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A numerical model is developed for the calculation of transient temperature field of thin film coating
induced by a long-pulsed high power laser beam. The electric field intensity distribution of HfO2/SiO2
high reflective (HR) film is investigated to calculate the thermal field of the film. The thermal-mechanical
relationships are discussed to predict the laser damage area of optical thin film under long pulse high

energy laser irradiation.
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The problem of laser damage in optical materials has
been investigated for more than 40 years!!l because the
damage of optical components often represents a limita-
tion in laser performance. Coated components show a
lower resistance than bulk materials, therefore, analysis
is concentrated on thin film materials. Most attention is
paid to the studies of short-pulse laser irradiation dam-
age. As a result, damage mechanisms for short-pulse ir-
radiation are now well understood2=9. However, there
are little relevant reports on the millisecond long pulse
laser induced damage in optical thin films. Therefore, it
is significant to investigate the thermal-mechanical rela-
tionship of multilayer during long pulse laser irradiation.

A numerical model is established to study the thermal-
mechanical relationship of optical thin films under long
pulse laser irradiation. The electric field pattern of
HfO5/Si0O4 high reflective (HR) film at 1064-nm laser
is calculated. Thermal field distribution is calculated ac-
cording to the electric intensity, and the thermal-stress
is computed as well.

The electromagnetic field of laser obeys the Maxwell
Equation during the propagation in multilayer as follows:
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where Ey,Hy, are electric field and magnetic field in layer
k, respectively, ny is the refractive index of layer k, and
A is the wavelength of the light. We take the layer next
to the substrate as layer one, and the top layer as layer
N. The typical construction of HfO5/SiOo HR film at
1064 nm is G \(HL)A 12H| A, as shown in Fig. 1, where,
G indicates K9 glass, H and L represent a quarter-wave
optical thickness of high (HfOz) and low (SiOz) refrac-
tive index materials, respectively, and A is air.

The characteristic matrix'% of the film could be ex-
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Fig. 1. Structure of the film.
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According to the expression of Poynting vector I=
%Re (E - H*), the incidence of light intensity could be
expressed as

1 1
5Re(E CH*) = 5noRe (Y)|E?|, (6)

where 79 is the free space optical admittance, Y is the
combined optical admittance of multilayer. The light in-
tensity is

1 o1
Iy = 5Re (Ey - Hy) = Snong [ gl (7)

Electric intensity of any reference plane of the film could
be expressed as

5= o) . ®

The light intensity of any reference plane is I; = v |E; |2.

The intensity of the light meets Gauss distribution along
2

the direction of radius and I = Ipexp [ — , where

2
Iy is the peak intensity of the light, rq is the0 light spot
radius. @; = «;I;, where @); is the heat generation of
any reference plane, o; is the absorption coefficient of
any reference plane.

During the irradiation, the absorbed light energy is
transferred into the heat energy in the films, which obeys
the equation of heat conduction as
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The initial condition of the equation is T (r, z,0) = Tp.

The boundary condition of the equation is —k——
on _—

0. And C; and p; are the specific heat and density of the
layer of the multilayer, respectively.
The thermal-elastic equation is described as

do, 00w O
Jrz _ 1

0z or + r 0, (10)

do, L do, o —0p
or 0z r

~0. (11)

The constitutive relationship of the multilayer are ex-
pressed as follows:
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The geometric deformation relationship of the multilayer
are described as
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where ar’T:r = 0, uZ’T:r o = 0, bulk strain

e = & + €9 + &, and body stress © = o, + 09 + 0,
meets the equation e = ((1 — 2v)/X)O, where o, €, u
stand for stress, strain, and displacement, respectively.
X is Young’s model of each layer, v is the Poisson’s ratio.

Finite element method (FEM) is applied to calculate
the thermal and the stress distribution of the film. The
parameters of films and substrate are shown in Table
1. The thermal-stress of HfO5/SiOy film radiated by a
laser at 1064 nm under single pulse mode is simulated.
The power of the laser is 50 J/pulse, the duration is 1
ms, and the energy distribution of the light spot obeys
the Gauss distribution. The spot radius of laser is 1 pm,
and the peak power of the light is 3.2x10'° W/m2[10].

Figure 2 shows the distribution of electric field inten-
sity along the direction of the depth of the film. From
Fig. 2, it is found that the electric field intensity of
HfO5/SiO2 film decreases along the direction of the
depth of the film, which shows a typical standing-wave
field distribution.

Figures 3 and 4 show the temperature and the stress of
upper layer along the radial direction, respectively. The
temperature decreases from 420 K at the spot center
to 316 K at the periphery. The stress decreases from
140 MPa at the spot center to 30 MPa at the periphery.
It is obviously that the stress as well as the temperature
of the upper layer decreases along the radial direction.
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Table 1. Optical and Thermal Physical Properties of Multilayer!”

Layer Refractive Extinctive Specific Heat Heat Conductivity Young’s Model Possion’s Thermal Expansion
Index n Coefficient  J/(kg - K) (W - K)/m (GPa) Ratio (x 1079 K1)
G (glass)  1.52 1077 774 1.5 81 0.208 8.6
H (HfO,)  1.985 3x107° 480 2.0 240 0.243 5.6
L (Si0y)  1.465 1.2x107° 841 1.19 87 0.16 0.5
We could get that the stress at the spot center is higher 418
than that at any other positions. It is concluded that =)
the spot center is likely to be destroyed firstly during the 2 416
irradiation. = 4141
Figure 5 shows the temperature distribution along the E
axial direction. The temperature decreases from 420 K E 4121
at the upper layer to 407 K at the bottom layer slightly, £ 410
while the electric intensity distribution at the spot center ey 108
decreases rapidly. As is described in Fig. 2, the total et
thickness of the film is about 4 pym, and the radius of the 406 +— - - - - -
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Fig. 5. Stress along the direction of depth of film at the spot
center.
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Fig. 6. Temperature along the direction of depth of film at
the spot center.
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the upper layer to the bottom layer during the irradia-
tion easily. Most of the heat energy at the spot center
could not conduct to the margin area in 1 ms. So the
difference between the electric intensity distribution and
the temperature distribution can be explained.

Figure 6 shows the stress along the direction of depth
of the film at the spot center. We can get that the stress
of HfO, layer is much higher than that in SiOs layer and
the stress in HfO5 layer decreases along the direction of
depth, but the stress in SiOy layer increases along the
direction. As the absorption coefficient in HfO5 layer is
two times higher than that in SiOs layer, and the ther-
mal conductivity of HfO, is ten times higher than that of
SiO5, which lead to the stress mismatch of the layer. We
could get that the HfOy layers are likely to be destroyed
firstly during the irradiation.

In conclusion, the thermal stress of HfO5/SiOy film
under millisecond laser irradiation is investigated. It is
found that the electric intensity pattern plays an impor-
tant part in the distribution of films. The spot center
and the upper layer of HfO. layer are likely to be de-
stroyed firstly. The stress mismatch is the main reason of
the damage behavior during the high energy long pulse
laser irradiation.
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