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ABSTRACT We demonstrate a 1 x 4 waveguide array produced
by an IR femtosecond laser in z-cut lithium niobate (LiNbO3).
The polarization dependence of light coupling in this waveguide
structure is experimentally investigated. The coupling constants
of the waveguide array are obtained by measuring the ratio of
output power of each waveguide for extraordinary rays and ordi-
nary rays, and the variation of coupled power in each waveguide
as a function of the waveguide length are demonstrated.

PACS 42.65.Re; 77.84.Dy; 42.82.Et

1 Introduction

Lithium niobate is currently one of the most used
crystalline dielectric materials, which is referred to as “silicon
in nonlinear optics” because it has excellent acousto-optic,
electro-optic, nonlinear optical and optical waveguiding prop-
erties [1].

To meet the increasing data capacity requirements in com-
munication systems, there is a growing demand for materials
and techniques for fabricating three-dimensional integrated
photonic devices. Femtosecond laser fabrication allows the
integration of photonic devices in three dimensions. By focus-
ing femtosecond laser pulses inside optical transparent ma-
terials, a localized and permanent increase of the refractive
index can be achieved. When the sample is moved with re-
spect to the laser beam a refractive index profile as in a buried
waveguide can be produced. There have been many reports
on using this technique to fabricate waveguide devices in
a wide variety of glasses [2—11] and polymers [12—15]. Opti-
cal waveguides have also been demonstrated in LiNbO3; with
this technique [16—19]. Gui et al. firstly applied this tech-
nique to lithium niobate and demonstrated guiding in the vis-
ible spectrum [16]. Thomson et al. identified two different
types of waveguide structure that depend on the pulse en-
ergy used [17]. Nejadmalayeri et al. generated stable guided-
wave optics in bulk lithium niobate that appeared with dif-
ferent processing parameters of pulse duration and polariza-
tion [18]. More recently, Burghoff et al. discussed the in-
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fluence of the laser parameters and presented results of the
thermal, nonlinear and structural properties of the modifica-
tions [19]. However, a detailed analysis and further investi-
gations on polarization-dependent coupling in a waveguide
array are still missing. Moreover, the coupling constant be-
tween waveguides is essential for practical applications of
waveguides, unfortunately, it has received little attention in
the past years.

In this letter, a 1 x 4 waveguide array produced by a fem-
tosecond laser in z-cut lithium niobate (LiNbO3) is presented
and characterized. The polarization dependence of light coup-
ling in this waveguide structure is experimentally investigated
by changing the polarization of the input laser beam. The
coupling constants of the waveguide array for extraordinary
rays (c.) and ordinary rays (c,) are obtained by the coupled-
mode theory.

2 Experiment on the fabrication of a waveguide
array

For the fabrication of the waveguide array we used
an amplified Ti:sapphire laser system with a central wave-
length of 800 nm, a repetition rate of 25 MHz, an on-target
laser power of 30 mW and a pulse duration of about 100 fs.
The sample was mounted upon a computer-controlled three-
axis positioning system. The laser pulses were focused into
a polished lithium niobate sample by a long working dis-
tance 40 x microscope objective with a numerical aperture of
0.65, and the focal point was located 200 um below the sam-
ple surface. The linearly polarized Gaussian laser beam was
focused vertically onto the front surface of the sample. All
waveguides were fabricated using a single translational scan
along the x direction at the speed of 200 um/s. The sample we
used is a commercial congruent z-cut lithium niobate crystal.
A schematic of the setup is given in Fig. 1 and the micro-
scopic image of the top view of the sample is shown in the
inset. The 1 x 4 waveguide array was fabricated with wave-
guide to waveguide spacing (measured from center to center)
of 20 um.

