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G.W. Burr a, S. Diziain b,*, M.-P. Bernal b

a IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120, USA
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We report on the theoretical study of lithium niobate slab and wire waveguides with different kinds of

cladding (silicon dioxide, sapphire and air). The mode propagation, the light confinement and radiation

losses are simulated using a software based on a beam propagation method. We propose from those

results lithium niobate waveguide geometries for optical integrated applications.

1. Introduction

Because of its excellent optical transparency in the visible and

infrared and its remarkable electrooptic, ferroelectric and nonlin-

ear optical properties, lithium niobate (LN) is an ideal material

for versatile applications in photonics and optoelectronics [1]. All

devices are commonly done in bulk but the use of LN thin films will

be of great interest for miniaturization and integrated optics. Thin

layers of LN are, however, very difficult to do. The most commonly

methods employed to fabricate single-crystal LN thin films with

bulklike properties are polishing or crystal ion slicing (CIS) [2–4].

With such techniques the periodicity of ferroelectric domains [5]

as well as the nonlinear optical [6] or electro-optic modulation

properties [7,8] are preserved in single-crystal LN thin films.

Free-standing LN films find applications in wide-free-spectral-

range Fabry–Perot optical filters [9], in second-harmonic-genera-

tion [5] but they are also suitable for hybrid optical integration

as, for example, half-wave plates [10]. Long-range surface plasmon

waveguides can also be fabricated by direct wafer bonding be-

tween thin metal layers and single-crystal LN thin films [11]. In

this case, the electro-optic effect of LN can be used to tune the cut-

off frequency of the waveguides. High-performance devices such as

low-tunable TE/TM converters [12] or electro-optically tunable

second-harmonic-generation gratings [13] benefit from the high

tuning per volt due to an improved overlap integral in the thin

LN films. Another advantage of single-crystal LN thin films is the

possibility to use them as slab waveguides. It has already been

demonstrated that they allow terahertz wave generation and prop-

agation [14]. LN slab waveguides would also be a good alternative

to gradient index LN waveguides in order to obtain the light verti-

cal confinement for photonic crystal (PC) devices. In fact, tunable

LN PCs are usually composed of air holes etched by focused ion

beam (FIB) in annealed proton exchange (APE) waveguides [15].

This fabrication method is however responsible for out-of-plane

losses due to the conical shape and the finite depth of the holes

combined with the weak confinement of the guided mode [16].

Etching holes in LN slab waveguides so that they go through the

entire guided mode would limit those loses. In spite of the obvious

interest of LN slabs for integrated optics, there is no theoretical

study on the optical behaviour of such layers with respect to the

material cladding to be used and the needed thickness for mono-

modal propagation.

In this paper, we focus on two kinds of smart guides, respectively

called symmetric slab waveguides and asymmetric wire wave-

guides. The first geometry consists of a single-crystal LN thin film

sandwiched between two layers of the same nature that can be

either air, sapphire or silicon dioxide (SiO2). The second type of

smart guide is composed of a LN ridge deposited on two kinds of

substrates (sapphire and SiO2). The choice of these layers arises
* Corresponding author. Fax: +33 3 81 66 64 23.
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from their refractive indices that are suitable for fabricating LN slab

waveguides and from the possibility to bond themwith LN films by

wafer bonding or plasma-enhanced chemical vapor deposition

(PECVD) [8,17]. For each structure, we are interested in the guided

modes, their confinement and the possible coupling effects be-

tween guided modes and slab modes that could cause losses. For

these purposes, the effective indices of each device are calculated

as a function of geometric parameters (the height of the LN layer
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Fig. 1. Effective index of the guided modes in LN symmetric slab waveguides as a function of the slab thickness. Claddings: silicon dioxide, sapphire and air. Left column: Z-

cut Y propagating LN slab waveguide; right column: X-cut Y propagating LN slab waveguide.

Table 1

Effective indices of the fundamental mode that propagates into LN symmetric slab waveguides with different claddings (silicon dioxide, sapphire and air) and different LN

thicknesses. TE and TM polarizations are taken into account. Left column: Z-cut Y propagating LN slab waveguides; right column: X-cut Y propagating LN slab waveguides.

