Ultra-low-power stress-based integrated photonic phase actuator
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ABSTRACT
In this work, we present recent improvements on the stress-optic actuator on the silicon nitride-based
waveguide platform (TriPleX) in the telecommunication C-band. In our stress-optic phase modulator the refractive
index of the waveguiding materials is controlled by the stress-optic effect induced by actuating a 2 μm thick PZT
(lead zirconate titanate) layer on top of the TriPleX waveguide geometry. The efficiency of the modulator is
optimized by, amongst others, focusing the applied stress in the waveguide core region through a local increase of
the top cladding. Using a Mach-Zehnder interferometer, we measured a phase shift of π, i.e. the half-wave voltage,
Vπ, at 12 V and even a phase shift of 2 π at 25 V at a wavelength of 1550 nm using a modulator with a total length
of 15 mm. Even smaller voltages were measured for devices using a reduced top cladding. The measured static
power consumption of our stress-optic modulator is well below 1 μW as it is only determined by small leakage
currents (< 0.1 μA) and, therefore, more than 5 order of magnitude lower than that of conventional thermo-optic
phase actuators. The total footprint of the stress-optic actuator is similar to that of thermo-optic actuators due to
lower cross-talk to neighboring actuator. These specifications along with minimal excess losses make stress-optic
actuator an excellent choice for next generation integrated photonic circuits that require a large number of actuators
in silicon photonics in general and in the TriPleX platform in particular.
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1. INTRODUCTION
For integrated photonics circuits with complex function, such as optical beam forming networks (OBFN) [1,2] or
microwave photonic signal processing [3,4], large amounts of phase actuators are mandatory. In the silicon nitride
and similar platforms today’s phase modulation depends solely on thermo-optic phase shifters[5], which are
reliable, straightforward to manufacture, and offer tuning speeds around 1 ms. However, thermo-optic modulators
suffer from huge power dissipation, in the order of 300 mW per π phase-shift per modulator, and thermal crosstalk from neighboring heaters. While their tuning speed is sufficient to drive the envisioned applications, the
constant power dissipation of thermo-optic modulators makes them less suitable to support large scale waveguidebased matrices.
Recently, we have demonstrated that low-power modulation is feasible for visible light as well as near-infrared
light by using stress-optic modulators in the silicon nitride platform[6,7,8]. The stress-optic modulator was
realized by harnessing the stress from an actuating piezoelectric material (lead zirconate titanate, PZT) on top of
a standard silicon nitride-based TriPleX geometry. The major advantage of such stress-optic modulators over
thermo-optic modulators for future applications is their ultra-low power dissipation in a static state, where no high
speed tuning is required. The static power consumption is solely determined by tiny leakage currents through the
piezoelectric layer resulting in a dissipated power in the µW-region. Here, we present recent advances in the stressoptic actuator in the telecommunication C-band using the silicon nitride-based waveguide platform, TriPleX. We
employ a stress-focusing geometry on top of the waveguide core region, while at the same time allowing for a
thinner top cladding to further increase the stress at the waveguide core and keeping the excess loss per modulator
minimal. Using a Mach-Zehnder interferometer, we measured a half-wave voltage, Vπ, at 12 V at a wavelength of
1550 nm using a modulator with a total length of 15 mm.
2. STRESS-OPTIC ACTUATOR
We fabricated a stress-optic modulator using a standard double stripe TriPleX™ geometry[9], which is also offered
via a Process Design Kit (PDK) and Multi Project Wafer (MPW) access. To evaluate the dependence of the stressoptic effect with the top cladding thicknesses, tc, we deposited top claddings with a thickness of 2 µm and 3 µm
on two wafers. Afterwards a bottom electrode consisting of a 10 nm thick Ti adhesive layer and a 100 nm thick Pt
layer was deposited. The PZT layer with tPZT = 2 µm was grown on top of this electrode using Solmates SMP-700
pulsed laser deposition (PLD) equipment. PZT deposited by PLD allows for the growth of high-quality layers
which has recently become available for large wafer sizes and at commercial throughput[10]. To ensure the quality
of the deposited PZT layer, we measured the transverse piezoelectric coefficient, e 31, of -18 to -20 C/m2, using

simultaneously produced test structures from the same wafer. Finally, a Pt top electrodes with a thickness of 100
nm were deposited with various widths, w, and lengths, l. A scanning electrode microscope (SEM) picture of the
resulting structure can be seen in Fig. 1a).

