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Compact Mach-Zehnder acousto-optic modulator
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The authors demonstrate a compact optical waveguide modulator based on a Mach-Zehnder
interferometer driven by surface acoustic waves. The modulator was monolithically fabricated on
GaAs with an active region length of approximately 15 wm. It yields peak-to-peak modulation
exceeding 90% of the average transmission and operation in the gigahertz frequency range. © 2006
American Institute of Physics. [DOI: 10.1063/1.2354411]

Acousto-optic effects have been used for optical modu-
lation for a long time, with the Bragg cells being probably
the best known example.l The demand for fast and compact
devices together with required phase matching, however, im-
poses several limitations on conventional acousto-optic de-
vices in future generations of integrated photonics. There-
fore, great attention has recently been devoted to alternative
concepts for light modulation. A promising approach to in-
crease the operation speed employs all-optical light control,
which allows operation down to the subpicosecond time
scales.” These devices are typically a few hundreds of mi-
crons long since they rely on optical nonlinearities that are
usually small. An effective approach to reduce device dimen-
sions employs photonic crystals (PhCs). Examples are
thermo-optical switches based on a PhC Mach-Zehnder in-
terferometer  (MZI)  with  12-um-long arms  on
AlGaAs/GaAs system3 as well as electro-optical switches
based on carrier injection of 80-um-long silicon PhC-MZL*
In both cases the switching time is on the order of microsec-
onds. Faster PhC-based all-optical switching devices have
been realized in the (Al,Ga)As system by taking advantage
of the nonlinear properties of quantum dots embedded in the
MZI arms.’ PhC fabrication, however, requires a sophisti-
cated technology with very strict tolerances.

In this letter, we demonstrate a compact and monolithic
modulator based on conventional ridge waveguides (WGs)
on GaAs. The modulator consists of a MZI driven by a sur-
face acoustic wave (SAW) in the gigahertz range, where the
length of the interaction region between the acoustic and
optical waves (the active region) is reduced to approximately
15 pwm. The design used, which is a modified version of the
acousto-optic MZI proposed by Gorecki et al..’ is based on
the refractive index modulation of the interferometer arms by
the wave fronts of a SAW propagating perpendicularly to the
arms. The changes in refractive index are induced by the
elasto-optic and electro-optic effects associated with the
strain and piezoelectric fields, respectively. For photon ener-
gies away from electronic transitions—which is the case dis-
cussed here—the elasto-optical effect dominates.” The width
of the WGs forming the arms is chosen to be much smaller
than the acoustic wavelength (Agaw) in order to ensure a
constant modulation amplitude across the WG width. In our
design, we introduce two fundamental modifications to in-
crease the modulation efficiency and reduce the length of the
active region. First, we enhance the modulation efficiency by
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modulating simultaneously both interferometer arms using
the same SAW (in the original proposal,6 only one of the
arms is modulated). For that purpose, the MZI arms are sepa-
rated by an odd multiple of Agow/2, in order to experience
refractive index changes of opposite phase during the pas-
sage of the SAW. The second modification consists in using
a focusing interdigital transducer (IDT) to generate a narrow
and strong acoustic beam.

The devices were fabricated on a WG sample grown by
molecular beam epitaxy on a GaAs (100) wafer [see Fig.
1(a)]. The sample consists of a 300-nm-thick GaAs film

FIG. 1. (Color online) (a) Schematic view of the MZI modulated by a
surface acoustic wave (SAW). The incoming light is coupled into the device
by a tapered fiber, while the modulated outgoing light is detected at the
opposite cleaved edge. The SAW is generated by a focusing interdigital
transducer (IDT) operating at a wavelength Agaw=5.6 um and frequency
fsaw=520 MHz. (b) Optical micrograph with a top view of the MZI active
area. The ridge waveguides forming the MZI arms with width w=1.4 um
are spaced by D=2.5Agaw=14 um to experience opposite phases of the
acoustic field, as illustrated in the cross-section view in (c).
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FIG. 2. (Color online) (a) Measured time-resolved light transmission (/)
through the MZI for different acoustic powers (Ppr), normalized to the
value transmitted in the absence of a SAW [/(0)]. (b) Fourier transforma-
tion (with components /,,) of the transmitted intensity of the data displayed
on (a).

