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This paper uses finite element method to obtain the three-dimensional temperature field of laser-induced transient

thermal grating (TTG) for two-layered structure of diamond film on ZnSe substrate. The numerical results indicate that

unique two-times heating process is gradually experienced in the area between two adjacent grating stripes. However,

there is a little change for the temperature field along the depth direction for the diamond film due to its great thermal

conductivity. It further finds that the thickness of the diamond film has a significant influence on the temperature field

in diamond/ZnSe system. The results are useful for the application of laser-induced TTG technique in film/substrate

system.
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1. Introduction

In recent years, the development of infrared (IR)
materials in particular for the 812 um spectral range
has increased interest in the study of ZnSe.['=% ZnSe
has a good transmittance property in the IR region,
and hence a potential application in IR windows, es-
pecially for high-power IR lasers such as CO; laser
at 10.6 um and airborne IR sensor systems operat-
ing within the 8-12 ym atmospheric window. How-
ever, the mechanical, thermal and chemical properties
of ZnSe are not enough to withstand severe environ-
mental conditions such as abrasion, chemical attack
or aerodynamic load. In order to improve the lim-
its of ZnSe, one possible way is to use a diamond
thin film as the protective coating on ZnSe due to
the excellent mechanical and thermal properties.[!l In
this case, the absorbed heat in diamond film due to
photo-irradiation is considered to affect the proper-
ties of ZnSe window because of the worse transmission
(0.03-0.05cm™! at 10.6 um) of diamond film by a two
orders of magnitude lower than that (0.0005cm™") of
ZnSe. Thus, the thermal analysis becomes very im-
portant to design the diamond/ZnSe system.

Many thermal analysis methods such as the laser-
induced thermal analysis have been established in

order to manufacture high-quality protective coat-

ing on ZnSe. For example, Yang et al anal-
ysed YbF3/ZnSe system numerically using alternat-
ing direction-implicit technique.l! However, most of
them are difficult to be applied in diamond/ZnSe sys-
tem because of the high thermal conductivity and
small thickness for diamond film.[") Recently, laser-
induced transient thermal grating (TTG) technique is
found to be an efficient way to determine the ther-
mal diffusivities of bulk materials due to its advan-

[8—11] How-

tages of non-contact and non-destruction.
ever, no complete principle of the TTG technique is
established for diamond /substrate system.[®1% In or-
der to develop the laser-induced TTG technique into
an effective method of quantitative inspection for di-
amond /substrate system, it is necessary to study the
transient temperature distribution generated by laser-
induced TTG and then establish the relation between
the parameters of materials and the temperature field.
Therefore, it is meaningful to make theoretical anal-
ysis on thermal properties of diamond film heated by
laser-induced TTG. The analysis of the temperature
field for diamond/ZnSe system is significant and help-
ful for the measurement of the laser-induced TTG
technique and the design of the diamond/ZnSe sys-

tem.
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In this paper, finite element method (FEM) is
introduced to simulate the temperature field of the
two-layered diamond/ZnSe system by laser-generated
TTG. The overall temperature distribution and the
temperature evolution of the diamond/ZnSe system
are presented. In order to investigate the influence of
the thickness for the diamond film and the substrate
effect on the temperature field, a thickness dependence
of the diamond film is discussed in detail. We find that
the temperature field in the diamond/ZnSe system is
sensitive to the thickness of the diamond film.

2. Theory and numerical method

Before analysing the temperature field for dia-
mond/ZnSe system, let us describe details of the TTG
technique for determination of the thermal diffusiv-
ity in a two-layered film. As shown in Fig.1, two
pulsed, intersecting, coherent pump beams (A and B)
irradiate with a finite angle ¢ of inclination on the
sample surface to produce interference bands of low
and high irradiance. The excess heat due to the op-
tical absorption within the sample generates a cor-
responding grating pattern of thermal expansion on
the sample surface. This surface grating decays with
time, since the associated spatially modulated, sinu-
soidal temperature field tends to equilibrate through
thermal diffusion within the sample. The TTG sig-

nal is detected by measuring the diffracted intensity
of a continuous-wave probe beam (indicated by C in
Fig.1), and the thermal diffusivity of the sample can
be extracted from the decay of the laser-probed TTG
signal.'% Here, L and A are thickness of the film
and distance between the neighbouring stripes, respec-
tively, which are described as well as the other symbols
and subscripts used in this paper in Table 1. Accord-
ing Ref.[8], the distribution of the light intensity I in
the sample can be expressed as

