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The acousto-optical interaction of an optical wave confined inside a waveguide and a surface
acoustic wave launched by an interdigital transducer (IDT) at the surface of a piezoelectric material
is considered. The IDT with high aspect ratio electrodes supports several acoustic modes that are
strongly confined to the surface, causing a significant increase in the strain underneath the surface.
A finite element method is employed to model the surface acoustic waves generated by a finite
length IDT with 12 electrode pairs and subsequently to study their interaction with an optical wave
propagating in a waveguide buried in the lithium niobate substrate supporting the electrodes. The
interaction can be increased up to 600 times using these new types of surface acoustic waves as
compared to using a conventional IDT with thin electrodes. This result could find applications in

improved acousto-optical integrated modulators. © 2009 American Institute of Physics.

[doi:10.1063/1.3266017]

I. INTRODUCTION

This paper is concerned with surface acoustic waves
(SAWs) generated by high aspect ratio (HAR) electrodes and
their use for improving integrated acousto-optical modula-
tors. SAWs are elastic waves that propagate along a material
surface with most of their energy density concentrated at the
surface.” Two main types of SAWs exist. One type is the
Rayleigh wave, which is mainly polarized in the vertical and
longitudinal direction, and the other type includes surface
waves that are mostly polarized in the shear horizontal (SH)
direction, such as the Bleustein—Gulyaev wave or the leaky
SAWSs of lithium tantalate and lithium niobate. In piezoelec-
tric materials, the elastic field is accompanied by an electric
field and SAWs can be generated by interdigital transducers
(IDTs) by the inverse piezoelectric effect. SAWs are exten-
sively used in electromechanical filters and resonators for
telecommunication as well as in oscillators and sensors.”™* A
new application is the modulation of optical waves, see Ref.
5 for an overview. In Refs. 6—8, experimental results for a
compact and monolithic modulator consisting of a SAW
driven Mach-Zehnder interferometer (MZI) are presented. A
coupled piezoelectric and optical finite element model is in-
troduced in Ref. 9, which is employed to calculate and im-
prove the acousto-optical interaction in such a modulator by
a parameter study of the geometry. In these applications
SAWs are generated by IDTs with limited electrode height
such that the SAW mode properties are similar to the propa-
gation on a free surface. In Ref. 10, it was shown theoreti-
cally by a combined finite element and boundary element
method that the SAW properties are significantly changed
when HAR electrodes are used instead. Multimode SAW
propagation was found and up to a tenfold slowing of the
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SAW velocity was obtained. Experimental results are pre-
sented in Ref. 11 and a fine agreement between numerical
and experimental results was found. In order to plot the
mode shapes, we introduced a finite element model of a pi-
ezoelectric anisotropic material in Ref. 12 to simulate the
HAR electrodes utilizing periodic boundary conditions. A
perfectly matched layer (PML) was employed at the bottom
to absorb the mechanical and electrical disturbances propa-
gating away from the surface.”"” A fine agreement was found
between this new model and the previous results in Refs. 10
and 11. With this model, it was possible to obtain the mode
shape of all the resonances for the periodic structure and it
was observed that each mode shape consisted of a combined
vibration at the surface and in the electrode. The mechanical
energy confinement to the electrodes was calculated and it
was observed that it increases with increasing aspect ratio.
This indicates that the phase velocity is slowed down be-
cause of energy storage in the electrodes.

In this work we modify the periodic model to examine
the structure with a finite number of HAR electrodes by em-
ploying PMLs at the vertical borders. The resonance fre-
quencies and the energy confinement to the electrodes are
compared for the periodic and finite models in order to vali-
date the finite model and a fine agreement is obtained. The
finite HAR device is then employed to calculate the acousto-
optical interaction in an optical waveguide based on the
acousto-optical model from Ref. 9. The two first order opti-
cal modes are matched with the first six acoustic modes at
the surface where the acoustic strain energy has a high con-
finement. The acoustic strain is first calculated by the piezo-
electric model, which is then coupled to a model of the op-
tical wave. From this coupled model, it is possible to
calculate the difference in effective refractive index between
the two cases where a negative and a positive electric poten-
tial, respectively, are applied to the electrode above the
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FIG. 1. The geometry of the acousto-optical problem with nickel (Ni) elec-
trodes on a lithium niobate (LiNbO3) substrate. The height of the electrodes
is & and p is the period of the problem. PMLs absorb the waves at the
boundaries and the thick line indicates the optical domain.

