Journal of Physical Sciences, Vol. 16, 2012, 197-207
ISSN: 0972-8791, www.vidyasagar.ac.in/journal
Published on 31 December 2012

Determination of Temperature profile of Continuous
Wave Ultraviolet Laser Induced LiNbO; Waveguide

T.Ghosh?', B.Samanta?, P.C.Jana*, and P. Ganguly®

! Department of Physics and Technophysics, Vidyasagar University, Midnapur,
721102, India
2 Department of Physics, Panskura banamali College, Panskura, 721152, India

¥ Advanced Technology Development Centre, Indian Institute of Technolgy,
Kharagpur, 721302, India
'Email: sfortapas@gmail.com

Received October 19, 2012; accepted December 18, 2012

ABSTRACT

The temperature distribution of continuous wave UV written LiNbO3; waveguides at
244 nm and 275 nm writing laser wavelengths are determined as a function of
writing parameters. The model is used to determine the optimized writing
parameters to keep the maximum temperature below the melting point (1257°C) of
LiNbOs to avoid surface damage.
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1. Introduction

LiNbO;s is a well known technologically important single crystal material because of
its high electro-optic, piezoelectric, photorefractive, acousto-optic and nonlinear-
optic effects. The continuous wave (CW) direct UV written waveguides in lithium
niobate (LiNbOs) has held considerable promise due to its easy single-step
fabrication process, well suited for complex micro-optical components, apart from
conventional optical integrated circuits. Direct writing of graded index channel
waveguides in congruent z-cut LiNbO; has been demonstrated using CW laser light
within a writing wavelength range of 244-305 nm [1-4]. The process has been
identified as a laser induced thermal diffusion of lithium ions at the shorter
wavelengths (244 & 275 nm). The Li-deficiency increases the extraordinary
refractive index which guides light by total internal reflection. At wavelengths
nearer to the left-edge of LiNbO; transmission window, where the absorption
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coefficients are relatively low, the waveguiding process may be due to H-ion
redistribution within the light irradiated region because of photorefractive effect and
subsequent thermal fixing [5]. Since the UV laser induced temperature profile is the
most important parameter for these waveguides, it has to be determined accurately.
The modeling of temperature profile induced by laser radiation in solid was reported
by a number of researchers [6-9] for stationary and moving laser beam. For accurate
determination of temperature profile, the temperature dependent thermal diffusivity
has been introduced [10]. They have assumed no light penetration into the irradiated
material for moving beam and hence their temperature profile is a function of laser
spot size only. Temperature distribution was further investigated as a function of
incident power and beam spot size [11].

In the present work the effects of writing parameters on the laser induced
temperature profile of congruent LiNbO; crystal is studied for 244 and 275 nm
writing wavelengths where the absorption coefficients are relatively high and
considered uniform throughout the crystal. The temperature dependent thermal
diffusivity of the substrate has also been taken into account. The absolute values of
the laser induced temperature of the crystal sets the refractive index distribution of
the crystal and its usefulness in integrated-optic applications. The results of the
computations for realistic waveguide writing parameters are discussed in section-3,
and finally the work is concluded in section-4.

2. Theory
We have considered the co-ordinates X, y and z attached to static reference frame of
. X—vt yA
the z-cut crystal, while X =——, Y = Y and Z =— corresponds to reference
W W W
frame attached with the moving laser beam as shown in fig-1.
Scanning
UV Laser

LiNbOs

Figure 1: Schematic of the scanning laser beam.
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The heat source, S (F,t) , is the scanning Gaussian UV laser beam which is

Absorbed within LiNbO3 near the surface and converted into heat through photon
relaxation. The heat equation in the isotropic case can be written as [11]

%—V.D(T)VT - L 5(ry) )

pC,
where p is the density of LiNbO;, C, is the specific heat at constant volume, T is the

temperature in absolute scale, t is time, and D(T) is thermal diffusivity tensor. The
temperature dependent thermal diffusivity D (T) can be replaced by Kirchhoff

transformation using the assumption of constant pC, .
We may write Kirchhoff transformation as [11]
1 T . .
o) =0(T,)+ D(T )dT 2
(M) =000)+ 5o [, BT @

Where @ is the new temperature variable and D (T,) is the thermal diffusivity at the
temperature To. The value of @ (T,) is assumed to be zero. The equation (1) may be
expressed in terms of new temperature variable in moving frame as

vw %—Vzez w’S(X,Y,Z)
D(T (6)) &X D(T,) c,
Where w is the spot radius. It may be shown that in all practical cases of waveguide
writing laser scanning speed v « D(T)/w, which yields

(3)

w’S(X,Y,Z
V20 =— # (4)
D(T,)pC,
The above equation may be regarded as Poisson’s equation and may be expressed as
VG =—8(r—r) (5)
Where Green’s function G(F,F') may be written in terms of Fourier transform
g(r'k)as
e T e
G(r,r)_W:Lg(r,k)exp(lk.r)dk (6)

Substituting the value of G(F,F') in equation (5) one obtains
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=y 1 =
g(r ,k)_—(272')3/2k2 exp(—ik.r') (7
Now from equation (6) and (7) we have

-— 1 71 3
G(r, )_—(27[) :[Okzexp[lk(r r)ldk 8)

Substituting the value of G(F,F‘) in above equation and rearranging we may
rewrite as

S(XLYLZY) )

(k2 + k2 +k? )

exp[i{k, (X = X )+ K, (Y =Y )+ Kk, (Z—-2Z")}dX 'dY 'dZ "dK dk, dk 9)

2
Where k* =k +k>+k? and A= S —
470C,D(T,)

In order to solve equation (9) we have introduced the expressions

H(X,Y,Z)—

% = Texp(—m)d/l (10)

S(XY',Z" =Bexp[-2(X “+Y )] exp(—aW|Z '|) (11)
2 p(l—ZR)a 12)

TW
where p is the incident laser power, R is the reflection coefficient of the laser beam

from LiNbO; surface, and o is the absorption coefficient of the laser light in the
material.

