Synchronized photonic modulators
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Abstract: Photonic modulators are one of the most important elements of
integrated photonics. We have designed, fabricated, and characterized a tun-
able photonic modulator consisting of two 180°-dephased output waveguide
channels, driven by a surface acoustic wave in the GHz frequency range
built on (Al,Ga)As. Odd multiples of the fundamental driven frequency
are enabled by adjusting the applied acoustic power. A good agreement
between theory and experimental results is achieved. The device can be
used as a building block for more complex integrated functionalities and
can be implemented in several material platforms.
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1. Introduction

Integrated photonics aims at controlling and manipulating photons within small dimensions.
For that purpose, it is of paramount importance to search for devices that are at the same time
fast, compact, efficient, low-cost, externally controlled, and compatible with nowadays integra-
tion technology. An interesting approach exploits non-linear optical effects for all-optical con-
trol. In this way, very fast devices are obtained with the drawback of very long interaction paths
to compensate the usually very weak non-linearities [1]. Alternatively, thermo-optical effects
allow the fabrication of smaller devices at the expense of longer time responses [2]. A further
option employs electric fields in order to control the response of photonic devices by means of
the electro-optic effect [3-5], leading to devices that are simultaneously fast and compact with
the disadvantage of requiring the individual addressing of the regions to be tuned, which can
become too difficult for complex architectures. A promising approach consists of using a sur-
face acoustic wave (SAW) beam to modulate multiple ridge or slot waveguides (WGs) through
the acousto-optical effect [6, 7]. This method presents an excellent compromise between speed
and size and, even more important, allows the addressing of multiple devices using a single
SAW due to its very large phase coherence [8-11]. Recently, SAWs have also been used to
dynamically control planar nanocavities in photonic crystal membranes [12]. In addition, this
technology can be employed in virtually any material platform with processing steps easily im-
plemented in any modest cleanroom. For certain applications, the dynamic nature of the SAW
requires the synchronization of the optical pulses with the SAW phase.

In this work, we have designed, fabricated, and characterized a tunable photonic modulator
consisting of two 180°-dephased output WG channels driven by a SAW that can be used as
a basic building block for more complex integrated photonic systems such as multiple WG
modulators or tunable arrayed waveguide grating devices [11]. Although, we have implemented
the concept in an (Al,Ga)As platform, it can be extended for other material platforms such as
LiNbO3 [13], (In,Ga)P [14], or Silicon [15].

2. Device concept

Figure 1 shows an overview of the structure we have exploited. The device follows a well-
known regular Mach-Zehnder Interferometer (MZI) structure, built upon multimode interfer-
ence (MMI) couplers. The first coupler is a balanced (50:50) splitting ratio MMI that separates
the incoming light in identical beams delivered to two output ports. These WGs are modulated
by a SAW beam propagating perpendicularly to them (MWG; and MWG,, cf. Fig. 1). The
MWGs feed a second MMI that combines the input light into 2 output waveguides (OWG; and
OWG;) with distribution power depending on the intensity and phase of the light leaving the
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Fig. 1. Hlustration (not to scale) of the SAW-driven synchronized modulator fabricated on
(Al,Ga)As. By means of a tapered fiber, continuous light is coupled into an input channel
(IC). The device consists of a splitter and a combiner MMI linked by waveguides (MGWSs)
that are modulated by a SAW generated by an IDT. The SAW propagates perpendicularly
to the MGW arms. The light beams leaving the device through both output waveguides
(OWGs) presents a 180°-dephasing synchronization. The spatial separation between the
MWGs was chosen to be 1.5Asaw.

MWGs. The design of the combiner MMI is such that when both MWGs deliver light of equal
intensity and phase, the intensity in the OWGs becomes also the same. This feature is granted
in the absence of SAW by the splitter MMI. By introducing a phase difference between the
MWGs (A® = §Pmwas, — 0Pmwe,), the output power can be fully directed to OWG; (when
A® = +kr,fork=1,2,3...) or to OWG; (when A® = —kr,fork=1,2,3...). A is obtained
by the SAW modulation via the acousto-optical effect. A crucial aspect of the design is that
the spatial separation between the WGs in the active region should be set to (2m+ 1)Asaw/2,
where Asaw is the surface acoustic wavelength, and mis an integer [7]. The MWGs are placed
at the appropriate separation by means of large radius S-bend WGs. This ensures that each of
the two MWGs suffers changes in the effective refractive index of equal magnitude but oppo-
site phases, thus maximizing the overall acousto-optical effect. Therefore the magnitude of the
phase difference introduced by the SAW for each one of the MWGs in the active region can be
written according to:

|0PMwe; | = (270/AL) SNett = apy/Ppr, 1)
with
Neff = N & SNefr COS(Msawt). (2)

