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A strain-introduced Mach-Zehnder interferometer (MZI) interleaver on lithium niobate (LiNbO3) is proposed. The struc-
ture of the strain-introduced waveguide is designed in detail, and is produced by depositing a SiO2 film on the annealed
proton-exchanged LiNbO3 waveguide. Considering the sensitivities of the edge strain to the deposition temperature and the
thickness of the SiO2 film, an optimum design of 50 GHz interleaver on this structure is given through analyzing the
effective index changes for Ex

pq mode by finite difference method (FDM). The length of the bending waveguide in this
interleaver is just two thirds of that in the conventional interleaver due to the high refractive index difference.
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Interleavers have been widely used in dense wavelength di-
vision multiplexed (DWDM) optical fiber communication
system, because they allow existing DWDM filters which
operate at wide channel spacing and can be extended to the
system designed with narrow channel spacing in the range of
50 GHz or even less[1]. Although all of the three technology
platforms of micro-optic, all-fiber[2], planar lightwave circuits
(PLC) can be used to implement an interleaver, the PLC-
based interleavers offer the advantages of being more com-
pact and rugged compared with the other two[3].

One popular type of PLC-based interleavers is Mach-
Zehnder interferometer (MZI) interleaver[4-6]. In recent years,
a lot of efforts have been made to improve their performance,
and among them, tuning function has been considered very
important, because with this function, the center frequency
can be adjusted to match the international telecommunica-
tion union (ITU) grid, and the light waves from the two out-
put ports can be switched with each other. Both thermo-op-
tic effect[7] and electro-optic effect can be utilized to realize
the tuning function, and each has its own merits. However,
compared with thermo-optic tuning, electro-optic tuning is
with faster tuning speed, higher tuning accuracy and no heat-
ing interference[8]. Therefore, it is very promising to realize
electro-optic tuning interleaver. Lithium niobate (LiNbO3),
which possesses excellent electro-optic, acousto-optic, pi-
ezoelectric and stable chemical performance, is an optimal

material to fabricate aforementioned electro-optic tuning
interleaver. However, because of small refractive index dif-
ference of the usual LiNbO3 waveguide fabricated by proton
exchange or Ti-diffusion, conventional structure of LiNbO3

MZI interleaver, which is composed of two directional cou-
plers and a pair of unbalanced curved arms with large radius,
will be impossibly long. So fabricating such an interleaver is
very difficult.

In this paper, we propose the strain-induced method to
further increase the index contrast of annealed proton-ex-
changed LiNbO3 waveguide so as to fabricate an electro-op-
tic tuning interleaver with suitable size. Although there are
some other ways to increase the index contrast, such as wet-
etching diffusion technology[7], stain-introduced technology
has the advantages of easy fabrication, low propagation loss
and no change for the LiNbO3 substrate composition. Strain-
induced waveguides in various substrates, such as GaAS[9],
lithium niobate, lithium tantaiate[10,11], and bulk sapphire sub-
strates[12], have been demonstrated. And the strain is intro-
duced selectively into the waveguide structure by the depo-
sition of SiO2 or SiNy . In this paper, a layer of SiO2 film is
deposited on LiNbO3 substrate by sputtering, and because of
the large thermal mismatch between them, a large amount of
strain is created when they cool down to room temperature.
As a result, the largest localized refractive index change in
the order of 10-3 is introduced via the elasto-optical effect.
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The conventional structure of LiNbO3 MZI interleaver is
shown in Fig.1(a). It consists of two 3 dB directional cou-
plers connected by two asymmetric channel waveguide arms.
One of the waveguides is straight, and the other is bending.
Due to interference of the signals from the two waveguides,
this interleaver can separate a comb of optical signal fre-
quencies with a spacing of f, which may be split into two
combs, both having the double-frequency-spacing[13] as

                                                                           .                (2)

where L is the length difference between the two waveguide
arms, neff1 and neff2 are the effective refractive indices of the
straight waveguide and bending waveguide, respectively, and
L is defined as the length of the straight guide or the length of
the bending guide in horizontal direction. And in a conven-
tional MZI interleaver, neff1 is equal to neff2.

