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Abstract In this paper, we establish a lithium niobate (LN) thin film planar waveguide

and an annealed proton exchange (APE) waveguide model with serrated array electrodes

configuration to deflect and reshape the optical mode. The refractive index profile of the

waveguide can be electro-optically manipulated by applying an external voltage into the

serrated array electrodes. Through the simulation results, it is observed that different

refractive index manipulation of LN waveguide can make the optical beam have different

deflection and reshaping. The comparison between the thin film and APE bulk planar

waveguide is investigated. When the beam deflection is modulated via the high-speed

electro-optic effect of LN, the temporal and spatial beam smoothing can be achieved for

the application of high power laser system and other optical signal processing.
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1 Introduction

One of the vital requirements in ultrahigh power laser drivers is beam smoothing in the

target surface. The optical beam smoothing technology can be divided into spatial and

temporal smoothing technologies (Deng et al. 2013). The spatial smoothing technologies

include continuous phase plates (CPP) (Lin et al. 1996), distributed phase plates (DPP)

(Lin et al. 1995), random phase plates (RPP) (Kato et al. 1984) and lens arrays (LA)

technique (Deng et al. 1986). While the temporal smoothing technologies include inducing

spatial incoherence (ISI) (Lehmberg et al. 1987), smoothing by spectral dispersion (SSD)

(Skupsky et al. 1989), etc. Nowadays, the widely utilized technology is smoothing by

spectral dispersion (SSD). The light source is a relatively broadband light which is pro-

duced by electro-optic phase modulation and dispersed by grating (Skupsky et al. 1989). If

the light beam dithers in a small range, light spot will quickly move in the focal plane.

Therefore, it produces optical mode deflection and a beam smoothing effect in the average

time through the high-speed electro-optic phase modulation. However, when a broadband

light source is produced by sinusoidal frequency-modulation, the beam smoothing effect of

SSD is not obvious (Zhou et al. 2007).

Various methods and proposals have been suggested for mode deflection to achieve

beam smoothing, the optical waveguides were proposed in previous reports, such as using a

Ti-diffusion LN waveguide with acousto-optic Bragg deflection (Schmidt and Kaminow

1975), acousto-optic deflection in Ta2O5 waveguides (Douglas and Michael 1974), electro-

optic beam deflection using the leaky mode of a planar waveguide (Himel et al. 1991),

liquid crystal optical phased array (Pan et al. 2012), planar waveguides via grating rotation

(Veith et al. 1995), solid-state ultrafast all-optical streak camera in a GaAs/AlGaAs planar

waveguide (Sarantos and Heebner 2010) and chip scale GaAs device with Mach–Zehnder

Interferometer (Shih et al. 2012). These waveguide configurations were employed for

many specific applications, but either the high-speed modulation cannot be reached, or

require powerful driving voltage. Recent years, micro and nanostructured waveguide were

introduced for deflecting the guided mode. The superprism effect in lithium niobate

photonic crystals was fabricated for ultra-fast, ultra-compact electro-optical switching

(Amet et al. 2008; Lu et al. 2014), nanoscale plasmonic devices (Çetin et al. 2010) and

unidirectional fishnet metamaterials (Rodrı́guez-Ulibarri et al. 2015) were also proposed,

these configurations can probably reduce the driving energy, but complicated micro and

nanostructure should be fabricated which induce the loss and lead to intricate fabrication

process.

LN is one of most extensively used materials in optical communication, and is a

versatile optical candidate material since it possesses excellent electro-optic, acousto-optic,

piezoelectric, and nonlinear properties (Lu et al. 2013). Moreover, it has a large trans-

parency range (0.4–5 lm) and a wide intrinsic bandwidth. The most popular approaches to

fabricate the LN optical waveguide are annealed proton exchange (APE) and ion doped

method such as titanium in-diffusion (Wooten et al. 2000; Lu et al. 2012), which can

fabricate the LN waveguide with very low propagation loss.

In this paper, an optical planar waveguide and an annealed proton exchange (APE)

waveguide model with serrated array electrodes configuration are proposed for beam

deflection. Through the electro-optic effect of LN, the distribution of refractive index in

waveguide with serrated array electrodes can slightly be manipulated, which creates the

refractive index prism array to deflect the optical mode. The configurations are quite

simple and do not require the complicated micro and nanostructure. Moreover, it is
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compatible with the optical waveguide made of electro-optic material, and it can poten-

tially achieve the beam smoothing with a relatively low driving voltage. The high-speed

electro-optic modulation makes the intensity profile of output mode modulated with a high

speed, so the light beam will be deflected and reshaped through the electro-optic effect of

LN waveguide.