Figure 1. a) SEM picture of the stress-optic actuator on a symmetric double-stripe waveguide with a top cladding of 3 µm and a PZT thickness
of 2 µm. b) Phase shift a function of applied voltage for stress-optic actuators analogue to a) with l = 1.5 cm, w = 7.5 mm, and a top cladding
thickness (TC) of 2 µm (blue) and 3 µm (orange), respectively. Dashed horizontal lines indicate a applied phase shift of π and 2π, respectively.

To determine the phase shift of the stress-optic actuator, we use an asymmetric Mach-Zehnder interferometer filter
(aMZI), where a top electrode in one arm was deposited to actuate the PZT layer. The top electrode has a width,
w, of 7.5 µm, which was calculated to give the highest stress in the waveguide core, and a length, l, of 15 mm
resulting in a measured capacitance of the modulator of 3 nF. We used a superluminescent diode with a -3 dB
bandwidth of 50 nm at a wavelength around 1550 nm and an optical spectrum analyzer (HP 70951A) to measure
the spectral shift in the response of the fabricated aMZI devices with a free spectral range of around 14 nm. To
calculate the phase shift of the modulator as a function of voltage we measured the spectral shift for a set of applied
dc-voltages, which is shown in Fig.1 b). We measured a half-wave voltage, Vπ, (i.e. a phase shift of π) at 12 V and
11 V for tC = 3 µm and 2 µm, respectively. A phase shift of 2π was measured V = 25 V and 22 V for tc = 3 µm and
2 µm, respectively. It can be seen that the response of the stress-optic actuator has a proportional regime between
5 and 15 V, for higher voltages the slope of the curve decreases with increasing voltages. The reason for the
decrease in modulation strength is the decrease of the transverse piezoelectric coefficient of the PZT layer after it
reached its maximum at electric field strengths of around 10 V/µm. This decrease matches with the measured
hysteresis-curve of PZT test structures that were fabricated on the same wafer.

Figure 2. a) Static power dissipation of a stress-optic actuator as a function of applied voltage by measuring the leakage current. The leakage
current was measured to be 0.08 µA at 25 V resulting in a power consumption well below 1 µW and went up to 0.2 µA at 60 V (Pdiss = 12 µW).

To determine the dissipated power of the stress-optic actuator, we measured the leakage current as a function of
applied voltage. The calculated dissipated power from this measurement is shown in Fig.2 a). It can be seen that
for voltages needed to reach a full 2π phase shift (V>30 V) the dissipated power is well below 1 µW and, hence,
is more than 5 order of magnitude lower than that of thermo-optic actuators. The power consumption of these
devices with a driving frequency of 1 kHz (comparable to thermo-optic) is calculated to be below 1 mW [7].

The cross-talk from one actuator to a neighboring devise is an important parameter as it provides how densely
devices can be packed on a chip. Fig.2 b) shows the measured cross-talk, i.e. induced phase shift, of a stress-optic
modulator over a length of 1 cm as a function of distance between the waveguides. It can be seen that the crosstalk decays exponentially with increasing distance and starting from a distance of 30 µm the cross-talk was too
low to be measured. The measured cross-talk of the stress-optic actuator is about 8 times smaller when compared
to thermo-optic actuators. Due to the small cross-talk stress-optic actuators can be packed more densely on chip
and when considering their current length (about 15 mm), stress-optic and thermo-optic actuators have a similar
effective device footprint.
3. CONCLUSSION
In conclusion, we presented the recent improvements on stress-optic modulators for the telecommunication Cband, i.e. a wavelength around 1550 nm, in silicon nitride-based integrated circuits. The measured (static) power
consumption characteristics of below 1 µW in the static case, make it an ideal actuator to realize sophisticated
optical beamforming networks with 100s and even 1000s of modulators. In this work, we measured a half-wave
voltage at 12 V using an electrode with a width of 7.5 µm and a length of 15 mm. The actual footprint of stressoptic modulators is measured to be the same as conventionally used thermo-optic modulators. The increase in
modulator length of stress-optic modulators goes in hand with a decrease of cross-talk to neighboring devices
when compared with thermo-optic modulators due to the confined actuation of the PZT. To further improve the
devices, it is favorable to deposit PZT layers that are thicker than 2 µm. An improved PZT layer thickness should
lead to both a higher stress induced into the waveguide core and, as well, an extension of linear modulation regime
of the PZT.
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