waveguide. This is a measure for how efficient each acoustic
mode interact with the optical modes. The results of the
acousto-optical interaction with the HAR electrodes are com-
pared to similar results for a conventional device with thin
electrodes, and it is concluded that the interaction can be
increased more than 600 times for the new types of waves.

Il. THE ACOUSTO-OPTICAL MODEL

The finite model for computing the interaction between
SAWs generated by HAR electrodes and an optical wave in a
waveguide is described in this section and is similar to the
model from Ref. 9.

A. Problem description

The two-dimensional (2D) computational domain is il-
lustrated in Fig. 1. The electrodes consist of nickel (Ni) and
are placed on top of a substrate of Y+128° cut lithium nio-
bate (LiNbO;). The width of the electrodes is a and the
height is 4. The parameter p=2a is the period in the problem
and is of the order of a few microns in applications. In fab-
ricated devices, the corners at the interface between the elec-
trodes and the substrate will not be sharp. To imitate that and
to avoid stress concentrations in the simulations, the corners
have a small rounding, which can be clearly seen in Fig. 5,
for instance. The SAW is generated by applying an alternat-
ing electrical potential to the HAR electrodes as indicated at
the left electrodes in Fig. 1. The metal is assumed to be
perfectly conducting such that the electrical potential only
needs to be applied at the interface between Ni and
(LiNbO;). The SAW then propagates in the left and the right
horizontal direction and both the mechanical and electrical
disturbances are absorbed in the PMLs. The SAW passes
through an optical waveguide in the middle where light
propagates out of the plane in the x3-direction. To simulate
the acousto-optical interaction in the waveguide, a model
describing the SAW generation in a piezoelectric material is
coupled with an optical model describing the propagation of
the optical wave in the waveguide. It is assumed that the
strain-optical effect is dominant compared to the electro-
optical effect, which will be neglected here.” It is further-
more assumed that the SAW will affect the optical wave, but
the optical wave will not influence the SAW, so the problem
is solved by first calculating the mechanical strain introduced
by the SAW. Then the change in refractive index in the ma-
terials due to the strain can be calculated by the strain-optical
relation, and finally by solving the optical model the effec-
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tive refractive index of the different possible light modes can
be determined. The practical choice of the metal for the elec-
trodes depends on the combination of electrical and vis-
coelastic losses, which should both be minimized. The pres-
ence of such acoustic low frequency modes is also due to the
existence of mechanical resonance of electrodes, which are
related to mass density, elastic constant, and geometrical pa-
rameters. The technology employed to achieve thick struc-
tured electrodes is important. For instance, in Ref. 11, elec-
troplated Ni electrodes were used with success up to 200
MHz and it is extrapolated that they can be applied to the
gigahertz range as well. Heavier metals such as gold could
also be considered but have not been tried yet. The math-
ematical model for the acousto-optical interaction is de-
scribed in Secs. II B-II D.

B. The piezoelectric model

The applied electric potential will introduce mechanical
displacements in the solid by the inverse piezoelectric effect.
The behavior of the piezoelectric material is described by the
following model, as found in Ref. 14. A time-harmonic elec-
trical potential,

V(x;,1) = V(x;)e™, (1)

with the angular frequency w is applied to the electrodes,
where x; are the coordinates and 7 is the time. The mechani-
cal straln S,J, assumed small, and the electric field E; are
given by the expressions

1(1du; 1du;
2 ’yj (?xj Yi ﬁx,-
where u; are the displacements. Note that the Einstein nota-

tion is not applied in Eq. (2). The parameter 7; is an artificial
damping at position x; in the PML given by the expression

- iojx; = x)?, 3)

10V
and Ej=———, (2)