LN thickness (lm) Z-cut X-cut

0.2 0.6 1.0 0.2 0.6 1.0

SiO2 cladding TE polarization 1.70 2.04 2.12 1.65 1.97 2.06

TM polarization 1.53 1.90 2.03 1.55 1.96 2.1

Sapphire cladding TE polarization 1.85 2.07 2.14 1.83 2.00 2.07

TM polarization 1.79 1.97 2.05 1.8 2.03 2.13

Air cladding TE polarization 1.53 2.02 2.12 1.48 1.94 2.05

TM polarization 1.09 1.83 2.02 1.1 1.88 2.08
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and the width of the LN ridge) using the BeamPROPTM commercial

software based on the beam propagation method [18]. The birefrin-

gence of LN is taken into account in all these simulations that are

performed at 1.55 lm, one of the common telecom wavelengths.

The paper is subdivided as follow. First, the calculation method

is described and is validated by comparing some results with those

calculated by Rabiei et al. [17]. In the second part, we explore sym-

metric slab waveguides. Both TE and TM polarizations as well as X-

and Z-cut LN layers are taken into account. We will show the pos-

sibility to find a suitable LN thickness that gives rise to the same

effective index for both TE- and TM-polarizedmodes. As mentioned

in a paper dealing with the coupling between TE and TM waves

propagating into a thin film optical waveguide, two perpendicularly

polarized modes having the same phase velocity could provide a

complete exchange between the two waves [19]. Such geometry,

in addition to the fabrication of interdigital electrodes, could lead

to electro-optic TE/TM converters [20]. We will also discuss the

coupling effects between slab and guided modes that cause losses.

The last part of this article is devoted to LN asymmetric wire wave-

guides that allow a light confinement in the two directions. As a

possible application, we finally determine the parameters of LN

wire waveguides to fabricate a specific device: a TE/TM converter.

2. Theoretical model: beam propagation method

Since the goal of this work is to model different kinds of LN

waveguides, the beam propagation method turns out to be the

most convenient technique to compute the light propagation in

slab waveguides. For this purpose, we use a commercial software,

BeamPROP, that is a part of Rsoft Photonics Suite. This program is

based on the finite difference beam propagation method (FD-BPM)

and uses the Crank–Nicholson method [21]. The program consists

of solving the scalar Helmholtz equation and uses transparent

boundary conditions [22]. Polarization effects can be taken into ac-

count by introducing several vector beam propagation techniques

[23]. High index-contrast and multimode propagation are possible

by the use of the Pade-based wide-angle technique [24].

For each simulation, the multilayer structure is defined, taking

into account the LN birefringence, the slab height and wire dimen-

sions will be varied.

3. Symmetric slab waveguides

Numerical simulations are done at 1.55 lm. The first geometry

consists of a thin LN film and two dielectric layers deposited on the

upper and bottom sides of the LN serving as cladding of the wave-

guide. Silicon dioxide, sapphire and air, with refractive indices of

1.444, 1.746 and 1, respectively, are chosen as claddings. For both

Z-cut and X-cut Y propagating LN slab waveguides, the effective

indices for both TE- and TM- polarized guided modes are calcu-

lated as a function of the slab thickness. The LN birefringence is ta-

ken into account. To summarize the parameters used for

calculation, in X-cut (Z-cut respectively) Y propagating LN slab

waveguides, the TE-polarized (TM-polarized respectively) mode

is sensitive to the extraordinary refractive index (ne) of LN

(ne = 2.138 @ k = 1.55 lm) while the TM-polarized (TE-polarized

respectively) mode is sensitive to the ordinary refractive index of

LN (no) of LN (no = 2.210 @ k = 1.55 lm). Fig. 1 shows the calcula-

tion results. The left column corresponds to Z-cut LN while the

right column is devoted to X-cut LN.

Firstly, we validate our model by simulating the case published

by Rabiei et al. [17]. Our model shows identical results than in [17].

Table 2

Design parameters for the fabrication of TE/TM converter from LN symmetric slab

waveguide.

