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Acousto-Optics and Applications

Acousto-Optic Modulator Driven by Surface Acoustic Waves
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In this paper, an introduction to the design, fabrication, evaluation, and application of acousto-optic modula-
tors using the Bragg di�raction of an optical guided wave in a channel optical waveguide due to a surface acoustic
wave is provided. First, the surface acoustic wave mode dependence in the acousto-optic Bragg di�raction was
discussed by considering the surface acoustic wave power required for the maximum di�raction P100 calculated
using coupled mode theory and the measured P100 in Ti-di�used planar optical waveguides fabricated on LiNbO3

substrates. Next, performances of several devices that the author and the coworkers developed are reviewed. These
include a waveguide-type acousto-optic modulator using a tapered crossed-channel proton-exchanged optical wave-
guide on a 128◦-rotated Y -cut LiNbO3 substrate for an optical wavelength of 1.55 µm, a monolithically integrated
tandem acousto-optic modulator in which several waveguide-type acousto-optic modulators are connected in tan-
dem on the same substrate, and a waveguide-type acousto-optic modulator in which laser lights of the three primary
colors, red, green, and blue, can be modulated by the same modulator at the same driving frequency.
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1. Introduction

Acousto-optic modulators (AOMs) using the Bragg
di�raction have been widely used as optical control de-
vices such as optical switches, optical de�ectors, optical
frequency shifters, and so on, for a long time. In general,
a lower driving power is needed for their applications.
A typical AOM is a bulk-type AOM, in which the inci-
dent light is di�racted by a bulk acoustic wave through
a photoelastic e�ect. In this case, the material of the
bulk crystal does not necessarily have to be piezoelec-
tric because the bulk acoustic wave is launched from the
transducer bonded to the crystal. Therefore, a bulk crys-
tal with a large �gure of merit (FOM), such as TeO2 or
As2S3 can be used.

On the other hand, for an AOM driven by a surface
acoustic wave (SAW), earlier studies suggested a struc-
ture consisting of a thin �lm deposited on a piezoelectric
substrate, such as LiNbO3 (LN) [1]. The thin �lm acts
as a planar optical waveguide, and the optical guided
wave in the thin �lm is di�racted by the SAW launched
from an interdigital transducer (IDT). In this case, too,
a material with a large FOM can be used as the thin
�lm. In 1982, Tsai reported such an AOM driven by a
SAW using optical guided waves in a Ti-di�used crossed-
channel waveguide on Y -cut LN. In this waveguide-type
AOM, the channel waveguides were crossed at the Bragg
angle on the substrate [2]. A di�raction e�ciency of 70%
was obtained at a SAW power of 300 mW and an opti-
cal wavelength of 0.633 µm. Compared with a bulk-type
AOM and a planar waveguide-type AOM, such a con�g-
uration is more suitable for integrating and stabilizing
the modulation system. In addition, a direct connection
to an optical �ber is also possible. In a waveguide-type
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AOM driven by a SAW, the requirements for the sub-
strate are a low-loss optical waveguide, a high electrome-
chanical coupling factor, and a large photoelastic con-
stant. Almost the only material satisfying these require-
ments is LN. However, the FOM of LN is smaller than
that of As2S3 [3]. Therefore, a suitable con�guration
and parameters are important to obtain a lower driv-
ing power.
In this paper, �rst, the SAW mode (a Rayleigh wave

or a leaky SAW) dependence in the AO Bragg di�rac-
tion was discussed. Next, performances of several de-
vices that the author and the coworkers developed [4�12]
are reviewed.