Using equations (9-12) and rearranging we have

9(X,Y,Z):4AB\/;TT%><

B=

1 X2 +Y
exp[—2(
2+164 1+81

i )] exp[-aw|Z | —%]dz 'dA

7’ integral can evaluated as follows.
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jexp[—aw|z |-

—0

(Z -Z I)z ]dZ '
a1
= exp[——] j ex p[——— z (aw+—)]dZ +exp[——] j exp[———Z (aw——)]dZ

These may be expressed in the form of error function as

< 2
Jexp(-az’ o)z - %E e Jerte )

Hence Z’ integral becomes

J exp(f%){exp[(awf 227)2 Alerfe[(aw — 2%)&] +exp[(caw+ 227)2 Alerfc[(aw + 227)\/11}

=\7zih(Z, 1)
Substituting the value in equation (13) we rewrite as[11]

pL-R) 7 1
ﬁpCVD(I'O)Il g(X,Y, Hh(Z,A)dA (14)

o(X,Y,2)=
( ) +81
where g(X,Y,A)=exp[-

2(X2+Y? )]

1+84
The numerical solution of equation (14) is obtained by accurately choosing the limit
of integration. To get a solution for temperature in terms of T, the same Kirchhoff

transform is used again along with an empirical relation between D(T) and T, which
yields [11]

T(0)=T,e0(2) )

One can determine the temperature distribution due to UV laser light during
waveguide writing process by solving eq.(14) numerically. Our interest in this work
is to estimate the maximum temperature (which will occur at time t = 0) during the
writing process and that temperature should be below the melting point (1257°c) of
LiNbO; to avoid the local damage of the waveguide. The surface damage of the UV
laser written waveguide will result in higher propagation loss at the transmitting
wavelength.

3. Results and discussions:
The computed temperature profiles along y and z direction for a fixed spot radius
(2 pm) and different laser powers are shown in Fig.1 and Fig.2 respectively for 244
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nm wavelength. It may be observed that for 21.35 mw power the peak temperature is
1257°C, melting point of LiNbO3 and it decreases with decreasing power. It is also
observed that the curves are more steeper in z direction with respect to the y
direction. It implies that light is absorbed more rapidly in z direction.
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Figure 2: Initial temperature profile of waveguide at 244 nm along y direction
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Figure 3: Initial temperature profile of waveguide at 244 nm along z direction
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The determination temperature profile at 2 pm spot radius with different laser
powers along y and z directions for 275 nm wavelength of writing laser is shown in
fig.4 and fig.5. It is noticed that the peak temperature is 1257°C at 30.15 mw writing
power. From temperature profile for 244 nm and 275 nm we may conclude that for
fixed spot radius the higher power is required at higher wavelength to reach the
same peak temperature. It may also be noticed that half width at half maxima
increases at 275 nm wavelength. It is observed that z profile at 275 nm is less steep
than that at 244 nm. This implies that total diffused heat is absorbed by a larger
volume for writing wavelength at 275 nm compare to that at 244 nm.
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Figure 4: Temperature profile of LiNbO; waveguide along y direction at 275 nm
wavelength laser.

Temperature profiles are also computed for different beam radii at constant beam
power and it may be pointed out that maximum temperature remains below 1257°C
for spot radius of 2.159 um and above, for a writing power of 23 mw at 244nm
wavelength. The computations are also repeated for 275 nm writing wavelength and
the variation of maximum temperature with beam power for different spot radii are
compared with 244 nm in Fig.6 and Fig.7. It has been observed that the maximum
allowable power for 275 nm is ~30 mw for 1.985 um spot radius.
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Figure 5: Temperature profile along z direction at 275 nm wavelength of writing
laser source.
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Figure 6: Variation of peak temperature with laser power at 244 nm
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Figure 7: Variation of peak temperature with laser power at 275 nm

The fig.8 and fig.9 show that at initial time(t=0) the peak temperature is maximum
(1257°¢) for 21.35 mw power and 2 um spot radius and it decreases with time. The
peak temperature decreases with time due to gradual movement of laser spot away
from the determination point. The values of the physical constants used in the
temperature distribution model of the UV-written waveguides are listed in Table-1

4. Conclusion

The laser induced temperature distributions during the writing process of CW direct
UV-written waveguides in congruent LiNbOj; crystal are computed from the writing
laser parameters. The laser powers and its spot sizes are optimized at 244 nm and
275 nm wavelengths to avoid temperature induced optical damage. The process may
also be used to determine the writing parameters of the waveguide so that the
maximum temperature of the crystal during laser exposure is below the Curie
temperature  (1144°C), which results into electro-optically active LiNbO;
waveguides.
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Figure 8: Temperature profile along z for fixed power and spot radius with different
time instants after exposure to laser
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Figure 9: Temperature profile along y for fixed power and spot radius at different

time instants after exposure to laser
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Table 1: Used physical constants of LiNbO; in temperature distribution model

10.

11.

R P C, (J/Kg.K) o (1/m) D(T,) m’/s
(Kg/m®)
0.36 at 244 nm 3.3x 10 at244nm | 1.43x10°
4648 806
0.27 at 275 nm 1.0 x 10° at 275 nm
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