2 Conventional APE waveguide and results

The 7 lm wide LN straight waveguide model has been proposed in our previous report

(Wang et al. 2014), as shown in Fig. 1, which can obtain slightly mode deflection via the

electro-optic tuning through experimental results, it reveals that the horizontal mode

deflection was not evident when different voltages applied as shown in Fig. 2. Therefore,

novel theoretical models are proposed to demonstrate and improve the deflection and

reshaping of optical mode.

3 LN thin film planar waveguide

Figure 3 is a Z-cut LN thin film planar waveguide with metal electrode (NANOLN:http://

www.nanoln.com/product/lnoi-with-metal-electrode-ii). The thickness of the LN thin film

is *0.6 lm. A metal electrode layer (Au) between the SiO2 layer (optical insulation layer)

and the LN substrate is inserted by deposition. Electric field can be applied on the LN thin

film between this metal electrode layer and a top electrode layer.

The simulated model is composed by a LN thin film planar waveguide with serrated

array electrodes, which is displayed as Fig. 4. The operating wavelength (k) is of

1.064 lm, the width of the planar waveguide is 50 lm, the thickness and the refractive

index of LN substrate are 500 lm and 2.156 respectively, the electrode layer between

SiO2 layer and LN substrate is deposited as ground with thickness of 0.2 lm, the

thickness and the refractive index of SiO2 layer are 1 lm and 1.40 respectively. Serrated

array electrodes with 25 periods are imprinted on the top of LN thin film, the lateral

extend of serrated array is 50 lm, and the longitudinal pitch of a serrated pattern is

60 lm. An external voltage can be applied on the LN thin film between the ground

electrode layer and the top electrode layer, which produces electric field distribution in

the waveguide as shown in Fig. 5.

The refractive index profile in LN waveguide can be changed through the electro-optic

effect by applying different voltages to the serrated array electrodes, the electric field

distribution calculation was performed by using finite element method (Comsol), the

Fig. 1 a Straight waveguide model and b its fabricated SEM image
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refractive index distribution of the waveguide acts as prism array to deflect the optical

mode, and it makes different optical mode profiles in the end-fire of planar waveguide

corresponding to the different applied voltages. The equations were solved with Comsol as

follows:

E ¼ �rV

r � eEð Þ ¼ qv

where, E is electric field, V is electric potential, e is permittivity, and qv is charge density.
Through the above equations, the electric field distribution E(x, y, z) can be obtained as

displayed in Fig. 5.

The ordinary refractive index no can be neglected in electro-optic effect (Chen 1969). If

we apply an external voltage on LN induced the spatially electric filed distribution, its

index of refraction changes (Dne) according to the Pockels equation as follows:

Fig. 2 Experimental result of
cross-sectional optical mode
deflection in horizontal direction

Fig. 3 LN thin film planar
waveguide with metal electrode
layer

Fig. 4 LN thin film planar
waveguide configured with
serrated array electrodes

162 Page 4 of 10 Y. Wang et al.

123



Dn x; y; zð Þ ¼ � n3ec33E x; y; zð Þ
2

where, c33 is electro-optical coefficient, ne is extraordinary refractive index, E is the

electric field which was calculated previously in Fig. 5 yielding the electric field distri-

bution E(x, y, z).

The beam propagation method (Rsoft) is employed to calculate the optical mode

propagating in the LN thin film planar waveguide with different applied voltages corre-

sponding different electric field distribution. The obtained refractive index profile n(x, y,

z) = ne ? Dn(x, y, z) can be included in BPM resolved equation. The basic BPM equation

in three dimensions is as follows:

Fig. 5 Electric field distribution in LN thin film planar waveguide a Horizontal top view; b Sectional view

Fig. 6 Optical mode profile in output of 50 lm wide LN thin film planar waveguide when applied voltages
are: a -48 V; b -24 V; c -4.8 V; d 0 V (no applied voltage); e 4.8 V; f 24 V; g 48 V
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where, u is the slowly varying field, k is the spatially dependent wavenumber, via

k = k0n(x, y, z), �k is the reference wavenumber to be chosen to represent the average

phase variation of the field, via �k ¼ k0�n.
The size of incident Gaussian mode is of 4 lm 9 0.6 lm, and the beam waist is

