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We present a new concept for waveguide acousto-optical devices based on coupled Mach—Zehnder
interferometers driven by acoustic waves. These acousto-optical multiple interference devices use
the periodic refractive index modulation induced by the acoustic wave to realize functionalities such
as ON/OFF switching for an arbitrary time interval, as well as for efficient light modulation at high
harmonics of the acoustic frequency and pulse shaping for, e.g., integrated Q-switches. We also
discuss application of the concepts to light modulation by very high acoustic frequencies, where the
acoustic wavelengths become much shorter than the optical ones. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2821306]

l. INTRODUCTION

Control of light beams through acousto-optical interac-
tion normally requires a match in phase between the optical
and acoustic waves. In conventional Bragg cells, phase
matching is achieved by tuning the angle between the acous-
tic and optical beams in order to obtain constructive interfer-
ence of the light reflected at the acoustic wave fronts. In most
applications the acoustic wavelengths are much larger than
the optical one, so that the phase matching is accomplished
under large angles (i.e., close to 90°) between the optical and
acoustic beams. These large angles become a serious con-
straint for application of the Bragg cell concepts for acousto-
optic-based optical modulation and switching in planar
waveguide (WG) structures. Various approaches have been
proposed to overcome this limitation based on, e.g., acousti-
cally induced coupling between neighboring WGs' or the use
of photonic structures.”

In this manuscript, we discuss in detail the alternative
concept for WG acousto-optical devices demonstrated by
Beck et al.,6 which is based on a recently realized acousti-
cally driven Mach—Zehnder interferometer (a-MZI).7 The use
of acoustic waves for the modulation of MZIs was originally
proposed by Gorecki et al.*® The basic idea is illustrated in
Fig. 1(a). Here, the strain field of a surface acoustic wave
(SAW) modulates the refractive index of the MZI arms,
which are oriented perpendicular to the SAW propagation
direction. The periodic modulation of the refractive index
results in a periodic change of the transmitted light intensity.
In the original concept of Ref. 9, only one of the arms is
subjected to the acoustic modulation. In order to increase the
modulation efficiency, de Lima et al proposed the simulta-
neous modulation of the refractive index of both MZI arms
with opposite phase using a single SAW beam. The latter is
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implemented by simply choosing the separation between the
two MZI arms to be an odd multiple of the half acoustic
wavelength Agaw, as illustrated in Fig. 1(a). This procedure
effectively doubles the modulation efficiency for a given
acoustic strain level. Since the SAW strain field is propor-
tional to the square root of the acoustic power, the required
acoustic power is reduced, therefore, by a factor of four. By
combining the simultaneous modulation of both arms with
narrow and intense acoustic beams generated by focusing
interdigitated acoustic transducers (IDTs),""° compact modu-
lators with a modulated arm length of only =15 um have
been demonstrated on the (Al,Ga)As material system. This
acousto-optical modulation approach can be easily trans-
ferred to other material systems, such as silicon-on-insulator
(SOT) and InP-based WGs. Also, although the discussion will
be based on acousto-optical modulation, the concepts can
also be extended to light control using other wavelike exci-
tations such as magnetostatic” and plasmons.

The a-MZI in Fig. 1(a) operates as an efficient light
modulator when the static optical phase difference () be-
tween the arms, which is controlled by their optical lengths,
equals 77/2. In this case, the amplitude modulation of the
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FIG. 1. Illustrations of the (a) SAW-driven Mach—Zehnder interferometer
with separation d=Ngaw/2 between the arms (as described in Ref. 7). Pro-
posed devices in the parallel (P) configuration with (b) Np=4 and (c) Np
=3 arms connected in parallel. (d) Device in the serial (S) configuration
consisting of Ng=2 Mach—Zehnder interferometers connected in series.
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FIG. 2. (Color online) (a) Dependence of the optical transmission through
an ideal a-MZI as a function of the phase modulation amplitude ¢,,,,. The
time scale is in units of the SAW period Tgay- (b) Gray-scale representation
of the transmission as a function of ¢,,, (horizontal axis) and of time
(vertical axis). (¢) Fourier decomposition of the transmission into its Fourier
components. The dark solid line (denoted as 0) corresponds to the time-
averaged transmission. The numbers denote the order of the harmonic of the
SAW frequency.

