3754x10" 36.52%
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Fig.4 Damage morphology of Al film deposited by electron beam

evaporation

damage of Al films in the atmospheric environment is
close to that of the vacuum environment. In the
atmospheric environment, about 50%-60% of the metal
particles are usually received by the receiving plate. In the

vacuum environment, this proportion is slightly lower.

Because the oxygen-assisted combustion and reinforce-
ment of plasma mass will not occur in the process of
metal film damage, in which the plasma eruption will
exert a secondary heating and kinetic energy transfer
impact on metal atoms. Figure 5 shows the transient
images of Al film in vacuum and atmospheric environ-
ment. The light of the detection area in the transient
images is shielded, and a black region is formed. The
transient eruption profile of the metal is related to the
melting point, heat transfer coefficient, local temperature,
flammability, and level of thermal evaporation. By
comparison, it is easier to form strong plasma region in
atmospheric environment. Moreover, in the atmospheric
environment, the blocking effect of atmospheric molecules

on the ejected atoms during flight is not significant.

Fig.5 Transient ejection characteristics of Al film at 90 ns in different environments captured by pump-probe image technology. (a) Atmospheric

environment; (b) Vacuum environment

2.3 Difference of different metal films

Compared with Al film, W film has a higher melting
point (Al has a melting point of 660 °C and W has a
melting point of 3410 °C). The eruption process caused
by thermal damage is affected by the high melting point
and heat transfer of W film, which is significantly
different from Al. In particular, the thermal stress required

to cause damage of the same size and thermal evaporation

effect is greater, and the laser energy is stronger.

Figure 6 shows the ejection transient images of 5 pm
thick Al and W films in a vacuum environment at 90 ns
delay. The ejection morphology is related to the metal
characteristics, and the difference is very obvious. These
characteristics also determine the distribution and
proportion of the ejected atomic metal elements, as shown

in Tab.2 and Fig.7. The receiving plate receives W

Fig.6 Transient image of (a) Al and (b) W film ejection in 90 ns under vacuum environment

20210036-6
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Tab.2 Number of Al and W particles received by the receiving plate under different conditions
Environment Fluence/J-cm™ Element Total ejected particles Total received particles Percentage of reception
Al 1.39428x10' 9.04330008x10" 64.86%
At h 33
mosphere w 1.09506x10'° 2.28100998%10'° 20.83%
Al 1.34463x10' 7.80557715x10" 58.05%
Vacuum 33 i
w 8.71092x10" 1.965183552x10" 22.56%
Ejection angle/(°) will form uniform distribution, even in the molten state or
0 22 44 66 38 110132154176 19.8 as droplet-type debris, thereby reducing the number of
"7 —e/~o-5umAlfim . . .
2.5% —e/—0-5 ﬁlm W film particles deposited on the receiving plate.
Solid icon for atmospheric .
2.0% environment open icon for In sum, by preparing a standard sample for EDS
9 vacuum environment . . .
B 15% | tests, the penetration depth of EDS is calibrated and the
)
2 1o0% L specific X-ray escape ratio at different depths is obtained.
g I
< 0.5% Then, the distribution of metal elements on the sample
. 0 r
surface is approximately analyzed by EDS measurements.
oL
S S This method is necessary to estimate the number of atoms

2 000 4000 6 000 8 000
1000 3000 5000 7 000 9000

Distance from center point/um

Fig.7 Distribution characteristics of Al and W element on the receiving

plate in atmospheric and vacuum environments

significantly less than Al.
3 Conclusion

In addition, with the increase in laser fluence, the
number of atoms received and the ejection angle
increase, mainly concentrated in the range of 16°-20°,
but the overall atomic reception ratio has not changed
substantially or even slightly decreased due to loss
effect.

Laser-induced thermal-mechanical damage causes
the metal film layer to peel off. Only the metal layer is
damaged, the metal is heated until it evaporates, forming
an eruption of steam mass. It can be inferred that if the
film structure is loose, uneven, too thick, or high stress
inside, then residual debris is ejected. This phenomenon
can substantially reduce the number of particles deposited
on the receiving plate. Also, if the melting point is high
and the metal is flammable, then the entire film layer
evaporates incompletely both in the atmospheric and

vacuum environments. A large number of molten particles

deposited after laser-induced thermal evaporation of a
metal layer. Moreover, the number of deposited atoms of
Al in the vacuum and atmospheric environments is
calculated, and a detailed analysis and explanation are

provided.
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