LN thickness (nm) Effective index

SiO2 cladding 625 1.96

Sapphire cladding 405 1.93

Air cladding 755 2.00

Fig. 2. Scheme of coupling effects between slab and guided modes in LN ridge waveguide.

Table 3

Slab thicknesses of 600 nm core thick LN symmetric slab waveguides that avoid any coupling effects between a slab mode and a guided mode, and effective indices of the TE- and

TM-polarized fundamental modes for different kinds of claddings and LN crystallographic orientations.

SiO2 cladding Sapphire cladding Air cladding

Z-cut nTM
eff (600 nm) 1.9 1.97 1.83

nTE
eff (600 nm) 2.04 2.07 2.02

Slab thickness (nm) 350 354 335

X-cut nTM
eff (600 nm) 1.96 2.03 1.88

nTE
eff (600 nm) 1.97 2.00 1.94

Slab thickness (nm) 585 534 492
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Secondly, we are interested in calculating the highest LN thickness

(also called the cutoff thickness) that allows singlemode propaga-

tion. Independently of the LN crystallographic orientation and of

the polarization, these cutoff thicknesses are 0.4, 0.5 and 0.6 lm

for air, SiO2, and sapphire claddings respectively. For thicker LN

layers, the propagations become multimode. By comparing all

these plots, it is also possible to find the structure that gives rise

to the best mode confinement. For this purpose, let us chose three

different LN thicknesses: 0.2 lm, that can be classed as a very thin

layer where all types of waveguides are singlemode, 1 lm, which is

already a thick layer, and 0.6 lm which is a reasonable thickness

for photonic crystal applications. Table 1 gives the effective indices

of the TE- and TM-polarized fundamental guided modes that prop-

agate in LN symmetric slab waveguides with the previously men-

tioned LN thicknesses and with different kinds of claddings

(silicon dioxide, sapphire and air). For each LN crystallographic ori-

entation and thickness, and each cladding, bold prints exhibit the

polarizations that give rise to the higher effective indices. Since

the mode is more confined as effective index is closer to the LN

refractive index, sapphire cladding is the most suitable for mode

confinement while the worst confinement corresponds to a LN

symmetric slab waveguide with an air cladding. This is in agree-

ment with the fact that the LN thickness has to be thinner for air

cladding than for sapphire cladding for singlemode waveguides.

From Fig. 1 and Table 1 we can also see that, for Z-cut LN core,

the TE-polarized mode is better confined than the TM-polarized

mode independently of the LN thickness. This is not any more

the case for the X-cut LN. An intersection point between the TM-

and TE-polarized fundamental mode plots occurs in Fig. 1. The

LN thicknesses and the effective indices that correspond to these

intersection points are reported in Table 2 for the three different

claddings. Those design parameters could be suitable for the fabri-

cation of TE/TM converters, since, at these intersection points, TM-

and TE-polarized fundamental modes propagate in the same man-

ner insofar as the light sees the same effective indices. Among

these three different TE/TM converters, the one corresponding to

a LN suspended membrane (air/LN/air) has the higher effective in-

dex. With a LN thickness of 755 nm, this air/LN/air slab waveguide

is however multimode so that the entire energy of the light is not

confined in the fundamental mode and will not be entirely suitable

for TE/TM converter application. The sapphire cladding TE/TM con-

verter is the one with the lower effective index but it is simulta-

neously the only one TE/TM converter that is singlemode. Since

all the energy of the light keeps confined into the fundamental

mode, sapphire/LN/sapphire waveguide appears to be the most

efficient structure for TE/TM applications.

In symmetric waveguides, the light is confined in the slab plane.