SAW driving signal will be transferred to the MZI light
transmission intensity in the form of a periodic modulation at
the SAW frequency fgaw, With side-bands corresponding to
the actual modulation signal. A second functionality offered
by the acoustic MZI is the efficient generation of light beams
modulated at harmonics of the SAW frequency (fsaw). The
best performance for transmission modulation at twice the
acoustic frequency is achieved by using a perfectly symmet-
ric device (i.e., for a static optical phase shift ¢,,=0). The
light transmission Tyz(dmax) for such a device is given by

TMZI(¢max) = %{1 + COS[2¢max(Sin wSAWt)]}» (1)

where wgaw=27fsaw is the SAW angular frequency and
Gmax=27An€/\ denotes the amplitude of the light phase
change in each one of the arms. ¢,,,, is stated in terms of the
arm length € and the amplitude An of the refractive index
modulation induced by the SAW for a light beam with wave-
length A. The modulation of the transmission at 2fgaw be-
comes evident in the time dependence of the transmission
calculated from Eq. (1) for different phase shift amplitudes
bmax as illustrated in Fig. 2(a). The gray-scale plot of Fig.
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2(b) shows an alternative representation of the transmission
over a wide range of phase amplitudes ¢,,,,, where the ver-
tical and horizontal scales correspond, respectively, to time
and ¢,,.. The dark areas represent regions of reduced trans-
mission. For operation under a fixed phase ¢,,,, (correspond-
ing to the time dependence along a vertical line of the plot),
the transmission is modulated at even multiples of fgaw, with
minima corresponding to the dark regions. Although its av-
erage value reduces under acoustic excitation, the transmis-
sion will always contain many even harmonics of the funda-
mental modulation frequency 2fsaw, as shown in the
harmonic decomposition in Fig. 2(c). A minimum average
transmission 7=-5.25 dB is obtained for ¢, ~1.9 rad
[cf. thick line in Fig. 2(c), which yields the average transmis-
sion through the device]. Note, however, that the transmis-
sion always reaches unity twice during each SAW cycle, in-
dependent of the modulation phase ;..

In contrast to modulation and harmonic generation,
switching applications demand the suppression of the trans-
mitted (or reflected) light intensity for an arbitrary time in-
terval. Due to the periodic nature of the acoustic modulation,
this functionality cannot be realized using the simple struc-
ture of Fig. 1(a). The same applies to signal processing ap-
plications where one wants to control the intensity of the
transmitted light. These restrictions can be easily overcome
if one operates with light pulses much shorter than the SAW
period. In this case, efficient switching and pulse intensity
control can be realized using the simple a-MZI of Fig. 1 by
synchronizing the light pulses with the SAW phase.

In this paper, we describe a new class of WG acousto-
optical devices (denoted acousto-optical multiple interfer-
ence devices, AOMID) based on the modulation of MZI in-
terferometers with multiple arms by an acoustic wave. These
devices use the periodic modulation of WG structures by
acoustic waves to realize (a) ON/OFF switches for continu-
ous wave (cw) light beams with arbitrary “ON” and “OFF”
times [as opposed to the modulation at the acoustic fre-
quency demonstrated for the acoustic MZI of Fig. 1(a)]; (b)
harmonic generators yielding light beams modulated at a
multiple of the acoustic frequency; and (c) pulse shapers for
the generation of short light pulses. Due to the strength of the
acousto-optic interaction, the interaction length between the
optical and acoustic waves in AOMIDs is expected to be
much shorter than for electro-optical devices. In addition,
AOMIDs are compatible with integrated optics components
and can be fabricated using conventional planar technology.
Finally, since the operation principle relies on the elasto-
optical effect, the concept applies to a wide range of material
systems including, for instance, SOI and WGs based on
amorphous materials, where linear electro-optical effects are
forbidden by symmetry.