Fig.1(b) shows the specific structure of the two arms,
where h is defined as the branch height. And the difference

L is given by:
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When ignoring model radiation loss, the total bending
loss can be obtained by[14]:

where C1 and C2 are determined by the waveguide dimension
(waveguide width W) and material parameters (refractive
index of the substrate ns and maximum refractive index dif-
ference n between the substrate and the surface) of the bend-
ing waveguide. Due to different exchanged and annealed time,
the effective index and maximum refractive index difference
on the surface are various. Here we consider the condition of

n=0.015, and the other parameters are f =50 GHz, =1550
nm, W=6 μm, ns=2.1381 and a=0.1 dB (isolation of about
-25 dB). Combining Eqs.(1)-(3), we can calculate that the
length L is 2.66 cm at least when the bending loss is not larger
than 0.1 dB. Considering the lengths of the two couplers, the
conventional MZI interleaver may be longer than 5.6 cm. Obvi-
ously, this size of device is too large to fabricate. To solve this
problem, strain is introduced to the bending waveguide by
depositing a layer of SiO2 to increase the refractive index dif-
ference in LiNbO3 substrate.

The proposed electro-optic tuning MZI interleaver can
be fabricated as following steps. First, optical waveguide cir-
cuits which comprise a complete MZI interleaver are fabricated
on LiNbO3 substrate by annealed photon exchange method.
Then for increasing refractive index difference and keeping
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a single a mode propagating in the bending waveguide, a layer
of SiO2 film with thickness of t is deposited on thesubstrate at
high temperature Td, and then cooled to room temperature Tr

(20 oC). It introduces a compressive stress in the film, because
the thermal expansion coefficient of the film f is less than
that of the substrate s. At last, the sample is patterned again
by standard photolithograph, and the SiO2 film above the
curved waveguide arm is removed by reactive ion etching.
When a window is opened in the SiO2 film, the edge of the
window exerts a force on the LiNbO3 substrate, and it is paral-
lel to the surface of LiNbO3 and perpendicular to the edge of
the window. The force acts in a direction away from the win-
dow edge as shown in Fig.2. It produces a complex strain field
in the substrate, which builds very high stress values immedi-
ately beneath the edge of SiO2.

Fig.1 Configuration of the proposed electro-optic tuning
MZI interleaver on LiNbO3 substrate

Fig.2 Configuration of stripe window for stress calculation

This edge force S (dyn/cm) determined by the thickness t
of film and the average compressive stress s in the film can
be obtained as:

S = st .                                                                         (4)

The thickness t of film depends on the deposition tempe-
rature. Here, we calculate stress s by ANSYS 12.0 finite ele-
ment program, and the parameters of the SiO2 and LiNbO3

used in this model are given in Tab.1. From Fig.3(a), we know

                                                                                      ,   (3)
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Fig.3 Edge force S calculated from ANSYS vs. deposition
temperature Td and thickness of SiO2 film t

The applied force S causes the coordinates of point P to
change from (x, z) to (x + w, z + u), and because of the sym-
metry of the configuration, there is no displacement in y
direction. Kirkby and Selway[16] have given the displacement
u in the z direction and the displacement w in the x direction as:

where x1, x2, r1 and r2 are defined in Fig.2. A = (1 + v)/2 E,
B=3 4v, and C = (1+v)(1 2v)/2 E. The values of A, B and C
depend on the Young’s modulus E and Poisson’s ratio v of
the substrate, which are given in Tab.1.

Due to these displacements, we can calculate the non-
zero elastic strain in the substrate as:
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Fig.4(a) and (b) show the strain distributions in the hori-
zontal direction (z) and the vertical direction (x) calculated
for a 1 μm-thick SiO2 film deposited at the temperature of
800 °C on the LiNbO3 substrate with a 6 μm-wide stripe
window. The contour lines are in units of strain of 10-4, T is
tension, and C is compression. The strains increase rapidly
when the edge of the window is approached, and the contour
lines crowd very closely together. Although in theory the two
peak strain values (szz, sxx) are infinite at the surface of the
substrate under the edge of the window, we consider them as
-4.92 10-2 and 1.6 10-2, respectively, due to the finite
thickness of the film and the plastic deformation. Because of
the same width of the windows, the shape of the strains does
not change obviously when increasing the deposition tem-
perature or the thickness of the SiO2 film.