2. SAW mode dependence
in AO Bragg di�raction

The typical SAW propagation mode is a Rayleigh wave
with longitudinally and vertically polarized shear parti-
cle motion. The Rayleigh wave has been utilized in AO
devices driven by an SAW, and conditions for obtaining
a lower driving power in planer guided-wave AO Bragg
di�raction, such as TE-, TM-mode coupling to the SAW,
optical wavelength dependence, and optimum SAW fre-
quency have been clari�ed [13�15]. On the other hand, a
leaky SAW (LSAW), also called a shear-horizontal-type
SAW (SH-SAW), mainly consists of horizontally polar-
ized shear particle motion. By utilizing an LSAW, a lower
driving power in planer guided-wave AO Bragg di�rac-
tion can be expected because the LSAW generally has a
higher electromechanical coupling factor (K2) than the
Rayleigh wave. However, little is known about the exper-
imental investigation. To investigate this, two substrates
were chosen, one was 128◦ Y -LN for the Rayleigh wave,
and the other was 64◦-rotated Y -cut LN (64◦ Y -LN) for
the LSAW, because these substrates have a high K2 for
each SAW mode [16].
A Ti-di�used planar waveguide with a depth d of ap-

proximately 2 µm and interdigital transducers (IDTs)
with a period Λ of 20 µm, 20 �nger pairs, and an over-
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lap length Lg of 3 mm were fabricated on each substrate.
A He�Ne laser light with a wavelength λ of 0.633 µm
was guided to the Ti-di�used waveguide using the ru-
tile prism coupler, and a RF voltage with approximately
200 MHz was applied to the input IDT. The output light
intensity was measured using a photodetector. Di�rac-
tion e�ciency was determined from the decrease in the
intensity of the undi�racted light. The SAW power in the
interaction region was determined from the ratio of the
vertical particle displacement on the surface measured by
an optical probe method to the calculated one.
The measured di�raction e�ciency as a function of

the square root of the SAW power is shown in Fig. 1.
The measured results were �tted using the sin2-curve so-
lution of coupled-mode equations [13]. The SAW power
required for maximum di�raction P100 was determined
from the peak power of the �tted curve. Maximum
di�raction e�ciency for Ti/64◦ Y -LN was not obtained
experimentally. The maximum di�raction e�ciency of
85% measured in TM0 mode of Ti/128◦ Y -LN was as-
sumed. The experimental values of P100 of TM0 mode
were determined to be 0.06 W for Ti/128◦ Y -LN and
400 W for Ti/64◦ Y -LN, respectively. The P100 for the
LSAW is approximately 104 times larger than that for
the Rayleigh wave.

Fig. 1. Measured di�raction e�ciency for (a) Ti/128◦

Y -LN and (b) Ti/64◦ Y -LN samples.

The theoretical P100 for TM0 mode was calculated by

using the coupled mode theory [13]. P100 is obtained by
the relationship
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3 ) and the perturbations on

the dielectric tensor, ∆ε22 and ∆ε33, caused by the strain
of the LSAW was calculated from a depth of 10Λ to the
surface because the LSAW does not decay to zero in the
depth direction. Figure 2a and b shows the real parts
of the calculated ∆ε22 and ∆ε33 in the depth direction
for each SAW mode when the depth of Ti-di�used layer
is 0.1Λ. The LSAW has a larger ∆ε22 than that for the
Rayleigh wave. However, for the primary perturbation
∆ε33 for Bragg di�raction, it can be seen that the LSAW
has a smaller ∆ε33 than that for the Rayleigh wave.

Fig. 2. Real parts of the calculated perturbations on
the dielectric tensor in the depth direction, (a) ∆ε22
and (b) ∆ε33.

Figure 3 shows the theoretical P100 as functions of the
normalized waveguide depth d/Λ. The theoretical values
were close to the experimental values. Moreover, for a
TE-mode light beam, 10�103 times larger driving power
than that for a TM-mode light beam was required for
the Bragg di�raction for both cases of the LSAW and
the Rayleigh wave. Therefore, it was con�rmed that
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Fig. 3. SAW power required for 100% di�raction.
Ti/rotated Y -cut LiNbO3, λ = 0.633 µm, Λ = 20 µm.

a suitable combination for the Bragg di�raction is the
TM mode with a Rayleigh wave. For a con�guration for
polarization control of the optical guided wave by uti-
lizing an LSAW, comparable perturbations to those in
conventional Bragg di�raction due to a Rayleigh wave
was reported [17].