In the following section (Sec. II), we discuss the design
of AOMIDs as well as the framework for the calculation of
the optical transmission through the proposed WG structures.
Section III A analyzes the dependence of the calculated op-
tical transmission on the optical phase shift induced by the
acoustic wave for different device configurations. The per-
formance of the proposed devices for ON/OFF switching and
for high harmonic generation are discussed in Secs. III B and
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III C, respectively. A further approach to modulate light with
very high acoustic frequencies will be presented in Sec. IV.
The main conclusions of the manuscript are summarized in
Sec. V.

Il. DEVICE CONCEPTS

The functionalities of the AOMIDs rely on the control of
the transmitted intensity of a continuous wave (cw) light
beam by the SAW intensity. Although the acoustic wave re-
duces the average transmission through the simple a-MZI of
Fig. 2, the transmitted light still reaches unity twice within
each SAW cycle. The simultaneous reduction of the average
value as well as of the amplitude of the transmission oscil-
lations can be achieved by increasing the number of arms
(N) in the interferometer. As will be discussed in detail be-
low, the arms can be connected in parallel [configuration “P,”
cf. Figs. 1(b) and 1(c)] or in series [configuration “S,” cf.
Fig. 1(d)]. In order to analyze the transmission properties of
these devices, we will make the following simplifying as-
sumptions:

1. All interferometer arms have the same optical path
length in the absence of acoustic excitation, i.e., all optical
phase differences vanish for all paths between input and out-
put (or are multiples of 27). Hence, all optical beams inter-
fere constructively and the devices have unitary transmission
when the SAW is turned off."

2. In each arm, the light experiences a SAW-induced
sinusoidal phase modulation with the same amplitude ¢,,,,.

3. The arm widths are much smaller than the SAW wave-
length Ngaw, so that the SAW-induced refractive index
modulation An can be considered constant across the arm
cross section. Concepts to overcome this constraint will be
discussed in Sec. IV.

4. The light propagation time through each arm (given
by d/(ngcy), where ¢ is the light speed in vacuum, d the
arm length, and n. the effective refractive index of the WG)
is much shorter than Tqpw/N.

In the P devices, Np=2 interferometer arms are con-
nected in parallel, as illustrated for Np=4 and Np=3 in Figs.
1(b) and 1(c), respectively. The arms are spaced in such a
way that they experience SAW phases differing by 27mm/Np
(m=1,...,Np_,), i.e., the SAW phases of the Np arms are
equally spaced within 27r. This SAW phase distribution is
essential for the operation of the devices. The most obvious
way to arrange the WGs is by choosing a separation of
Asaw/Np between the center positions of adjacent arms.
Note, however, that the phase relationship remains un-
changed if the distance between the arms is changed by a
multiple of Agaw. The device in Fig. 1(b) has Np=4 and
consists of two a-MZIs connected in parallel and separated
by SAgaw/4. This design uses symmetric Y-shaped (or
T-shaped) WG splitters to ensure equal light phase shifts
through each of the arms, an approach that can be extended
to devices with Np=2" arms (m is an integer). Devices with
an arbitrary number of arms can be realized, e.g., using mul-
timode interference (MMI) (:ouplers,13 as illustrated in Fig.
1(c) for Np=3. The requirement of equal light phase shifts in
the absence of a SAW can be satisfied by using WGs of

J. Appl. Phys. 103, 014505 (2008)

different widths (as indicated in the figure, where the center
arm is thicker than the outer ones), leading to different ef-
fective refractive indices for the optical modes.

It is easy to see from Fig. 1(b) that the total transmission
becomes invariant with respect to shifts of the SAW phase by
2m/Np. As a result, when the refractive index of the arms is
modulated by a SAW with frequency fqaw, the transmitted
intensity will contain only harmonics of the fundamental fre-
quency N, PfSAW.14 With the above-mentioned assumptions,
the optical transmission coefficient is obtained by adding the
transmitted field through the arms according to

Np-1 ,
T‘;NP)[I" (PEAW] = | — E ei[(ﬁmax sin(wSsz+2]vL;"+¢§Aw)] ,
P m=0
(2)

where qosSAW is the phase of the SAW at the first interferom-
eter arm (gofAW depends on the distance between the trans-
ducer and the interferometer arms). This factor does not af-
fect the transmission amplitude in the P configuration but
will be important for S devices, which are discussed in the
following.