() =1

where x; is the coordinate at the interface between the regular
domain and the PML and o; is a suitable constant. There is
no damping outside the PMLs and v; is here equal to 1. The
mechanical stresses T, and the electric displacement D; both
depend on the strain and the electric fields according to the

following constitutive relations:

~E T
Tt = CitgmSim — €L 4)
_el]kSk+8[j j (5)

where 5ﬁ<zm are the elastic stlffness constants, € are the

piezoelectric constants, and € s are the permittivity constants.
The material tensors are rotated according to Euler’s trans-
formation theory15 to get the proper piezoelectric directions.
This is indicated by the tilde above the material tensors. The
two governing equations give the stresses by Newton’s sec-
ond law and the electric displacement from Gauss law:

1 9T;; 1 dD;
——=_ po?y; and ——2L=0, (6)
Yj 0X; Yj 0%

where p is the density of the material. The governing equa-

tions are second order differential equations for u; and V.
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Mechanical and electrical boundary conditions must be
specified. Considering the mechanical conditions, the upper
surface is stress-free and the vertical sides and the bottom are
clamped:

stress free surface: T;m; =0, (7)

clamped surface: u;=0, (®)

where my, is the normal unit vector pointing out of the sur-
face. At the upper surface, there are no charges and therefore
electric insulation occurs, meaning that the normal compo-
nent of the electric displacement is zero. At the bottom and
to the sides of the domain, it is assumed that the electrical
potential is zero, whereas at the interface between the elec-
trodes and the substrate, the potential is V. The electrical
boundary conditions are summarized as follows:

electrical insulation: D;m;=0, 9)
zero potential: V=0, (10)
applied positive potential: V=V, (11)
applied negative potential: V=-V,,. (12)

The piezoelectric problem is solved by a plane formulation
obtained by omitting all derivatives with respect to x;. The
two governing equations (6) are solved simultaneously to
find the four unknowns u;, u,, 13, and V.

C. The optical model

After the mechanical strain in the material has been
computed by the piezoelectric model, the refractive index n;;
in the strained material can be calculated according to the
strain-optical relation: 1o

Abiby; = PijimSims (13)

where p;jj,, are the rotated strain-optical constants and
bynyj=0;;. For a given optical mode of order v with the
propagation constant 3,, the effective refractive index ng,
is defined as

Nesi, = B/ ko, (14)

where k is the free space propagation constant. It is assumed
that the propagating optical modes have harmonic solutions
on the form

H, o (x1,%0,%3) =Hq,u(x1,x2)€_iﬁ"x3, (15)

where H, , are the magnetic field components of the optical
wave. The governing equations for the magnetic field are the
time-harmonic wave equations,

17 JH
ein—\ bubye —‘i>—k2H:o, 16
l]kaxj< klYImCmpq (?)Cp ((ad ( )

where e;;; here is the alternating symbol. For a given value of
ko, the propagation constant B, for the possible modes are
found by solving the wave equations as an eigenvalue prob-
lem, whereby the effective refractive indices are obtained. In
this work, the set of equations are reduced such that the
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model is only solved for the transverse components of the
magnetic field H; and H,. As the energy of the lower order
optical modes is concentrated in the waveguide, the optical
domain (where the eigenvalue problem is solved) can be re-
duced to a smaller area around the waveguide, see Fig. 1. At
the boundary of this optical domain, it is assumed that the
magnetic field is zero as the energy density quickly decays
outside the waveguide. Thus, the perfectly magnetic conduc-
tor boundary condition is applied

eiijjmk= 0, (17)

where e;;, again is the alternating symbol.