forming the core of the surface WG deposited on a 1500-
nm-thick Alj,GaygAs cladding layer. The MZI was fabri-
cated in two steps using contact optical lithography: the fab-
rication of the IDTs for SAW generation using a lift-off pro-
cess to structure the 60-nm-thick metal layer followed by the
plasma etching of the 280-nm-deep grooves delimiting the
ridge WGs of the MZI. The focusing IDTs were designed for
an operation wavelength Agaw=5.6 um (corresponding to a
resonance frequency of approximately 520 MHz) following
the procedure discussed in detail in Ref. 8. These IDTs gen-
erate a SAW beam with full width at half maximum ¢
~15 um that are collimated over hundreds of microns. A
crucial feature in the design is the separation (D) between
the MZI arms [see Figs. 1(b) and 1(c)], which was chosen to
be D=2.5Ngaw. The width of the WGs within the active
region was w=Agaw/4=1.4 um. While narrow enough to
prevent the smearing of the modulation, this width is suffi-
cient for reliable fabrication using optical lithography and
etching techniques. The additional WGs connecting the light
to the MZI arms (including the input and output WGs as well
as the Y branches) were 10 um wide. Although this configu-
ration leads to an overall multimode behavior of the interfer-
ometer, individual modes can be spatially filtered.

The devices were optically characterized by coupling
light into the input WG using a tapered fiber with a cylindri-
cal lens on its tip [see Fig. 1(a)]. As light source, we used a
superluminescent diode with peak emission centered at the
wavelength A =950 nm with a full width at half maximum of
approximately 50 nm. The fiber was mounted on a piezoelec-
trically controlled stage in order to allow for a fine position-
ing relative to the WG edge. Due to its multimode character,
the mode configuration excited within the MZI becomes con-
trolled by the position of the input fiber. The transmitted light
was collected using a 2X microscope objective focused on
the cleaved edge of the output WG. The small numerical
aperture of this objective allows us to select the far-field
emission of individual modes leaving the WG. The light was
then detected with a time resolution of 500 ps using a Si
avalanche photodiode synchronized with the tf signal driving
the IDTs.

Time-resolved transmission traces recorded for different
rf powers (Pipt) coupled to the IDT are shown in Fig. 2(a)
for light with TE polarization. Pyt was determined taking
into account the IDT reflection losses measured using a net-
work analyzer. Note that due to the bidirectionality of the
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FIG. 3. (Color online) Amplitude of the mth-order harmonic of the trans-
mitted intensity [1,(Pjpr)] as a function of VPyp; (symbols), normalized to
the average transmission in the absence of a SAW [1,(0)]. The solid lines are
calculated from Egs. (1)-(4) with 8¢,=0.927 rad as the only adjustable
parameter. The upper and right axes display the amplitude of the phase shift
modulation d¢ and the calculated absolute transmission coefficient for the
mth harmonic, respectively.

IDT, the acoustic power modulating the MZI arms corre-
sponds to only half of Piyr. The light coupling conditions in
Fig. 2(a) were chosen to yield a strong modulation at the
fundamental SAW frequency. Oscillations of the transmitted
light intensity with the SAW period and with amplitude in-
creasing with Pipr are observed. For the highest acoustic
power (Pppr=60 mW), the modulation amplitude becomes
comparable to the average transmission in the absence of
acoustic excitation. The oscillations are asymmetric in this
case, thus indicating the presence of higher harmonics. These
harmonics become evident in the Fourier transformation of
the data of Fig. 2(a) displayed in Fig. 2(b). Here, the trans-
mission intensity (7,,) modulated at the mth harmonic of the
SAW frequency has been normalized to the intensity 7,(0) in
the absence of acoustic excitation. Transmission up to the
third harmonic of the SAW frequency is clearly observed: the
detection of higher harmonics (with frequencies >2 GHz) is
prevented by the limited time resolution of the experimental
setup. In agreement with the previous discussion, the ampli-
tude of the first harmonic 7; exceeds 90% of the continuous
transmission 7 for Pipr=60 mW.