In the S configuration, P devices are connected in series
and arranged to be modulated at different phases of the
acoustic wave. The corresponding design for Ng=2 interfer-
ometers connected in series, each with Np=2 arms [i.e., cor-
responding to the a-MZIs in Fig. 1(a)], is illustrated in Fig.
1(d). As in the parallel configuration, the lateral separations
between the a-MZIs is chosen such that the SAW-induced
phase shifts in the individual arms are evenly distributed
within the 277 SAW phase range [e.g., by an equidistant
phase spacing equal to 27/ (NgNp)]. The transmission inten-
sity is given by

Nyl 2mm
Np.NoIr 1 — Np)
VPN = [T 780 {I,NSNP]. (3)

m=0
Arbitrary combinations of Ng and Np are possible, and also
devices with unequal numbers of parallel arms may be con-
nected in series. For simplicity, in the following we will re-
strict the discussion to (i) P devices consisting of Np arms
(i.e., Ng=1) and (ii) S devices consisting of Ny a-MZIs con-
nected in series (i.e., Np=2).

lll. RESULTS
A. Optical response

The gray scale plots of Figs. 3(a) and 3(b) compare the
transmission (in decibels) of P and S devices with a total
number of four arms {corresponding to N=NpX Ng=4X1
[Fig. 3(a)] and N=NpX Ng=2 X2 [Fig. 3(b)]}, respectively.
As in Fig. 2(b), dark areas indicate regions of reduced trans-
mission and the horizontal and vertical scales represent the
modulation amplitude ¢,,,, (horizontal scale) and time (in
units of the SAW period Tgaw), respectively. The corre-
sponding plots for devices with a total of eight arms (i.e.,
with N=Np X Ng=8 X1 and N=Np X Ng=4X2) are shown
in Figs. 3(c) and 3(d), respectively.15
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FIG. 3. (Color online) Transmission of devices with a total number of four
[(a) and (b), top panels] and eight [(c) and (d), bottom panels] interferometer
arms, respectively. The left panels show results for the P configuration with
(a) Np=4 and (c) Np=8 arms. The right panels S display the transmission
for S devices with (b) Ng=2 and (d) Ng=4. In each panel, the upper plot
shows a gray-scale representation of the transmission as a function of the
modulation amplitude ¢g,w (horizontal scale) and time (vertical scale). The
lower plot in each panel displays the Fourier components of the transmitted
intensity for various multiples of the SAW frequency (indicated in the leg-
end), with the thick solid lines denoted as “0” corresponding to the average
transmission. The dots in the lower plot of (c) show the Bessel function
J(2)(¢SAW)7 which essentially coincides with the average transmission for
Brnax <6 1ad.

The number of low-transmission regions increases with
the number of arms and with ¢,,,,, thus leading to a higher
harmonic content. The latter is shown in the harmonic de-
composition displayed in the diagrams below each gray-scale
plot. Here, the zero frequency component (indicated by the
thick solid line) corresponds to the average (cw) transmis-
sion through the device. Note that the fundamental modula-
tion frequency is equal to the SAW frequency multiplied by
the total number of arms. In each case, the fundamental
modulation component with frequency Nfgaw and up to
three higher harmonics are shown by the thin lines.