3 Results and discussion

For the investigation of the polarization dependent
guiding properties of the structure, we rotated a half-wave
plate to change the orientation of linearly polarized coupling
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Direction of translation

FIGURE 1 Scheme of the writing process in lithium niobate using fs laser
pulses. Inset: Microscopic image of the top view of the sample of the 1 x 4
waveguide array marked in arabic numerals

light. The light source is a He-Ne laser light whose wave-
length is 632.8 nm. In order to allow the laser beam quality
to be substantially improved, a spatial filter was used. The
light was coupled into the waveguide marked as 3 as depicted
in Fig. 1 with a 10 x microscope objective (NA = 0.25),
coupled out by a 40 x microscope objective (NA = 0.65) ob-
jective and projected onto a CCD-camera. A schematic di-
agram of the setup is shown in Fig. 2. Resulting from the
shape of the focal area, the waveguides exhibit an ellipti-
cal section with diameters of approximately 2 x 4 um?. The
spatial intensity distributions at the output facet of the 1 x 4
waveguide array are displayed in Fig. 3. In order to observe
the polarization-dependent coupling, we first rotated the half-
wave plane to ensure that the orientation of linearly polarized
input light was parallel to the z axis, which is the extraordinary
light, it can be clearly seen from Fig. 3a that the TM mode was
strongly confined. We then rotated the half-wave plane to en-
sure that the orientation of linearly polarized input light was
perpendicular to the z axis, which is the ordinary light, it can
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FIGURE 3 Image of the output facet of the 1 x 4 array sample for TM

mode (a) and TE mode (b). The input beam was focused into the waveguide
as indicated by the dotted circle

be seen that the TE mode was weakly confined. It is evident
that both TM and TE modes are observed in the experiment,
and it is shown that the waveguides written by femtosecond
laser in lithium niobate are polarization-dependent. We re-
peated this measurement after one year and found that the
coupling behavior changed little. This indicates that our wave-
guides are more stable than the waveguides reported in [17]
which shows stability for 1 month period. In the [19], the
modifications show a greatly different behavior in each po-
larization. In the extraordinary direction, a long filament was
created that shows regions of enhanced index at the top and
bottom and a region of decreased index in the center (appro-
priately 0.001 ~ 0.002). But, the ordinary index only shows
the region of decrease. In this case, no waveguiding would
occur for ordinary light. Their observations differ from ours
in that the light can be guided for both extraordinary and
ordinary rays which means the refractive index for both po-
larizations was increased. The difference in observations may
come from the respective repetition rate, the pulse duration
and the writing energy of the laser. Further studies need to be
carried out to gain a good understanding of these effects.

As shown in Fig. 3, the input light has been coupled
to the other waveguides. In order to model the optical re-
sponses of the arrays, we use a coupled-mode approach and
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consider only the nearest waveguides coupling. The wave-
guides are marked in the inset in Fig. 1, the amplitudes a,, (x)
(m =1, 2,3, 4) of the electric fields propagating in the wave-
guides obey the following equations:

. day . 5
i—+cay+iylai|fa; =0
dx
. day . )
i—+ca;+caz+iylaz|ca, =0
dx
. das . )
1a+ca2+ca4+1y|a3| a3 =0

(1)

. day :
i—4caz+iylas|’as =0
dx

The coupling between adjacent waveguides induces trans-
verse dynamics. Energy exchange is caused by the overlap of
the evanescent tails of the guided modes, which is described
by coupling constants for extraordinary rays (c.) and ordi-
nary rays (c,) in (1), respectively. The last term describes the
nonlinear Kerr effect, with a nonlinear coefficient y. At low
powers, the nonlinear term of (1) can be ignored, the ordinary
differential equation is then analytically integrable by solv-
ing its eigenvalue equation. The general solution of (1) can be
given in the following format:

aj(x) = cy exp(ikicx) — cy exp(ikycx) — c3 exp(—ikjcx)
+ c4 exp(—ikrcx)

ax(x) = ki (cy exp(ikicx) + c3 exp(—ikicx))
— ko (cp exp(ikacx) + cq exp(—ikacx))

az(x) = ki (cy exp(ikjcx) — c3 exp(—ikicx))
~+ ky(cp exp(ikacx) — cq exp(—ikacx))

as(x) = ¢y exp(ikicx) + cy exp(ikacx) + c3 exp(—ikjcx)
+ c4 exp(—ikacx)