D. Practical implementation

The coupled model is solved by the commercial finite
element program COMSOL MULTIPHYSICS with MATLAB.'’
This program is designed for modeling engineering problems
described by partial differential equations and it is possible
to combine different physical models and solve multiphysics
problems. The models can be defined by writing conven-
tional differential equations directly or it is possible to use
the application modes, which are templates for specific
physical problems with the appropriate equations and vari-
ables predefined. In this work the piezoelectric model is
implemented in the general form where the governing equa-
tions and boundary conditions are written on divergence
form. The optical problems are solved using the perpendicu-
lar waves, hybrid-mode waves, application mode. The prob-
lems are discretized by a triangular element mesh and second
order Lagrange elements are employed. A sufficient number
of elements must be used in wave problems in order to re-
solve the waves and obtain convergence, which typically
means that at least 5-6 second order elements per wave-
length must be employed. In the studied problem, the geom-
etry is complicated and a coupled model is used, so a fine
mesh is employed where the wavelength of the vibration in
the electrodes for the highest frequency is discretized by at
least ten elements. For a=7 wm, a maximum element size
of 1.5 wm is used except in the waveguide area where
0.25 um is used, see Fig. 1. For the piezoelectric model, it
has been tested that the results for the phase velocity and the
mechanical energy did not change for a finer mesh. For the
coupled model, it was furthermore ensured that the values of
the refractive indices did not change for a finer mesh and for
a bigger optical domain.

lll. RESULTS

The SAWs generated by HAR electrodes by the finite
model are first compared to the results obtained by the peri-
odic model from Ref. 12. The finite model is then employed
to calculate the acousto-optical interaction in an optical
waveguide.

A. Simulation of SAWs: Comparison between a
periodic and a finite model

The SAWs are generated by Ni electrodes placed on top
of the Y +128° cut LiNbO; substrate where the material ma-
trices are rotated 128° around the x,-axis. Material constants
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FIG. 2. (Color online) Results for the periodic model where the displace-
ments u,, u,, and u;3 are shown at resonance with the electrode aspect ratio
h/2p=1. (a) Displacements for mode 3 (SH2) for half of the phase velocity
fp=1004 m s~!. (b) Displacements for mode 4 (VP2) for fp=1512 m s7!.

for LiNbO; are taken from Ref. 18. Young’s modulus for Ni
is E=200 GPa and Poisson’s ratio is »=0.31. The results for
the SAWs obtained by the finite model are first compared to
the results found by studying the unit cell with one electrode
from Ref. 12. The geometry is illustrated in Fig. 2 where the
height of the substrate is 6p. A PML is placed at the bottom
of the domain with the height 4p, and periodic boundary
conditions connect the left- and right-hand side boundaries
of the substrate. An electrical potential of 1 V was applied to
excite the device and it is found that an increasing number of
modes can be excited for increasing aspect ratio and six
modes exist for #/2p=1. Three of the modes are mainly
polarized in the shear horizontal (SH) direction and the other
three modes are mainly vertically polarized (VP). Examples
are given in Fig. 2(a) and 2(b) where the displacements u,,
u,, and us in the x;-, x,-, and x3-directions are plotted for
modes 3 and 4 at resonance. These plots clearly show that
the modes are, in fact, a combination of a vibration in the
electrode and a surface wave. It is also verified that mode 3
has a SH polarization and that mode 4 has a VP polarization,
note the different scaling. By plotting the mode shapes, it
was found that the electrodes vibrate with modes of increas-
ing order such that mode 3, which is also denoted as SH2,
vibrates in the x3-direction with a mode shape of order 2 and
mode 4 (VP2) vibrates in the x;- and x,-directions with a
mode shape of order 2 as well. So it is possible for more and
more modes to exist for larger aspect ratio as the electrodes
vibrate with modes of higher order. In Ref. 12, the mechani-
cal energy in the structure was calculated, which is the sum
of the stored strain and kinetic energy and the mechanical
flux flowing into the PML at the bottom. The expressions are
given in Ref. 15. The fraction of mechanical energy in the
electrode E, . clec With respect to the total mechanical en-
ergy in the structure E, .. i repeated in Fig. 3(b) for the
aspect ratios h/2p € [0.05:3] for the later discussion in Sec.
IIT C. The mechanical energy gets more confined to the elec-
trode for increasing aspect ratio. Thus, the electrode acts as a
mechanical resonator, which slows down the SAW velocity
because of mechanical energy storage. The modes of the
same type tend to the same fraction of mechanical energy in
the electrode for increasing aspect ratio because the move-
ment tends to the clean cantilever vibration for slender
beams. The only energy left in the substrate is what connects
the cantilever modes to the substrate and as modes of the
same polarization type deflect in the same direction, the stiff-
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FIG. 3. (Color online) The fraction of mechanical energy in the electrode
compared to the total mechanical energy in the structure E,cch etec/ Emech ot 1
plotted as function of the electrode aspect ratio i/2p for the six modes
computed by the periodic model.