The distribution of harmonic components is qualitatively
different for the P and S configuration. While the transmis-
sion of the P configuration for a given modulation phase
max 1S normally dominated by a single harmonic compo-
nent, the response of the S configuration contains several
harmonics of comparable amplitude [see lower plots in each
of the panels in Fig. 3(c)]. Note, for instance, that the ampli-
tudes of the 8th and 16th harmonics for ¢gaw=4 rad are
comparable to the average transmission (zeroth order) for the
device with N=8 in the S configuration [Fig. 3(d)]. For the P
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FIG. 4. (a) Maximum residual transmission in the OFF state and (b) phase
shift amplitude ¢,,,, per interferometer arm required to achieve a 20 dB
suppression of the averaged transmission intensity calculated for P and S
devices with the same total number of arms N=Ng X Np. For N<4, -20 dB
transmission cannot be achieved.

configuration, in contrast, the corresponding amplitudes of
the 16th harmonic for the same phase is much smaller. This
behavior is also reflected in the larger number of dark re-
gions for a particular phase ¢,,, in the gray scale plots for S
devices in Figs. 3(c) and 3(d).

B. Acoustic switches

Operation as an ideal ON/OFF switch requires that the
total transmission drops to a small value for a particular
SAW amplitude. Ideally, this condition corresponds to a ver-
tical line of vanishing transmission in the gray-scale dia-
grams of Fig. 3. For the P configuration (left panels in Fig.
3), this condition is best satisfied near ¢,,,,=2.4 rad [cf. Fig.
3(c)], where the transmission reduces for all harmonic com-
ponents. In fact, it can be shown that in the limiting case of
Np— o, the average transmission of devices becomes equal
t0 J3(Pmay)> Where J; is the zeroth-order Bessel function of
the first kind. Jﬁ is displayed by the dots in the lower graph
of Fig. 3(c). This function has its first zero at ¢,y
=2.40483 rad, and reproduces very well the average (cw)
transmission of parallel AOMIDs with a large number of
arms (Np=8) in the phase range ¢,,,=6 rad. For smaller
Np, the average transmission also reduces for ¢,y
~2.40 rad, but the transmission signal contains harmonic
components with significant amplitudes [cf. Fig. 3(a)].

The S configuration can also be used for ON/OFF
switches. As in the P devices, the high-transmission ON state
is obtained by switching off the SAW. A low-transmission
(OFF) state is achieved for a SAW-induced phase equal to an
odd multiple of ¢gaw=m/2 rad. As can be easily seen in
Fig. 1(d), these phase values block the transmission of one of
the serial sections, leading to an overall transmission reduc-
tion [cf. Fig. 1(d)]. The phase dependence of the transmis-
sion for devices with four and eight serial sections is dis-
played in Figs. 3(b) and 3(d), respectively.

In order to compare the two configurations, Fig. 4(a)
displays the residual transmission in the OFF state for P and
S devices as a function of the total number of arms Ng
X Np. The residual transmission is defined as the maximum
instantaneous transmission during a SAW cycle, which was
found to be typically approx. 3 dB above the average (or cw)
transmission. The residual transmission is much lower for
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the P than for the S configuration for devices with more than
three arms. In addition, in the P configuration the residual
transmission reduces much faster with the number of arms,
thus making it possible to achieve very high ON/OFF con-
trast ratios. One disadvantage of the P configuration, how-
ever, is the higher phase modulation amplitude (¢,
~2.4 rad) required to reach a given level of transmission
suppression as compared to S devices (Pp=1.6 rad),
which translates into lower acoustic switching powers. The
modulation phase for the S configuration can be further re-
duced by increasing the number of WGs. This behavior is
illustrated in Fig. 4(b), which compares for the two configu-
rations the required number of arms to achieve an average
transmission of 1% in the OFF state (corresponding to a 20
dB reduction relative to the ON state). In contrast, for P
devices the required ¢,,,, values for the OFF state are essen-
tially independent of the number of arms.

For realistic devices, the advantages associated with the
higher contrast of the P configuration as compared to S may
be partially offset by the narrower width of the transmission
minima as a function of ¢, (cf. Fig. 3), which makes the
residual transmission of P devices more sensitive to fabrica-
tion errors. The P configuration, however, is easier to imple-
ment using the narrow focused acoustic beams”'” required
for compact devices, since a single IDT can drive several
arms. A single transducer can also be used for the S configu-
ration if the serial sections can be connected by U-shaped
WGs, as illustrated in Fig. 1(a). This design, however, re-
quires WGs with small curvature radii (on the order of a few
acoustic wavelengths), which are more easily implemented
in material systems with high refractive index contrast [e.g.,
SOI and membrane WGs)].