Here k; #, ky = #g’ and ¢y, ¢2, €3, ¢4 are constants

depending on the initial input conditions. If the waveguide
marked as 3 in Fig. 1 is excited with unit power, we can obtain
the following solution of (1):

a(x) = 4/ P3(0) %(cos(klcx) — cos(kacx))

a ()C) =4 P3 (0) %(kl sin(klcx) — k2 sin(kzcx))

az(x) = 4/ P3(0) %(kl cos(kjcx) + ko cos(kacx))

as(x) = 4/ P3(0) %(sin(klcx) + sin(kycx))

3)

Thus, the output powers of the four waveguide are P(x) =
a*(x)a(x). In order to obtain the coupling constant of the ex-
traordinary rays (c.) and ordinary rays (c,), the ratios of the
output power of waveguides for e rays and o rays were meas-
ured by a Si detector after the beams propagate the length of
the waveguide L (L = 2.2 mm) respectively as follows:

Pie(L)  sin® (ceL/2)
Pi(L)  cos? (ceL/2)
Pio(L)  sin® (coL/2)
Pio(L)  cos? (coL/2)

=3.692

“4)
=3.529

However, due to the periodicity of the arctan(x) function, the
solutions are not unique. In our calculations, we can achieve
multiple solutions of the coupling constant from the power
ratio of waveguide #1 to waveguide #4. Then these solutions
are employed into (3) to calculate the value of a; and as. If the
calculated values of a; and a3 is agreeable with the measured
power ratio of waveguide #2 (waveguide #3) to waveguide #1,
we can conclude that this coupling constant value is reason-

(2) able. Otherwise, the solution can be excluded. Therefore, the
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FIGURE 4 The coupled powers of the waveguide as
a function of propagation distance x for extraordinary rays
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coupling coefficients for extraordinary rays and ordinary rays
can be calculated as c. = 0.992 mm~!, ¢, = 0.984 mm~!, re-
spectively. In our experiment, an iris is used to filter the noise
around the light spot in the measurement. The diameter of
the iris remains unchanged during the light power measure-
ment to ensure the same measuring conditions. In addition,
a power meter with accuracy of 0.1 uW is used. Because
the power of light coupled from the waveguides in our ex-
periments ranges from some dozens of microwatts to several
hundreds of microwatts, only 1% accuracy can be guaranteed.
In order to check the repetition of our measurement, we did
the experiments several times and did not find evident change.
The different values of coupling coefficients show that waveg-
uiding behaviors for extraordinary rays and ordinary rays are
distinct. In order to visualize how the intensity of the four
waveguides varies, the relation of power and the propaga-
tion distance is plotted by putting the data into (3). Figure 4
shows the output power of each waveguide as a function of
propagation distance x when the waveguide marked Arabic
numeral 3 was excited for extraordinary rays. For the coupling
constants for extraordinary rays and ordinary rays are almost
equal (co/ce =0.991), the propagation for ordinary rays in the
four waveguides is similar to the extraordinary rays.

4 Conclusion

In conclusion we have demonstrated and charac-
terized a 1 x 4 waveguide array produced by a femtosecond
laser in z-cut lithium niobate. The polarization dependence
of light coupling in such waveguide structure is experimen-
tally investigated. From the experimental results, we found
that TM mode is stronger confined than TE mode in the 1 x 4
waveguide array. Using the coupled-mode theory, the coup-
ling constants of the waveguide array through the ratio of
output power of each waveguide are achieved. These results

may pave the way for the realization of new applications using
femtosecond nonlinear materials processing in LiNbOs.
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