Here, ¢ is the length of the MWG, A is the light wavelength, ap is a proportionality constant
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that depends on the materials elasto-optical properties as well as on the overlap between the op-
tical and acoustic fields in the MWG. Ppt is the nominal radio-frequency (RF) power applied
to the interdigital transducer (IDT), ngff is the unperturbed effective refractive index, ones is
the amplitude of the SAW modulation in the effective refractive index, and wsaw is the SAW
angular frequency. Finally, the signal is positive for i = 1 and negative for i = 2. In contrast to
previously realized modulators [7-9] where part of the light transmission is lost due to destruc-
tive interference, in our approach, at any given time, the light only switches paths, avoiding
losses and granting the 180°-dephasing synchronization of the OWGs.

3. Design and simulation

In order to optimize the response of the devices, we have simulated their performance us-
ing the beam propagation method implemented via the RSoft package. The operational op-
tical wavelength was chosen to be of approximately 900 nm, which falls within our fast de-
tector sensitivity range. The refractive indices used for the simulations were n%%%s =3.591[16]
and ”,gA(igzeaog as = 3.421 [17]. Assuming either the transverse electric (TE) or the transverse
magnetic (TM) optical polarizations at the input waveguide, we tracked the intensity of the
optical field throughout the device. The effects of the SAW modulation is included by mod-
ifying the effective refractive index of the MWGs according to Eq. ( 2). Figure 2 shows the
results of the simulations for ongs = 0.0011 and TE propagation for three different times
(t =0, Tsaw/4 =~ 480 ps, and Tsaw/2 = 960 ps). For t = 0 (upper panel) all light goes to
OWG; while fort = Tsaw/2 (bottom panel) all the optical power is delivered to OWG,. When
t = Tsaw/4 (central panel) the cosine term in Eq. ( 2) vanishes and the device operates as in the
absence of a SAW, with the optical power equally distributed between both OWGs.

-500 0 500 1000
z (um)

Fig. 2. Color map of the optical intensity as the light propagates through the device for
different times calculated assuming oner = 0.0011. The area between the vertical dotted
lines corresponds to the active region modulated by the SAW beam in which the waveguides
are separated by 1.5Asaw-

4. Sample and device fabrication

The device was fabricated on a sample grown by molecular beam epitaxy on a (100) GaAs
substrate. The sample consists of a 1500-nm-thick Alg2Gag gAs cladding layer capped by a
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300-nm-thick GaAs guiding layer. The modulators were fabricated in two steps using contact
optical lithography. First, Ti/Al/Ti IDTs in a split-finger configuration for efficient SAW genera-
tion were fabricated using a lift-off process [18]. These IDTs were designed for Asaw = 5.6 um
(with finger width and spacing of 700 nm), which corresponds to a resonance frequency of
approximately 520 MHz. A second step of plasma etching was then employed to create 465-
nm-deep grooves delimiting the ridge WGs. The length of the MWGs in the active region is
¢ =120 um, as determined by the IDT aperture. The MWGs width was chosen to be 900 nm,
which is much smaller than Asaw, ensuring a constant amplitude modulation through the WG
width while allowing for reliable fabrication using contact optical lithography and etching tech-
niques. The separation between the center of the MWGs was set to be 1.5Asaw. The width and
length of the splitter MMI are 7 um and 110 um, respectively, while for the combiner MMI,
the width is 6 um and the length is 314 um. Details of the fabricated devices can be seen in the
photographs shown in Figs. 3(a)-3(c).
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Fig. 3. Top view photograph of the splitter MMI (a), as well as, top (b) and lateral (c) view
of the OWGs. In (b) and (c) false color, time-integrated image of the infra-red light leaving
both OWGs can also be observed. (d) Artistic illustration (not to scale) of the experimental
setup used to measure the time response of the light transmission through the device. A
200x objective with focal plane located at the edge of the sample collects the light from
the OWGs. A polarizer is used to filter the TE or the TM modes. A multi-mode fiber placed
at the image plane selects the light from one of the OWGs for detection by a photomultiplier
tube (PMT) synchronized with the RF signal that generates the SAWSs. In order to obtain
synchronization (sync.), the signal from the RF generator (RF gen.) is sent to a splitter
(spl.) in a way that 50% of the signal has its frequency divided by 10. This is necessary
to keep the trigger within the operational frequency range of the time-correlated single
photon counting (TCSPC) module. The other half of the signal goes through a controllable
attenuator (att.), a fixed-gain amplifier (ampl.) and then drives the interdigital transducer.
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5. Experimental setup