C. Generation of high harmonics and pulses

So far, we have concentrated on ON/OFF switching ap-
plications, where one operates the AOMIDs at a modulation
phase yielding minimum transmission. AOMIDs can also de-
liver other functionalities, such as light modulation at har-
monics of the SAW frequency as well as the generation of
short light pulses. For these applications, one takes advan-
tage of the fact that AOMIDs generate several harmonics of
the fundamental SAW frequency, in particular, for high-
phase-modulation amplitudes ¢, [cf. Figs. 1(b) and 1(d)].
The modulation of a cw input light beam at a particular
harmonic of the SAW frequency is best realized in the P
configuration, where the number of high-frequency compo-
nents contributing to the total modulation is smaller than for
the S configuration. This property can be used for the selec-
tive modulation of the transmitted light beam at a particular
harmonic of the SAW frequency by an appropriate choice of
the number of arms and modulation amplitude. As an ex-
ample, Fig. 5(a) shows the efficient generation of the 6th
harmonic of the SAW frequency using a P device consisting
of three arms modulated with a phase amplitude ¢,
=4m/3 rad.

Short light pulses can be realized by exploring the high
harmonics content of the S configuration. Figure 5(b) shows
the transmission of three a-MZI connected in series and sub-
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FIG. 5. (Color online) (a) Transmission of a device consisting of three arms
connected in parallel, showing the strong modulation at the 6th harmonic of
the SAW frequency. (b) Transmission of a device consisting of three a-MZIs
connected in series, showing the generation of six short light pulses per
SAW period.

jected to modulation amplitudes ¢,,=27/ V3 rad (solid
line) and 87/\3 rad (dashed line), respectively. These de-
vices reflect the incoming cw light beam, except for short
periods of time when the transmission approaches unity. Pos-
sible applications include output mirrors for integrated lasers
capable of generating short light pulses without mode-
locking (integrated Q-svxitches). In the illustrated example
(Ng=3 and ¢, =87/\3 rad), repetition rates of 10 GHz
and 40 GHz can be realized using SAW frequencies of 1.67
GHz and 6.67 GHz, respectively.

The operation of the AOMIDs requires that the WGs are
excited by a traveling SAW beam in order to produce the
correct phase modulation difference between the arms. The
interdigitated transducers employed for the generation of
these beams are, in general, bidirectional devices, which emit
SAWs in both directions along their axes. The overall modu-
lation efficiency of the devices can then be increased by us-
ing unidirectional transducers, which emit preferentially
along one direction.

IV. HIGH ACOUSTIC FREQUENCIES

In the previous sections, we have implicitly assumed that
the width of the WG arms forming the AOMIDs, which is
dictated by the optical wavelength and the refractive indices
of the materials, is much smaller than the acoustic wave-
length Agaw- This condition is normally satisfied for modu-
lators operating in the near-infrared and visible light range
using acoustic waves with frequencies up to a few gigahertz.
During the last two decades, different approaches have been
proposed for the generation of acoustic waves with frequen-
cies up to the terahertz range, where the acoustic wave-
lengths become much shorter than the optical ones. Ex-
amples are the piezoelectric generation of bulk acoustic
waves, where frequencies up to 96 GHz have been reached,16
as well as the generation of acoustic waves using short laser
pulses. In the last case, the generation of acoustic pulses with
frequencies in the terahertz range has been demonstrated, as
well as their application for optical control in the picosecond
time scale.'”'®

While short acoustic wavelengths are expected to in-
crease the frequency response of acousto-optical devices,
novel designs are required for optical control using either the
simple a-MZI or the coupled interferometer structures. Fig-
ure 6 illustrates one approach compatible with very short
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FIG. 6. (Color online) Acousto-optical modulation using structured WGs
consisting of layers of materials 1 and 2 with thicknesses corresponding to
half an acoustic wavelength (\4). The modulation amplitude &n; (i=1,2) of
refractive indices of the two materials induced by the acoustic field are
assumed to have different amplitudes (i.e., dn;>> on,).