Two checks were carried out to verify that the observed
light modulation is indeed caused by the opposite phase
changes imposed by the SAW on the two arms of the MZI. In
the first, we measured the transmission through a single WG
with a width identical to those in the MZI. In the second
check, the separation D between the arms [see. Fig. 1(b)]
was changed to D=3\gaw so as to make the phase of the
acoustically induced refractive index changes equal for both
arms. In both cases, the refractive index modulation by the
SAW leads to a modulation of light transmission. The mea-
sured modulated amplitudes, however, were found to be at
least 20 times smaller than for the MZI with D=2.5Agw-

Further information about the modulation mechanisms
has been obtained from detailed measurements of the rf
power dependence of the transmitted intensities 7, illustrated
in Fig. 3, which were recorded under coupling conditions
identical to those of Fig. 2. The transmission intensities for

m=0,...,3 are again normalized to the averaFe (i.e., time
copyright.jsp
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integrated) transmission in the absence of a SAW [/,(0)].
The results are plotted as a function of the square root of the
applied rf power (lower horizontal axis) to emphasize the
fact that the light phase changes induced by the SAW [J¢
=(2m€/N)on, where on is the average amplitude of the
SAW-induced refractive index modulation in the active re-
gion {] mroportional to the strain field and, therefore,
dp=ap\VPipr.  The proportionality —constant ap=7.3
X 107%rad/\mW was determined from the IDT geometry
and from calculations of the depth profile of the SAW field,
which were carried out following the procedure described in
Ref. 7.

In order to calculate the optical modulation, we assume
that the interferometer arms experience small phase shifts of
opposite  phases  with amplitude given by A¢
=0¢ cos(wgawt). For each light mode, the transmission co-
efficient T, for the light modulated at frequency mwgaw be-
comes

1
To=[1+cos(2 Sp)I5(8h)] - [J1(56)

— J3(8¢)]cos(25¢,), (1)
Ty ==21,(86)[Jo(36) - J(5¢) Jsin(254,), 2)
Ty = [J1(8¢) + 2Jo(54)J5(66) Jcos(2566,), (3)
T3 ==2J,(8¢)J,(5¢p)sin(25¢), (4)

where J,, is the Bessel function of order m. The parameter
O¢p, describes the static phase shift associated with the asym-
metry between the arms. In our multimode design, d¢, de-
pends on the mode excited within the interferometer, which
can be controlled by varying the position of the tapered fiber.

The solid lines in Fig. 3 show a fit of Egs. (1)—(4) to the
experimental data using as fit parameter the static phase shift
O¢p;, which was determined to be d¢,=0.927 rad. The fits
yield 8¢ and the transmission coefficients 7,,, which are
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plotted in the upper and right axes of Fig. 3, respectively. d¢,
is close to /4, thus ensuring a strong modulation at the first
harmonic of the SAW frequency [see Eq. (2)] for the chosen
experimental conditions. The calculations reproduce remark-
ably well the power dependence of the transmission factors.
Note that for the highest rf power one achieves phase shifts
6¢ close to /5 per arm.

In summary, we have realized an acoustically driven ul-
tra compact waveguide modulator based on a Mach-Zehnder
interferometer driven by a surface acoustic wave. Peak-to-
peak modulation amplitudes exceeding 90% of the average
transmission have been achieved together with modulation
up to the third harmonic at 1.56 GHz. The modulation con-
cept described here can easily be extended to nonpiezoelec-
tric material systems, such as Si, by depositing a piezoelec-
tric overlayer.6 Finally, from a technological point of view it
should be possible to scale down the device dimensions,
leading to higher operation frequencies and shorter active
region lengths.
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