Taking the elasto-optical effect in LiNbO3 introduced by

                                                                               .     (8)

Fig.4 Strain distributions beneath the 6 m-wide window

that when the SiO2 film with thickness of 1 m is deposited
on the LiNbO3 substrate with thickness of 500 m, the edge
force is produced from -1.56 105 dyn/cm to -4.34 105

dyn/cm as the temperature increases from 300 °C to 800 °C.
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Tab.1 Mechanical parameters used in strain calculation
of Young’s modulus (E), Possion’s ratio (v) and thermal
expansion coefficient ( ) for SiO2 and LiNbO3

[15]

E (Pa) v  (m/K)
         SiO2        7.26×1010                0.25                   5.1×10-7

        LiNbO3           1.70×1011                           0.164                    4.1×10-6 ( //)
                     14.8×10-6 ( )
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these strains into account, the change in the refractive index
is determined for x

pqE  or y
pqE  model. The results for x

pqE model
are expressed as

where pij is the relevant photo-elastic tensor[17] of LiNbO3,
and ny, nz are the refractive indices of the annealed photon-
exchanged LiNbO3 substrate in the two directions, respecti-
vely. Fig.5 shows the refractive index change corresponding
to the strains shown in Fig.4. In the calculation, we use the
following values as p12 = 0.090, p13=0.133, p31=0.179, p33=
0.071, ny=2.2112 and nz=2.21381 at =1550 nm. The index
change in z direction shows a peak of 2.545 10-3 near the
edges, and is 0.545 10-4 at the surface of the substrate in
the window region. And with the increase of depth, the re-
fractive index change decreases in the substrate, so the re-
fractive index difference of the waveguide arms can be
increased.

Fig.5 Refractive index change profiles calculated from
the strain in Fig.4

where Ez is the electric field in z direction, k0 is wavenumber,
neff  is effective index of the waveguide, and i (i=x, y) is per-
mittivity tenser. In this situation, they are equal to the sum
square of the refractive index of annealed photon exchange
substrate ni and the strain-induced refractive index change nii.
Applying finite difference calculations, Eq.(11) reduces to a
five-node linear equation at every node in physical structure.
Combining all the functions for all points, we obtain the fol-
lowing eigenvalue matrix equation:
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where 2
eff

2
0 nk is eigenvalue, and E is corresponding eig-

envector which represents the electric field profile Ez. A is a
sparse matrix with 5×m nonzero values, where m is the total
number of nodes considered in the physical structure. Then
we impose Dirichlet and Neumann boundary conditions on
the nodes on the edge of the analysis window and combing
Eq.(12), the effective index and electric field distribution can
be obtained.

The strains in the substrate can change along with depo-
sition temperature or the thickness of the SiO2 film. To ana-
lyze the influence of them, the effective indices under differ-
ent Td and t are calculated, as illustrated in Fig.6. The refrac-
tive index distribution of the annealed photon-exchanged
LiNbO3 substrate is the same as that of the LiNbO3 waveguide
without stress which is shown above. From Fig.6, we can con-
clude that the effective index increases when the deposition
temperature or the thickness of the film is increasing. Hence,
if a 3.3 μm-thick SiO2 film is deposited on the substrate at
800 oC, it can be calculated that the effective index neff is
2.1414, the length of the two arms L is 1.78 cm, and the branch
height h is 1.6 mm compared with neff =2.1405, L=2.66 cm, h =
1.98 mm in traditional MZI interleaver shown above.
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The induced strains make the refractive index in every
point in LiNbO3 changed, and to specifically analyze the in-
fluence of them, semivectorial polarized finite method[18] is
used to calculate the effective index of the strain-introduced

waveguide. The semi-vector wave function deduced from the
wave function for x

pqE mode can be obtained as
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In conclusion, a strain-introduced MZI interleaver on
LiNbO3 is proposed. Compared with the conventional MZI
interleaver, this intreleaver is more compact without sacri-
ficing any other performance. The whole length of it is not
more than 4.7 cm, and also small channel spacing (50 GHz)
and high isolation (-25 dB) can be obtained simultaneously.

Fig.6 Effective index for Expq mode vs. deposition tem-
perature Td and thickness of SiO2 film t
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