*3 lm. The output of optical mode profile is monitored in the end-fire of waveguide,

which can analyze the mode deflection. Figure 6d represents the optical mode profile of

LN thin film planar waveguide before applying a voltage to the serrated array electrodes

(0 V). Figure 6a–c, e–g represent the optical mode profiles in the end-fire of waveguide

when applied voltages are -48, -24, -4.8, 4.8, 24 and 48 V respectively. The difference

between them is that different refractive index profiles of LN waveguide bellow serrated

array electrodes can be realized. Figure 7 shows the relationship between the mode

deflection and different applied voltages in 50 lm wide LN thin film planar waveguide,

which concludes the mode deflection in the horizontal direction.

According to the simulation results, the different refractive index manipulation of LN

planar waveguide can make the optical beam have different mode deflection. Since in

50 lm wide LN thin film planar waveguide configuration, the distance of electrodes is

\2 lm, the electro-optic effect of LN waveguide is more intensive and sensible, with a

driving voltage of 4.8 V, the mode deflection can achieve *1 lm. Therefore, this

decreases the driving voltage of mode deflection. The higher applied voltage can obtain an

enhanced contrast refractive index prism array, which leads to larger mode deflection.

4 APE planar waveguide

Figure 8 is a 50 lm wide APE waveguide with coplanar serrated array electrodes. The

operating wavelength (k) is of 1.064 lm, and the refractive index of LN waveguide and the

substrate are 2.161 (due to APE process) and 2.156 respectively, the thickness of the

waveguide and substrate are *2.5 and 500 lm respectively, the top electrode layer

includes the blue area which is set as ground and the red area as anode, a metal (Au)

Fig. 7 Mode deflection as a
function of different applied
voltages in 50 lm wide LN thin
film planar waveguide
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serrated array with 25 periods is imprinted in the red area, the lateral extend of serrated

array is 50 lm (equals to the width of APE waveguide), and the longitudinal pitch of a

serrated pattern is 60 lm. The distance between the ground electrode and the top of

triangular serrated array electrodes is of 10 lm as illustrated in Fig. 8.

Electric field can be applied on the LN waveguide between the ground and the anode, as

shown in Fig. 9. The size of incident Gaussian mode is of 8 lm 9 2.5 lm, and the beam

waist is *6 lm. With applying different voltages to the electrodes, it can make different

optical mode profiles in output of waveguide as Fig. 10. Figure 10d represents the optical

mode profile before applying a voltage to the serrated array electrodes. Figure 10a–c, e–g

represent the optical mode profile when the electrodes were applied -125, -75, -25, 25,

75 and 125 V respectively, and the relationship between the mode deflection and refractive

index changes in 50 lm wide LN APE waveguide is depicted in Fig. 11.

The APE waveguide with serrated array electrodes can also deflect the optical guided

multi-modes; even it requires higher applied voltage as its electrodes are widely spaced

comparing to the LN thin film planar waveguide. According to the simulation results, with

25 V applied to the electrodes, *2 lm mode deflection can be realized. Due to the

refractive index contrast between APE LN and LN substrate is lower than that of LN thin

film planar waveguide configuration, the optical mode is not so confined in the APE

waveguide. Since the electrodes of APE waveguide can be deposited in coplanar structure,

the design is more flexible for fabrication.

Fig. 8 APE waveguide with
coplanar serrated array electrodes

Fig. 9 Electric field distribution in 50 lm wide APE waveguide: a Horizontal top view; b Sectional view
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5 Conclusion

In summarize, through the simulated results, we observe that the different refractive index

manipulation of LN waveguide with serrated array electrodes configuration can make the

optical beam have different deflection and reshaping. The beam deflection scale depends

on the difference of refractive index distribution which can be manipulated through the

electro-optic effect via external applied voltages. The comparison of thin film and APE

planar waveguide indicates that the thin film planar can reduce the applied voltage thanks

to its compact electrodes which is not as long spaced as the APE waveguide structure. This

performance can be potentially utilized for mode deflection in high speed regime, more-

over, it can be exploited to the beam smoothing for the application of high power laser

system and other optical signal processing.

Fig. 10 Optical mode profile in output of 50 lm wide APE waveguide when applied voltages are:
a -125 V; b 75 V; c -25 V; d 0 V (no applied voltage); e 25 V; f 75 V; g 125 V

Fig. 11 Mode deflection as a
function of different applied
voltages in 50 lm wide APE
waveguide
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