3. Waveguide-type AOM for optical wavelength

of 1.55 µm

For an optical wavelength of 1.55 µm [4�7] a
waveguide-type AOM with a combination of the TM
mode and a Rayleigh wave was developed. The con�g-
uration of the waveguide-type AOM is shown in Fig. 4.
The channel waveguide was fabricated in the 128◦ Y -
LN substrate using the proton exchange (PE) method
and post-annealing, which is more easily realized because
of the low-temperature process. The Rayleigh wave is
launched from the IDT fabricated on the substrate to
the di�raction region.

Fig. 4. Con�guration of waveguide-type AOM [6].

Figure 5 shows the waveguide shape in the di�raction
region of the waveguide-type AOM. The P100 is in in-
verse proportion to the length of the interaction region.
To increase the length of the interaction region, 10 µm
width of the input and output waveguides is increased

Fig. 5. Waveguide shape in di�raction region of
waveguide-type AOM [7].

to a width W of 120�150 µm using the tapered wave-
guides with a length of Lt of 7.5�10 mm. The incident
light from Port 1 is di�racted by a SAW in the area of
SAW propagation and guided to Port 3, with a Bragg
angle of 1.01◦, given by

θB = sin−1
λ

2NΛ
, (3)

where N is the e�ective refractive index. The di�racted
light is corrected by a tapered waveguide and guided to
the waveguide of Port 3. The waveguide shape was de-
signed using beam-propagation analysis.
The channel waveguide was fabricated by �rst form-

ing an RF-sputtered Ta2O5 mask with a �lm thickness
of 0.08 µm by the lift-o� method on 128◦ Y -LN, and
then by the PE process and post-annealing. A PE time
was 1 h 15 min in a solution of benzoic acid containing
0.2 mol% lithium benzoate at 240 ◦C, and an annealing
time was 1 h 40 min at 400 ◦C. A Gaussian index pro�le
with a change in extraordinary refractive index (∆ne)
of 0.021 and a waveguide depth of 4.1 µm at ∆ne/e
(e = 2.718. . . ) was obtained. After polishing and AR-
coating the end face of the waveguide, a pair of normal
IDT with Λ = 20 µm and an overlap length of Lg were
formed on the substrate by an aluminum thin �lm.

Fig. 6. Measured di�raction e�ciency for samples with
L = 4 mm and Lg = 2 mm [7].

The di�raction properties of the waveguide-type AOM
were measured using a 1.55 µm laser diode. Figure 6
shows an example of the measured di�raction property
for a sample with L = 4 mm and Lg = 2 mm at a driving
frequency of 195 MHz. An 84% di�raction e�ciency was
obtained at an input voltage of 17 Vrms.



18 S. Kakio

4. Monolithically integrated tandem AOM

The optical frequency of di�racted light is Doppler
shifted by the driving frequency in an AOM. This is one
of unique advantages of the AO switches over the elec-
trooptic (EO) switches, although the speed of the AO
switches is much slower than the EO switches. However,
the frequency shift of a simple AOM is almost �xed to
around the center frequency of the transducer. Tsai et al.
proposed the integrated AO devices in which several pla-
nar guided-wave AO Bragg de�ectors are connected on
the same substrate to realize frequency shifter and space
switch [18�20]. In this section, a structure in which sev-
eral waveguide-type AOMs are connected in tandem on
the same substrate was proposed [8�10].
The overall con�guration of the monolithically inte-