acoustic wavelengths based on structured WGs. Here, the
core of the optical WGs forming the MZI arms is replaced by
a periodic layer stack (a superlattice) with a repetition period
much smaller than the light wavelength. We will consider in
the following the simplest configuration, where the superlat-
tice consists of two materials (1 and 2) with refractive indi-
ces n; and n,, respectively. For the optical wave, the super-
lattice is equivalent to a homogeneous effective medium with
an effective refractive index n.y; that depends on the light
wavelength, polarization, as well as on the optical properties
and thicknesses of the constituent layers. For equal layer
thicknesses and light polarization in the plane of the layers,
the effective refractive index is given by neg=/(n3+n3)/2.
We will further assume that the acoustically induced change
in the refractive index of material 1 () is much larger than
for layer 2 (i.e., on,> én,). This requirement can be ful-
filled, for instance, by operating at a photon energy close to
an electronic transition of material 1. Under these conditions,
the modulation amplitude (dn.y) of the effective refractive

index induced by the acoustic field becomes 5neff=%%”5n].
For application, the reduced acoustically induced phase
modulation as compared to a simple WG of material 1
(=6én,) can be compensated by using longer WGs.

The superlattice approach becomes especially appealing
for acousto-optical modulation by bulk (instead of surface)
acoustic waves, if the WGs can be fabricated by growing
layers with different dielectric materials. An example of a
serial switch using bulk acoustic transducers is illustrated in
Fig. 7. Here, each horizontal WG section consists of a layer
stack with high effective refractive index separated by clad-

light aCO‘l/.IStIC transdutiers light

in out

—<

acoustic waves

FIG. 7. (Color online) Optical switch consisting of two acoustic Mach—
Zehnder modulators in series and modulated by bulk acoustic waves. The
superlattice WGs (cf. Fig. 6) in this case were fabricated by growing dielec-
tric layers of different refractive indices. The acoustic waves were generated
by transducers deposited on the top of the sample.
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ding layers with lower index. The Y-splitters are produced by
optically interconnecting the two layers. The WGs are modu-
lated by two transducers deposited on the surface of the
sample. Configurations using a single transducer are also vi-
able if the depth of the two serial sections can be controlled,
thus leading to different SAW phases in the two sections.
Alternatively, high-frequency bulk waves can be produced
using short laser pulses.”’18 We note that Gottlieb and
Brandt'’ have proposed a similar concept for acousto-optical
phase shift arrays using bulk acoustic waves to drive a
single, unstructured WG: the novelty of the scheme in Fig. 7
results from the combination of superlattice WGs with the
multiple interference approach, which allows for efficient
ON/OFF switching using very high acoustic frequencies. Fi-
nally, since superlattices with well-defined layer thicknesses
down to the nanometer range can be produced by well-
controlled growth techniques, this approach can be applied
for the realization of acousto-optic switches and modulators
with operation frequencies up to the terahertz range.

V. CONCLUSIONS

In conclusion, we have presented a concept for acousto-
optical light control in WG structures based on the modula-
tion of the refractive index of MZI interferometers with mul-
tiple arms by an acoustic wave. We have discussed the use of
these AOMIDs for the realization of optical switches, fre-
quency converters, and pulse shapers and presented a frame-
work for the calculation of their performance. Since the
acousto-optical effect is normally stronger than the optical
nonlinear and the electro-optical interactions, the devices are
expected to be very compact, as recently demonstrated for
acoustically driven MZIs.” In order to take advantage of the
faster switching times expected from high-frequency acous-
tic waves, we have also introduced a design for AOMIDs
using SAW wavelengths much shorter than the optical ones.
Finally, the AOMID concept is compatible with integrated
optics based on planar technology and can be applied for
different material systems.
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