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Abstract

Based on a 2D temperature model in cylindrical coordinate for multilayer thin films irradiated by a Gaussian laser

beam, the 2D temperature field for two-layer structures of a transparent diamond thin film on an opaque silicon

substrate is obtained by using FEM method. Besides, the influence of the heat conductivity of the diamond film on

surface temperature of the bilayered structures is also calculated. The results show that it may be a good method by

using the surface temperature attenuation curves to characterize the heat conductivity of the diamond film.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, diamond thin films are widely used in

thermal managements of microelectronics, optics and

sensors, due to its large heat conductivity [1]. However,

the high thermal diffusivity, transparency and small

thickness of diamond films make the thermal properties

of the thin film even more difficult to be measured than

for other materials [2]. Now many laboratories are try-

ing to develop more acute and convenient methods to

characterize the thermal properties of diamond thin

films. On the other hand, pulsed laser techniques are

widely used for characterizing the thermal properties of

bulk materials. Therefore, it is meaningful to make

theoretical analyses on the thermal properties of the

diamond films deposited on substrates characterized by

pulsed laser techniques.

The optical and thermal fields of multilayer thin films

deposited on substrates irradiated by a pulsed laser

beam have been studied theoretically by several authors

[3–5]. However, most of the works were limited to one-
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dimensional (1D) problem. Besides, Nakano et al. [6]

and Bianco and Manca [7] performed the two-dimen-

sional (2D) thermal analysis of the multilayer thin films,

such as a-Si, c-Si and TCO, etc., on glass substrates. In

other words, the films with optical absorption deposited

on transparent substrates were considered in the men-

tioned research work. However, the 2D thermal field for

the multilayer structures concerned a transparent dia-

mond film deposited on an opaque substrate Si wafer so

far has not ever been carried out.

In this paper, based on a 2Dmodel for multilayer thin

films irradiated by a circular Gaussian laser beam, the

thermal field distribution for a bilayered structure of a

diamond film on a Si substrate is obtained by a numerical

calculation of the finite element method (FEM). The

influence of the heat conductivity variation of the dia-

mond film on the surface temperature of the bilayered

structures is also discussed. Therefore, the theoretical

analyses combined with the related experiments can be

used to characterize the thermal properties of the films.
2. Theory

When a pulsed laser beam is incident on the surface

of a cylindrical sample with m-layered structure, the
ed.
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Nomenclature

c specific heat, J kg�1 K�1

C heat-capacity matrix

d film thickness, m

g laser pulse shape

K heat-conduction matrix

L thickness of the sample, m

m number of layers

N interpolation function array

P temperature-load array

Q0 absorbed laser energy of a pulse

R0 radius of the sample, m

r, z cylindrical coordinate

r0 laser radius, m

t time, s

t0 rise time of laser pulse, s

T temperature, K

Greek symbols

a thermal diffusivity, m2 s�1

b optical absorption coefficient, m�1

j heat conductivity, Wm�1 K�1

q density, kgm�3

U temperature array

Subscripts

i material layer

V element volume

Superscripts

T transposed operator

e element
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absorbed optical energy is then transformed as a heat

source in the media. If the illuminating pulsed laser is a

Gaussian beam with radius r0, based on the expression

of heat power density for a single layer [8]

Qðr; z; tÞ ¼ Q0b
2pr20

expð�r2=r20Þ expð�bzÞgðtÞ; ð1Þ

the heat power density of the heating source for m-

layered structures can be deduced as [6]

Qðr; z; tÞ ¼ Q0

2pr20

Ym
i¼1

bi expð�r2=r20Þ exp
"
�

Xm�1

i¼1

ðbi

 

� bmÞdi þ bmz

!#
gðtÞ; ð2Þ

where gðtÞ is laser pulse shape. For a Q-switched laser

gðtÞ ¼ t expð�t=t0Þ=t20: ð3Þ

Then the thermal diffusion equation is

r2Tiðr; z; tÞ �
1

ai

oTiðr; z; tÞ
ot

¼ �Qðr; z; tÞ
ji

; ð4Þ

where i ¼ 1; 2; . . . ;m. In this work, the optical and

thermophysical properties of the materials are consid-

ered independent of the temperature. The initial and

boundary conditions are

T ðr; z; tÞjt¼0 ¼ 0; ð5Þ

Tijz¼di ¼ Tiþ1jz¼di ; ð6Þ
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����
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; ð7Þ
oT ðr; z; tÞ
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����
z¼0

¼ oT ðr; z; tÞ
oz

����
z¼L

¼ 0; ð8Þ

oT ðr; z; tÞ
or

����
r¼R0

¼ 0: ð9Þ

Since the problem we are interested lasts only a few

hundred nanoseconds, the heat convection and radiation

are not considered here.

It is very difficult to solve Eq. (4) analytically. A

numerical method of FEM is employed for solving the

equation. The general FEM form can be written by

C1 0 � � � 0

0 C2 � � � 0

..

. ..
. . .

. ..
.

0 0 � � � Cm

2
66664

3
77775

_U1

_U2

..

.

_Um

2
66664

3
77775

þ

K1 0 � � � 0

0 K2 � � � 0

..

. ..
. . .

. ..
.

0 0 � � � Km

2
66664

3
77775

U1

U2

..

.

Um

2
66664

3
77775 ¼

P1
P2

..

.