I =2Iy(1 - R)exp(—0z)[1 + cos(2mz/A)]. (1)
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Fig.1. Optical configuration of TTG technique on a two-
layered film. A and B are two pulsed, intersecting, co-
herent pump beams irradiate with a finite angle 2¢ of
inclination on sample. C' is the continuous probe beam. L
is thickness of the film. A is distance between the neigh-
bouring stripes.

Table 1. Nomenclature of symbols and subscripts in this paper.

a,b/m length and width of the sample
c/(J-kg=1 - K~1)  specific heat

d/m film thickness

h/m thickness of the substrate

m number of layers

ro/m laser radius

to/s rise time of laser pulse

t/s time

T,Y, 2 cylindrical coordinate

Ip intensity of pump laser

Qo absorbed laser energy of a pulse
R reflection index

T/K temperature

] heat-capacity matrix

(K] heat-conduction matrix

[N] interpolation function array
[P] temperature-load array
(D] temperature array

Greek symbols

af/(m?.s71) thermal diffusivity

B/m~1 optical absorption coefficient
k/(W-m~1.K~1)  heat conductivity
p/(kg-m~3) density

A thermal grating constant
subscripts

i material layer

\% element volume

e element

The excess heat due to the optical absorption
within the sample generates a corresponding grating
pattern due to thermal expansion on the sample sur-

face. If the illuminating pulsed laser is a Gaussian

beam with radius ry, the absorbed optical energy is

then transformed as a heat source in m-layered me-

dia, which can be written as['?
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Qz,y,2,t) = ffo

i=1

t t
where g(t) = 72 OXP <_t> represents the laser pulse
0 0
shape.
The temperature distribution T'(z, y, z, t) satisfies

the thermal diffusion equation

1 0Ti(z,y, 2,t) _
Q5 ot o Kj ’

(3)

where T;(z,vy, z,t) represents the temperature distri-

_Q(z,y,2,t)

Vzﬂ(z7y, Z’t) -

bution at time ¢, and ¢ indicates the material layer.
In the two-layered diamond/ZnSe structure, the laser
irradiation (at 10.6 ym) is considered to act as a heat
source in the diamond film, and the ZnSe substrate
is regarded as transparent to the pulsed laser. The
initial and boundary conditions can be written as

T(z,y,2,t) |i=0 = 300, (4)
T (z,y,2,t) T (x,y, z,t) B

ey - 20 0
T (x,y,2,1) 0T (z,y, 2,t)

0 0= gy =i =000

Supposing that there is a perfect thermal contact at
the interface between the diamond film and the sub-
strate, we have

ﬂ'(l',y,Z,t) |Z:d :Ts(x,y,z,t) |Z:d (7)
and
T (z,y, z,t) OTs(x,y, 2,t)
— —_— | = = —Rg———(F—— |2=d » 8
2 ima = —K P |l2=a , (8)

where the subscript f and s stands for the film and
substrate, respectively.

In order to investigate the temperature distribu-
tion heated by laser-induced transient thermal grat-
ing in the film-substrate system, the FEM is adopted
due to its flexibility in modelling layered structures
and its preponderance to get full field numerical
solution.'3:14) The general FEM form of heat conduc-
tion Eq.(3) can be written by

[Cl{@} + [K){@} = {P}, (9)

where the elements of heat capacity matrix [C], heat
conduction matrix [K] and temperature-load array

2 (1 = R)[1 + cos(2mx/A)] Hﬁi exp <

2 2 m—1
z jgy )exp l (Z (@)%) di + B

g(t), (2)

i=1

{P} can be expressed by

Cij = Z/V pCNideV,

ON; ON; ON; ON;
K. — i OV i OV
K ze:/v [kx ox 0z "y By
ON; ON;
O v (10)

and

P, :Z/V gN;dV. (11)

Therefore, combining the initial and boundary condi-
tions of Eqgs.(4)—(8), we can obtain the temperature
field by solving Eqgs.(9)—(12) with central difference
method.