ness in the substrate for these modes is the same. For modes
of higher order, the aspect ratio must be bigger before the
energy fraction limit is reached, as the wavelength of the
vibration is shorter for the same aspect ratio.

Now the wave propagation is studied in the finite device,
which is modeled by introducing PMLs at the vertical bor-
ders and at the bottom of the substrate, as illustrated in Fig.
1. The device has 24 electrodes and is excited with alternat-
ing potentials of +1 and —1 V. The aspect ratio h/2p=1 is
chosen for the remaining part of the paper. Two examples of
the displacement fields for modes 3 (SH2) and 4 (VP2) at
resonance are given in Fig. 4. Mode 3 is the SH type, so
displacement u5 is dominant and is plotted in Fig. 4(a). Mode
4 is the VP type, so displacements u; and u, are dominant
and u, is shown in Fig. 4(c). Compared to the plots for the
periodic model in Fig. 2, it can now be seen how the vibra-
tions are build up and are strongest in the middle. In both
cases, a SAW is propagating away from the electrodes and is
absorbed in the PMLs, which can just be seen for mode 4.
The two zooms of the area around the electrodes in Figs.
4(b) and 4(d) show that the displacement patterns are the
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FIG. 4. (Color online) Results for the finite model at resonance with the
electrode aspect ratio 1/2p=1. [(a) and (b)] The out of plane displacements
us for mode 3 (SH2) with half of the phase velocity fp=1004 ms~'. [(c)
and (d)] The vertical displacements u, for mode 4 (VP2) with fp
=1510 ms™".
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TABLE I. Half of the phase velocity fp and the fraction of the mechanical energy in the electrodes compared
to the total mechanical energy in the structure Eecp elec/ Emech.ior fOr the periodic and finite problems for the six
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modes with electrode aspect ratio h/2p=1.

Mode No. 1 2 3 4 5 6
Mode type SH1 VP1 SH2 VP2 SH3 VP3
phase velocity Periodic device 337 523 1004 1512 1641 2273
fp (ms™) Finite device 337 523 1004 1510 1639 2275
E nechetec! Emecn ot (%) Periodic device 90.5 81.7 88.8 76.4 83.1 41.7
Finite device 90.3 81.5 88.5 75.5 82.1 45.0

same as for the periodic model shown in Figs. 2(a) and 2(b).
In order to compare the results for the periodic and the finite
model, half of the phase velocity fp for the six modes are
given in Table I for both cases, where f represents the reso-
nance frequency. It is seen that the phase velocities are iden-
tical for the first three modes and only deviate slightly for the
last three modes. So the resonances for the modes are in fine
agreement for the periodic and finite models. Finally, the
fraction of mechanical energy stored in the electrodes com-
pared to the total mechanical energy in the structure is given
in Table I for the periodic and finite cases. All the energy
ratios for the finite device are close to the ratios for the
periodic device, but they are deviating more with increasing
mode number.

These results show that the periodic and finite models
appear to be in fine agreement. A tendency is that the values
of the phase velocity and the mechanical energy ratio deviate
more and more from the periodic device, which can be ex-
plained by the mode shapes getting increasingly complicated
with increasing mode number, and more energy is lost to
bulk waves for the finite structure.