For some applications, like photonic crystal applications, it will be

of great interest to get a confinement in the third direction. This is

possible by creating a ridge in the LN layer as shown in Fig. 2. As

previously mentioned by Rabiei et al. [17] for SiO2/LN/SiO2 wave-

guides, in such structures some losses can arise from coupling ef-

fects between a guided mode and a slab mode if the effective

index of the slab mode is higher than the effective index of the

Fig. 3. Effective index of the guided modes in 600 nm high wire waveguides as a function of the LN width, and normalized field profiles plotted for a LN width of 1.5 lm (the

dark squares depict the ridge positions).
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guided mode. In the following part, we will assess the minimal

ridge height that will avoid any coupling effect for a whole LN core

thickness of 600 nm. This height was chosen because it corre-

sponds to a LN thickness that can be drilled by FIB or RIE (reactive

ion etching) without a lot of distorsion of the hole shape for pho-

tonic crystal applications and it is the highest thickness that allows

a singlemode propagation in a symmetric slab waveguide with a

sapphire cladding. In order to determine the ridge height that

avoids any coupling effects, vertical lines corresponding to a

600 nm LN thickness are plotted as shown in Fig. 2. The ordinate

coordinates that correspond to the intersection of each vertical line

and the plots of the effective indices of the TE- and TM-polarized

fundamental modes are reported in the Table 3. The slab thickness

that avoids radiation losses is given by the abscissa coordinate

from the intersection point between the horizontal line that goes

through the smallest effective index and the curve of the mode

polarized in the other direction. Those thicknesses are reported

in Table 3. For Z-cut LN core, the effective index curve of the TM

guided mode is located under the effective index curve of the TE

mode independently of the claddings so that coupling effects be-

tween the TM-polarized mode and the TE-polarized slab mode oc-

cur. This is also the case for the X-cut LN symmetric slab

waveguides with silicon dioxide and air claddings. For sapphire

cladding, coupling effects occur between the TE-polarized guided

mode and the TM-polarized slab mode.

The previous analysis results from calculations performed on

slab structures and thus does not take into account the width ridge.

This parameter is considered in the following.

4. LN asymmetric wire waveguides

In this part, we are interested in asymmetric waveguides com-

posed of a LN ridge deposited on two different types of substrates:

SiO2 and sapphire. Fig. 3 shows the plots of the effective indices of

the fundamental mode that propagates in 600 nm thick LN asym-

metric wire waveguides as a function of the LN width for both TE

and TM polarizations and crystallographic orientations (X-cut

and Z-cut LN). In these plots, where the symbol is filled, only the

fundamental mode propagates, and where the symbol is open,

there is at least a second mode at 1.55 lm or more. Fig. 3 shows

that the mode confinement strongly depends on the ridge width.

For the TE polarization, the effective indices do not strongly vary

with the crystallographic orientation of LN since X-cut LN and Z-

cut LN curves are close to each other for both types of cladding

while for the TM polarization all curves are far from each other.

By comparing all these curves, the best mode confinement corre-

sponding to a singlemode propagation is reached for a Z-cut LN

asymmetric wire waveguide with a 2.1 lm width LN. In this case,

the fundamental mode is TE-polarized and its effective index is

2.15.

As shown in Fig. 4, X-cut LN wire deposited on a sapphire sub-

strate and Z-cut LN wire deposited on a silicon dioxide substrate

allow the fabrication of TE/TM converters. The parameters of these

TE/TM converters are summarized in Table 4. By comparing these

parameters with those of symmetric slab waveguides (Table 3) it

appears that the fundamental mode is more confined for TE/TM

converters designed from symmetric slab waveguides. However,

both TE/TM converters obtained from asymmetric wire wave-

guides allow singlemode propagation which is unfortunately not

the case for the one which is fabricated from slab waveguide with

a silicon dioxide cladding. We can conclude that the more efficient

TE/TM converters are symmetric slab waveguides with a sapphire

cladding and LN wire deposited on a sapphire substrate.

5. Conclusion

This paper was devoted to the theoretical study of LN symmet-

ric slab and asymmetric wire waveguides. The first kind of wave-

guide allows a light confinement in the slab plane while the light

is confined in two directions in a LN asymmetric wire waveguide.

The efficiency of LN waveguides with different geometries and

claddings (air, sapphire and silicon dioxide) was discussed in term

of light confinement, radiation losses and mode propagation from

simulations based on the beam propagation method. We finally

propose devices for TE/TM converter applications.
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