The device was optically characterized by coupling light into the input WG using a tapered
fiber whose tip has the form of a cylindrical lens (Fig. 1). An overview of the experimental
setup is illustrated in Fig. 3(d). As light source, we used a tunable Ti:Sapphire laser operating
at ~ 0.9 um pumped by a 532 nm diode laser. The fiber was mounted on a X-Y-Z stage,
allowing for an accurate positioning relative to the input WG edge. The transmitted light was
reflected by a right angle mirror facing the edge of the OWGs. The light was then collected by
a long working distance 200x Mitutoyo microscope objective focused on the device edge [cf.
Fig. 3(c)] and coupled to an optical fiber. The large objective magnification allows for the spatial
selection of the individual OWG to be measured. The propagation of TE or TM modes was
filtered by a linear polarizer placed before the coupling to the output fiber. As detector, a micro-
channel plate photomultiplier tube (PMT) with a time resolution of 300 ps was employed. In
order to grant synchronization with the detector, the RF-signal from the generator was first split.
One half passed through a controllable attenuator, a fixed gain amplifier and was then used to
drive the IDT. The second half was first divided by 10 (in order to be within the frequency range
of the electronics of the detector controller) and then used to trigger the detector.

6. Results

Figure 4 shows results obtained for transmission through both OWGs of light with TE po-
larization (similar behavior was observed for TM polarization) for different Bpt. The total
transmission is normalized to 1. At small BpT values [Fig. 4(a)] a very weak modulation is ob-
served with both OWGs transmitting near 50% of the total light. As Bt raises, the modulation
becomes stronger, reaching a peak-to-peak amplitude of approximately 1 in our experiments,
for Bpt = 14 uW [see Fig. 4(b)]. After the modulation reaches its maximum, the appearance of
higher harmonics becomes evident [Fig. 4(c)]. For Bpt = 96 uW the light modulation is dom-
inated by the third harmonic [Fig. 4(d)]. This can be better appreciated by performing a fast
Fourier transform (FFT) analysis of the obtained experimental results. Figure 5 shows the FFT
coefficients for the first three harmonics (hl1,h2,and h3, respectively) of the time resolved ex-
perimental data (as a function of v/PpT, upper scale) as well as for the simulations (as a function
of dnesr, lower scale). The phase difference between the OWGs was found experimentally to be

o=
o O O
nsity

({055
10.0Q

aliz

co-=
o o

J10E
..'- L

Normalized Intensity

Time (ns)

Fig. 4. Time-resolved measurements of the light leaving the OWG; (solid line) and OWG,
(dotted line) for RF powers of (a) Rpt = 15 nW, (b) RpT = 14 uW, (¢) Rpt = 70 uW and
(d) Bpt = 96 uW measured for the TE polarization.
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180° +3°. By comparing both data with Eq. ( 1), we determined that ap ~ 13 x 102 rad /+/mW,
which is a factor of 2 larger than that obtained in Ref. [7] for a single, SAW-modulated, Mach-
Zehnder interferometer. In general, there is a very good agreement between the measurements
on the fabricated device and the simulations for the idealized case. It is clear from Fig. 5 that
both the hl and h3 intensities, although slightly smaller than that predicted, follow almost
perfectly the calculated trend. Furthermore, the vanishing of hl close to Snegs = 3 x 1073 is
very well reproduced by the simulations. The presence in our experiments of a larger h2 than
expected is attributed to asymmetric imperfections in the fabrication process. In addition, the
values obtained in the measurements of h3, which has an oscillation period of ~ 600 ps, are
substantially limited by the time resolution of 300 ps. This explains the reduced values for the
FFT coefficients for h3 shown in Fig. 5 as well as the low amplitude of the time response trace
of Fig. 4(d).
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Fig. 5. Experimental (symbols) values for the fast Fourier transform coefficients of the time-
resolved signals for the first, second and third harmonics (hl = 517 MHz, h2 = 1.03 GHz,
and h3 = 1.55 GHz, respectively) as a function of the square root of Ppt (upper scale).
Simulated results for the TE modes (lines), as a function of dneg (lower scale), are also
shown. The full and open symbols correspond to TE and TM modes, respectively.

7. Conclusion

In conclusion, we have realized a SAW-driven photonic modulator based on a MZI that operates
in the GHz frequency range. The device delivers the continuous-wave input light to two, 180°-
dephased, synchronized output ports, whose frequency and amplitude response can be tuned by
varying the acoustic power. In particular, the operational frequency of the device can be adjusted
to be an odd multiple of the fundamental frequency driving the SAWSs. Another advantage of
our approach is that the very large phase coherence of the SAWSs allows for the control of
multiple devices with the same SAW, a feature that is beneficial for integration in more complex
architectures.
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