B. Simulation of optical waves

The results are now presented for the optical eigenvalue
problem described in Sec. II C. The optical waveguide is
supposed to be created by annealed proton exchange,19 and
the analytical expression for the refractive index distribution
n(x,,x,) is

Color: Refractive index variation [-]

air Ni air

2.15

optical waveguide 2.145

LiNbO3

165 170 175
(a) X, [nm]

180 185

n(xp,x,) = 2.138 + 0.0289¢~(0:08:3+0.0638(x, = 1757 (|g)
The unit for x; and x, is microns. The refractive index dis-
tribution given by Eq. (18) is illustrated by Fig. 5(a) and it
creates a waveguide that can confine an optical mode. The
free space wavelength of the optical wave is set to A\
=1.55 pm—the wavelength used in telecommunication. The
refractive index constant for LiNbO; is n;;=2.138 and the
strain-optical constants are found in Ref. 14. The refractive
index for Ni is set to ny;=3.5+6i according to Ref. 20. It is
assumed that ny; is not changed by the applied strain as the
optical mode has almost no energy in the Ni electrode and
therefore the acousto-optical modulation has no contribution
from the electrode strain. For air simply n,,=1 is used. Fig-
ure 5(b) shows the x;-component of the time averaged power
flow of the fundamental mode in the waveguide obtained by
solving the eigenvalue problem when no strain is applied (for
V,=0 V). The power flow is confined to the waveguide and
the effective refractive index is found to be ngy;=2.148
+7.858 X 1075i. The real part is between the highest value of
the refractive index in the waveguide and the value in the
substrate, as expected. The small imaginary part is the at-
tenuation and has a value because of the imaginary part in
the refractive index in the Ni electrodes that absorb energy
from the system. The fundamental mode is mainly polarized
in the x;-direction. The waveguide supports several modes
and the next mode is also a first order mode with a similar
mode shape. It is mainly polarized in the x,-direction with
the effective refractive index n.y,=2.147+6.090 X 1074. In
this paper, we are only interested in the acousto-optical in-

Power flow, time average, X,-component [Wm'2]

10 1.2
1
0.8
E
= 0.6
x
a » 0.4
optical mode 3
10 0.2
165 170 175 180 185 0
(b) X, [um]

FIG. 5. (Color online) Results for the optical model with the electrode aspect ratio h/2p=1. (a) The refractive index variation that defines the waveguide. (b)
The distribution of the x;-component of the time averaged power flow for the fundamental mode in the waveguide with arbitrary scale when no strain is

applied.
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TABLE II. The difference in effective refractive index normalized with the
squared applied electrical power for the two first order optical modes for
each of the six acoustic modes with electrode aspect ratio h/2p=1 as well as
for the thin electrodes with 4/2p=0.01.

Aneg, / \F Anggo/ \F
(W—I/Z) (W—I/Z)

Mode 1 (SH1) 1.55%x 1073 8.97 X 107
Mode 3 (SH2) 9.08 X 1073 6.62X 107
Mode 5 (SH3) 3.08X107° 250X 107°
Mode 2 (VP1) 7.35% 1073 7.21%x107
Mode 4 (VP2) 1.18X 107 6.35X 107
Mode 6 (VP3) 6.49X107° 1.38x107°
Thin electrodes 2.51X107° 1.71 X 107°

teraction between the acoustic and optical waves, so in the
following the imaginary part of the effective refractive indi-
ces is not included. In practice, this approach is justified if
the interaction length is less than 100 optical wavelengths.
For longer interaction lengths, attenuation could become sig-
nificant and should be included in the analysis.

C. Improving the acousto-optical interaction

The coupled acousto-optical model is now solved for
each of the six acoustic modes for the case where a wave
crest is at the waveguide and a wave trough is at the wave-
guide, respectively. The change between the two extreme
cases is given as

—_|.,,C t
Anegy, i= |neff,j — ey

, (19)

where j is 1 for the mode that is polarized in the x;-direction
and 2 for the mode polarized in the x,-direction. The modes
will be denoted as optical modes 1 and 2. The superscript ¢
in Eq. (19) indicates the value at a wave crest and t indicates
the value at a trough. The difference An.g ; is normalized to
the square root of the time averaged applied electric power P
calculated by the following expression found in Ref. 15:

V(iwD *
Pom f ViwDymy)" 20)
Le] 2

where L corresponds to the interfaces between the elec-
trodes and the substrate and m, is the normal vector to these
interfaces. The star indicates the complex conjugate. The re-
sults are reported in Table II for the six acoustic modes and
for thin electrodes with #/2p=0.01 for both optical modes 1
and 2. The tendency is that the SH modes interact most ef-
ficiently with optical mode 1 and the VP modes interact best
with optical mode 2. The acousto-optical interaction de-
creases with increasing mode number within the two differ-
ent categories of the acoustic modes. The six acoustic modes
with HAR electrodes interact better in general compared to
the acoustic mode for the conventional thin electrodes. The
interaction is a result of how efficiently the acoustic mode is
excited with the applied electrical power and how well the
acoustic and optical modes match each other. The calcula-
tions show that the acoustic modes of lower order are more
efficiently excited by a certain amount of electrical power
than the modes of higher order such that larger values of the
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strain and hence bigger change in refractive index for lower
order modes are obtained. A reason for this tendency is that
for higher aspect ratios, the movement of the structure tends
to clean cantilever vibrations with the mechanical energy
concentrated in the electrodes and just below them where
they are attached to the substrate. The graphs in Fig. 3 show
that the lower order acoustic modes are closer to this limit
for h/2p=1 and therefore more strain is concentrated in the
area just below the electrodes. As the structure with HAR
electrodes is more compliant than the almost plane surface
with the thin electrodes, more power has to be applied to the
thin electrode in order to get the same strain. It can therefore
be expected that the change in refractive index is biggest for
the low order acoustic modes with HAR electrodes.

The other important question is how well the acoustic
modes match with the optical modes, in other words how
well the changes in refractive index and the optical modes
overlap. The optical modes will mainly detect the changes in
refractive index in their polarization direction. So for optical
mode 1, it is the SAW induced changes of the refractive
index in the horizontal direction An,; that are important. Op-
tical mode 2 must overlap with An,,. The acoustic modes of
the same polarization type all have a similar pattern of
changes in refractive_index around the optical waveguide. As
an example, An;;/ P is plotted for SHI in Fig. 6(a) with the
power flow of optical mode 1 indicated with contour lines.
Any, /P is plotted with optical mode 2 in Fig. 6(b). When
these two figures are compared, it is seen that Any,/ VP has
bigger values than An,,/\P, but the distribution of these
parameters have a similar pattern that both match the optical
modes well. This is a tendency for all the SH modes. How-
ever, for SH modes of higher order, the wave patterns tend to
go deeper into the substrate and therefore the strain concen-
trations are not as big around the waveguide. The same is
plotted for VP1 in Figs. 6(c) and 6(d), note the different color
scales. In this case An,,/ \r’rP has the biggest values and the
distribution overlaps well with the optical mode. An,,/ VP
does not overlap so well, as it has a pattern where An;,/\P
changes sign into the depth. A part of optical mode 1 is
therefore overlapping with An,;/ VP being close to zero. This
is also a tendency for all the VP modes. Thus, the mode
patterns explain that the interaction is different for the SH
and VP modes with respect to the polarization direction of
the optical mode. The interaction is most efficient for SH1
with optical mode 1 and it is more than 600 times bigger
than for the case with the thin electrodes. In Figs. 7(a) and
7(b), the change in refractive indices An,;/ \P and Anyy/ VP
are plotted for the case with thin electrodes, respectively. It is
seen that the changes are small compared to the acoustic
modes SHI and VPI in Fig. 6 and that the overlap with the
optical modes is not as good. In the case with the overlap
between Any,/\P and optical mode 2, the center of the op-
tical mode is where the change in refractive index is zero.