3. Numerical results and discus-
sion

Based on the theory described above, we have cal-
culated the temperature field in the diamond/ZnSe
system. In our calculations, we suppose that the
thickness d of the diamond film changes from 5 pm
to 50 pm, while that of the substrate is maintained to
be 0.2mm. Because the d-value is in the range of pm,
very fine meshes are required to resolve temperature
distribution in the film. Therefore, we compress the
model without affecting the overall thermal analysis
and assume that both the length a and the width b
of the samples equal to 1.7mm. Moreover, the opti-
cal and thermal parameters of the diamond and the
substrate are listed in Table 2.['5:16] T addition, the
rise time tg and the radius ro of the pulsed laser are
taken to be 3ns and 1 mm, respectively. The absorbed
laser energy Qg is deemed to be 20J and the thermal
grating constant A is 100 ym.

The top-viewed contour graphs of transient tem-
perature field of the diamond/ZnSe system with d =
10 pm at various times ¢ are shown in Fig.2, where
(a), (b), (c) and (d) correspond to the time ¢ of 1.5, 9,
54, 400 ns, respectively. The heating process and heat
diffusion of the thermal grating induced by the pulsed
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Table 2. Optical and thermal parameters of diamond and ZnSe.

b ti fhi-
density /(K -3y specific heat/  thermal conductiv- j:()trp ;:n . ;O; ed
ensity /(Kg-m 1 1 . 1 o1 ien infrar
-k ‘K ty /(W - -K
(J- ke ) ity/(Wem ) light range/m ™!
diamond film 3500 509 2300 5
ZnSe 5360 335 19 ~0

laser are clearly observed. During the short period (0
9ns), the thermal grating is formed and the tempera-
ture increases abruptly due to the absorption of laser
energy in the diamond film, as shown in Figs.2(a) and
2(b).
of the diamond film decreases quickly as a result of the

In the following subsequence, the temperature

300

300.293

300.586

300.879

301.171

301.464

301.757

302.05

302.343

302.636

7300
302.128
304.256
306.384

308.512

310.64

312.767

314.895

317.023

319.151

high thermal conductivity for the diamond. Moreover,
the thermal grating becomes smeared with the passage
of the time, as shown in Figs.2(c) and 2(d). The heat
propagates from the film to substrate with the time
processing.

3

o

0

302.143

304.285

306.428

308.571

310.713

312.856

314.999

317.142

319.284

300

301.477

302.955

304.432

305.909

307.387

308.864

310.341

311.819

313.296

Fig.2. Top-viewed contour graphs of the transient temperature field for diamond/ZnSe system at different times:

(a)—(d) correspond to the time of 1.5, 9, 54, 400 ns, respectively.

We further investigate the temperature evolution
in the diamond/ZnSe system at the centre of laser ir-
radiation (z,y = 0) in different depths z. In Fig.3,
the solid, dash, dot and dash-dot curves represent the
calculated results for z =0, 2.8, 6.1 and 10 um, respec-
tively. We find that the surface temperature at z =
0 pm rises rapidly during the pulsed laser irradiation
(~9mns), and then decreases due to the thermal diffu-
sion in the film. With the increment of the depth z,
the peak temperature and the rate of the temperature-
rising decrease, which are ascribed to the less absorbed

energy in the deeper location and the heat propaga-
tion process from the top to substrate.