Pm

2
66664

3
77775; ð10Þ

where _Ui ¼ dU=dt. The Ci, Ki and Pi can be expressed by

Ki ¼
XZ

V e
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Table 1

Physical parameters of diamond and silicon [9]

Specific heat (J kg�1 K�1) Density (kgm�3) Heat conductivity

(Wm�1 K�1)

Absorption coefficient

(m�1)

Diamond 509 3500 2300

Silicon 712 2330 148 1.0 · 106

Fig. 1. Contour map of transient temperature field at different times (as t0 ¼ 4:0 ns and r0 ¼ 15 lm): (a) 8.4, (b) 18.4, (c) 28.4 and

(d) 43.4 ns.
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Pi ¼
XZ

V e

qiQiNT dV : ð13Þ

Thus, combining the initial and boundary conditions of

Eqs. (5)–(9), by solving Eqs. (10)–(13) with central dif-

ference method, the temperature field can be obtained.
3. Numerical results and discussion

For bilayered structures of a thin diamond film

deposited on a silicon substrate, however, when a pulsed

laser illuminates on the surface, the laser beam pene-

trates the diamond film with a little absorption and then

is absorbed in a very thin layer beneath the diamond/

silicon interface, because the absorption of diamond is

weak whereas the absorption of silicon is strong [10].

Furthermore, the thicknesses of the diamond film

and silicon substrate are taken to be 10 and 100 lm,

respectively, and the sample radius is 50 lm. Meanwhile,
Fig. 2. Dependence of the temperature field on time (as t0 ¼ 4:0

ns and r0 ¼ 15 lm): (a) in different depths, 3–17 lm at r ¼ 0, (b)

in different r, 24–30 lm at the interface.
the optical and thermal parameters for silicon and dia-

mond are listed in Table 1. In addition, the pulse time t0
and the laser radius r0 are taken to be 4.0 ns and 15 lm,

respectively. The absorbed laser energy Q0 is taken

4.0· 10�6 J and the initial temperature of the sample is

assumed to be zero.

The contour map of transient temperature field cal-

culated at different times is shown in Fig. 1, in which (a)–

(d) correspond to the time of 8.4, 18.4, 28.4 and 43.4 ns,

respectively. From the figure, we can clearly see the

process of heat conduction and the temperature distri-

bution at the near interface region of diamond and sil-

icon. Heating first takes place in a very thin layer

beneath the diamond/silicon interface, as shown in Fig.

1(a). Due to the high conductivity of the diamond, heat

propagates much faster in the diamond film than in the

silicon substrate. In Fig. 1(b), the heat propagates up to

the surface of the diamond film and diffused in the film,

whereas it propagates down only about 2 lm in the
Fig. 3. Influence of heat conductivity of diamond film on sur-

face temperature (as t0 ¼ 4:0 ns and r0 ¼ 15 lm): (a) r ¼ 0, (b)

r ¼ 50 lm.
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silicon substrate. The similar phenomenon can be ob-

served in Fig. 1(c) and (d).

Fig. 2 shows the dependence of the temperature field

on time in different depths or radii, where (a) is the

temperature field in z-direction at r ¼ 0 and (b) is in r-
direction at the interface. From Fig. 2(a) we can see that,

at the pulsed laser incident location, the temperature at

the interface (10 lm in z-direction) rises drastically,

which shows that the most energy is absorbed there.

Then, with time increases, the temperature in the film

decreases and the temperature in substrate increases

gradually, which show that the absorbed large number

of thermal energy in the film becomes the heating re-

source for the substrate. Fig. 2(b) shows the condition at

the interface, where r lies between about 24 and 30 lm,

two times heating are experienced. Obviously, the first

heating is induced by the direct heating by the laser

pulse, whereas, the second one is just induced by the

thermal energy releases from the heated diamond film.

Actually, the phenomenon of two times heating can be

found in the region near the interface where r is greater
than 20 lm.

Additionally, the influence of heat conductivity of

diamond film on surface temperature is also calculated,

as shown in Fig. 3. In Fig. 3(a), when heat conductivity

of the diamond film changes from 1400 to 2300

Wm�1 K�1, the variation of surface temperature with

time in the rising part of the curve changes few, whereas

the variation of surface temperature in the attenuating

part changes with higher values. Therefore, the attenu-

ating part of the temperature curve is more sensitive to

the variation of the heat conductivity of diamond film

than the rising part. Compared with Fig. 3(a) and (b),

the influence of heat conductivity on surface tempera-

ture in the center of laser beam irradiation is greater

than that in the other places.
4. Conclusion

A 2D temperature field model for multilayered thin

films irradiated by a Gaussian laser beam is presented.

Then, by using the FEM method, the 2D temperature

field for a bilayered structures of a transparent diamond

thin film on an opaque silicon substrate is obtained,

where the diamond film can be considered as transpar-

ent and light absorption takes place in a very thin layer

beneath the interface (including the interface) of the film

and the substrate.

Due to the high heat conductivity of the diamond

film, most of the heat energy diffuses fast to the diamond
film in the region near the interface. Then, the region

acts as a heat reservoir and diffuses the absorbed heat

energy to the substrate after the laser pulse vanishes. As

a result, the phenomenon of two times heating can be

clearly observed in the region near the interface where r
is greater than 20 lm.

Furthermore, the influence of the heat conductivity

variation of the diamond film on surface temperature of

the bilayered structures is also achieved. The result

shows that it may be a good method by using the surface

temperature attenuation curves to characterize the heat

conductivity of the transparent diamond film.
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