The results show that it is possible to get a more efficient
acousto-optical interaction with the new types of SAWs com-
pared to using conventional IDTs, where Rayleigh-type
waves are generated. It is important to know how well the
acoustic mode is excited for the applied electrical power in
order to get bigger changes in refractive index. The distribu-

Downloaded 13 Jan 2010 to 194.57.91.238. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



113518-7 Dihring, Laude, and Khelif J. Appl. Phys. 106, 113518 (2009)

y 3 y
Color: An, P 2 w2 x 10 Color: An22P'1’2 w3 x10°
4 4
3 3
2 2
1 1
0 0
-1 -1
£, -2
3 -3
-4 -4
160 170 180 190 160 170 180 190
(@) X, [um] (b) X, [um]
. 4 . A2 172 3
Color: An, P2 W7 %10 Color: An, P W] %10

6 15
4 1

_ 2 _ 05

£ £

= 0 = 0

N <
29 -0.5
-4 -1
-6 -15

160 170 180 190 -8 160 170 180 190
(©) X, [um] (d) %, [um]

FIG. 6. (Color online) Results for the acousto-optical interaction with electrode aspect ratio #/2p=1. The color scales indicate the refractive index change
Any, or An,, normalized with the square root of the applied electrical power P. The contour lines illustrate the out of plane time-average power flow of the
optical modes with arbitrary scale. (a) Acoustic mode 1 (SH1) and optical mode 1. (b) Acoustic mode 1 (SH1) and optical mode 2. (c) Acoustic mode 2 (VP1)
and optical mode 1. (d) Acoustic mode 2 (VP1) and optical mode 2.

tion of the change in refractive index in the different direc-  IV. CONCLUSION AND FURTHER WORK

tions must match an optical mode polarized in a certain di-

rection. In this work, the SH modes overlap the horizontally In this paper, SAWs are generated by HAR electrodes
polarized optical mode best and the VP modes match best  and the interaction with optical waves in a waveguide is
with the optical mode, which is VP. The stronger modulation  studied in order to improve integrated acousto-optical modu-
of the optical waves could improve the modulation efficiency lators. It is explained how the SAWs can be generated by
in structures like acousto-optical multiple interference de- HAR electrodes by employing a 2D model of a piezoelectric
vices. The concept of these devices are presented in Ref. 21 anisotropic material where reflections from the boundaries
where several MZIs are combined in parallel or series in  are avoided by PMLs. This model is then coupled to a model

order to design on/off switching, pulse shapers, and fre-  of the optical wave such that the change in effective refrac-
quency converters. tive index introduced in the waveguide by the strain from the
Color: An, 1P'1’2 [W'm] )g|1es Color: AnzzP'm [V\fm] X|1§5
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FIG. 7. (Color online) Results for the acousto-optical interaction with electrode aspect ratio 4/2p=0.01. The color scales indicate the refractive index change
Any, or An,, normalized with the square root of the applied electrical power P. The contour lines illustrate the out of plane time-average power flow of the
optical modes with arbitrary scale. (a) Optical mode 1. (b) Optical mode 2.
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SAWs can be calculated.

A finite model with 12 electrode pairs is considered and
6 different acoustic modes can be generated for the chosen
aspect ratio of the electrodes. A fine agreement for the mode
shapes, the resonance frequencies, and the mechanical en-
ergy confinement to the electrodes is found between the fi-
nite model and the periodic model studied in Ref. 12. The
finite model is then employed to study the acousto-optical
interaction in a waveguide. The optical modes in the wave-
guide are found by solving the time-harmonic wave equa-
tion. By applying strain from the six acoustic modes for the
case where a wave crest is at the waveguide and a trough is
at the waveguide, the difference in effective refractive index
normalized with the square root of the applied electrical
power is found for the two first order optical modes. The
efficiency of the interaction depends on how well the acous-
tic mode is excited and how good the acoustic and the optical
modes overlap. The interaction decreases with increasing
number of acoustic mode, and the modes polarized in the SH
direction interact best with the optical wave polarized in the
horizontal direction and the vertical polarized acoustic
modes interact best with the vertical polarized optical mode.
Compared to the case with the conventional thin electrodes,
the acousto-optical interaction can be increased more than
600 times with the new type of SAWs.

Further work includes a study of the optimal position
and size of the waveguide compared to the electrode size.
Also the optimal aspect ratio for each of the six modes can
be explored, and it is expected that the interaction will in-
crease until the limit of the mechanical energy fraction has
been reached as the mechanical energy will be more concen-
trated around the electrodes and less power has to be applied
to obtain certain strain values.
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