Figure 4 shows the time dependence of the sur-
face temperature along the grating direction (z direc-
tion) at various z-values: solid, dash, dot, dash-dot
and dash-dot-dot curves correspond to z = 0, 12, 24,
35 and 47 pm, respectively. With increasing z-value,
the peak value of the temperature decreases due to
the Gaussian space distribution of the laser heating.
When the z-value reaches 24 pm, which is just smaller

than the quarter of the thermal grating constant
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Fig.3. Temperature evolution of the diamond/ZnSe sys-
tem at the centre of laser irradiation (r = y = 0) in
different depths z: solid, dash, dot and dash-dot curves
correspond to z = 0, 2.8, 6.1 and 10 um, respectively.
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Fig.4. Time dependence of the surface temperature for di-
amond/ZnSe system along the grating direction (z direc-
tion): solid, dash, dot, dash-dot and dash-dot-dot curves
correspond to x = 0, 12, 24, 35 and 47 pm, respectively.
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(A/4 = 25 pm), the two times heating is experienced.
The first time heating is generated by the direct heat-
ing with the laser pulse, whereas, the two times heat-
ing is induced by the thermal energy released from
the thermal grating with higher temperature. With
further increasing the z-value to 47 um, which is close
to the half of the thermal grating constant, the phe-
nomenon for the two times heating becomes signifi-
cant.

In order to find the film-thickness influence on the
temperature field in the film/substrate system, we cal-
culate the temperature fields with changing the thick-
ness d of the diamond film in the range from 5 pym to
50 um, while fixing the thickness of the substrate to
be 0.2mm. Figures 5(a) and 5(b) show the temper-
ature evolution at two representative positions of (0,
0, 0) and (35 um, 0, 0) with different thickness of the
diamond films, respectively. The overall tendency of
the temperature evolution does not change distinctly
with increasing the d-value, as shown in Fig.5(a). We
find that both the peak temperature and the decay
rate increase, which are ascribed to the more absorbed
laser energy for the thicker diamond film. As shown
in Fig.5(b), the two times heating can also be clearly
observed. One can easily observe that there exist sig-
nificant inflection points at about 9ns between two
heating processes. The first part from 0 to 9ns is di-
rect heating due to the laser absorption, while the sec-
ond part from 9 to 400 ns is indirect heating resulting
from heat transferring. By comparing Fig.5(a) with
Fig.5(b), we can clearly find the speed of the heat
transferring from high temperature section in the

312 - .
310 1 T T
3084 ol -

306 1 diamond/ZnSe: d-0.2 mm

—d=5um

Temperature/K

304 4
---d=10pum
302 A ceee d=20pm
—=-d =50 pum
300 T T T 1
0 100 200 300 400

Time/ns

(b)

Fig.5. Temperature evolution for diamond/ZnSe system at (a) « = 0 and (b) « = 35 um with different thickness
d of the diamond films: solid, dash, dot and dash-dot curves correspond to d = 5, 10, 20 and 50 um, respectively.
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middle of the stripe to the central points between two
adjacent stripes. Due to the absorbed heat is easily
transmitted to the deeper position (z-direction), the
phenomenon of the two times heating becomes smooth
with further increasing of the thickness of the diamond
film.

With the obtained transient temperature field, we
can further determine the displacements of the sam-
ple surface due to thermal expansion effect. Large
deformation occurs in high temperature section while
small displacement emerges in low temperature part.
The surface grating decays with time, since the associ-
ated spatially modulated, sinusoidal temperature field
tends to equilibrate through thermal diffusion within
the sample. The time-variable TTG signal can be de-
tected by measuring the diffracted intensity of a probe

beam, as shown in Fig.1. Thus, the thermal diffusiv-

ity information of the diamond film can be extracted
from the simulation of decay for the TTG signal.

4. Summary

We have calculated the three-dimensional temper-
ature fields in the diamond/ZnSe system irradiated by
laser-induced TTG with FEM. We find that the thick-
ness of the diamond film has significant influence on
the temperature distribution in the film. The peak
temperature in the laser-irradiated centre abruptly in-
creases, whereas the two times heating becomes ob-
scure with increasing the thickness of the diamond
film. Our results indicate that TTG technique may
be a good method to characterize the thermal proper-
ties of the diamond/ZnSe system.
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