grated tandem waveguide-type AOM, hereafter abbrevi-
ated as the tandem AOM, is shown in Fig. 7. The two
output ports of the �rst-stage 2-by-2 switch are con-
nected to the input ports of the two second-stage 1-by-2
switches on the same substrate. A 100 µm wide straight
waveguide was used to connect these switches. Two pairs
of IDTs with Λ = 32 µm and an overlap length of 2 mm
were used to propagate the Rayleigh wave in the �rst and
second stages. The optical frequency shifts by the sum of
the two driving frequencies, and the di�erence between
them can be obtained by combining the upward and
downward frequency shifts in the �rst and second SAWs.
The waveguide shape of the tandem AOM was also de-
signed using beam propagation analysis, and the tandem
AOM was fabricated using a similar process to the single
AOM. The AOM was incorporated into a module and
optically connected to input and output polarization-
maintained (PM) �ber arrays through collimating and
condensing lenses. Figure 8 shows a photograph of the
module. The module device is in trial production in a
cooperative company.

Fig. 7. Con�guration of monolithically integrated tan-
dem waveguide-type AOM [8].

Di�raction properties were measured using a 1.55 µm
laser diode at a driving frequency of approxi-
mately 120 MHz. Maximum di�raction e�ciencies of

Fig. 8. Photograph of tandem AOM module [8].

92% and 83% were obtained using the �rst and second
SAWs, respectively. When the �rst SAW was �xed at
the maximum di�raction e�ciency and the input volt-
age supplied to the second SAW was increased, a peak
di�raction e�ciency of 63% was obtained at an input
voltage of 11 Vrms at the same frequency.
By using the tandem AOM, the optical frequency shifts

for the sum of two driving frequencies and the di�erence
frequency ranging from DC to 5 MHz were observed.
Furthermore, an optical frequency domain range using
the frequency-shifted feedback �ber laser with the tan-
dem AOM was demonstrated. The linear relationships
between the beat frequency change and the optical path
di�erence in the Mach�Zehnder interferometer with three
slopes were obtained by combining the upward and down-
ward frequency shifts in the �rst and second SAWs.

5. Waveguide-type AOM for RGB laser lights

Figure 9 shows the measured optical spectral transmit-
tance of the di�racted light from the single waveguide-
type AOM using an LED source as an input light [5].
The property for a bulk-type AOM fabricated in TeO2

with a driving frequency of 80 MHz is also shown in
the same �gure. From these results, it was found that

Fig. 9. Measured optical transmittance of the
di�racted light using a LED source [5].
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the waveguide-type AOM can perform modulation in a
wider optical wavelength range than a bulk-type AOM
at the same driving frequency. This is because the Bragg
condition is relaxed due to the tapered waveguide.

Fig. 10. Di�raction properties of RGB AOM [11].

This feature was applied to the visible range and real-
ized an AOM that can modulate laser lights of the three
primary colors red, green, and blue by the same modula-
tor at the same driving frequency [11, 12]. The con�gu-
ration is similar to the waveguide-type AOM for 1.55 µm.
The IDT with Λ = 16 µm was adopted. The RGB
laser lights were modulated with di�raction e�ciencies
of about 70 or 80% and a driving SAW power of less
than 0.2 W at a driving frequency of 245 MHz, as shown
in Fig. 10. By combining the AOM, laser sources, WDM
couplers, and �ber delay lines a simple system for the si-
multaneous modulation of RGB laser was proposed, and
the modulated light with a switching time of about 30 ns
was demonstrated. The system is also in trial production
in the cooperative company.

6. Conclusions

In this paper, the SAW mode dependence in the AO
Bragg di�raction was discussed, and performances of sev-
eral devices that the author and the coworkers developed
were reviewed. It was con�rmed that a suitable combina-
tion for obtaining a lower driving power is the TM mode
with a Rayleigh wave. On the basis of the condition, a
waveguide-type AOM in a tapered crossed-channel wave-
guide for an optical wavelength of 1.55 µm was proposed.
A tandem AOM was also proposed and doubly di�racted
e�ciency of 63% was obtained. Furthermore, an RGB-
AOM with about 70 or 80% di�raction e�ciency was also
fabricated at the same driving frequency.
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