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Abstract: An optical phase modulator suitable for monolithic integration demonstrates efficient
operation from 980 nm through 1360 nm. Measured V'L ranges from 0.6 V-cm to 1.22 V-cm with

less than 0.5 dB residual amplitude modulation. © 2022 The Author(s)

1. Introduction

Integrated phase modulators are essential for many next-generation applications including telecommunications,
LIDAR, and machine learning [1], [2]. However, the common silicon photonics platform only supports slow thermal
phase modulators and absorption modulators with high residual amplitude modulation (RAM). Integration of other
materials such as lithium niobate can provide fast and low-loss modulators, but significantly increases complexity.
Silicon photonics also lacks integrated lasers, and is limited to wavelengths above 1100 nm, excluding the region near
1000 nm that is commonly utilized for applications such as topographical and remote-sensing LIDAR. In contrast,
group I11-V semiconductor platforms offer on-chip lasers, optical gain, and efficient phase modulators at a variety of
wavelengths from 780nm through 2000nm.

This work presents gallium arsenide (GaAs) phase modulators with low fabrication complexity that are suitable
for use in monolithic photonic integrated circuits, which may include GaAs-based laser sources in the 1000-1300 nm
range [3], [4] for applications such as optical phased arrays [5]. Measured from 980 nm through 1360 nm, these
modulators demonstrate single-sided VL of 0.6 V-cm to 1.22 V-cm and RAM below 0.5 dB for more than 2z phase
shift. Tested wavelengths are equipment-limited, and functionality is expected outside of this wavelength range.

2. Device Design and Fabrication

The modulator epitaxy was developed as a reverse-biased P-p-i-n-N double heterostructure to reduce RAM and
propagation loss. The design yields high overlap between a nearly linear electric field and the optical mode to utilize
the strong linear and quadratic electro-optic effects in GaAs, as shown in Figure 1(a). Low optical absorption is
achieved by a graded-index structure providing 94% overlap between the optical field and the GaAs guiding region
and 10% overlap with free carriers.

Modulators were implemented as deep ridge waveguides formed by a Cl./N, ICP etch, with P-contacts deposited
on top and N-contacts placed nearby on the highly n-doped GaAs buffer layer (Fig. 1(b)). Passive waveguides for
edge coupling simply omit the metal contacts (Fig. 1(c)).
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Figure 1. (a) Simulated 1D optical mode and electric field. (b) Cross-section schematic of modulator waveguide.
(c) SEM image of fabricated passive waveguide edge coupler; scale approximately corresponds to the cross-section schematic.
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3. Measurement Results

Devices were characterized by edge coupling to lensed fibers. Packaged 980 nm and 1030 nm DFB lasers and a tunable
O-band laser were used as light sources. The modulation response of 4 mm devices was determined by simultaneously
fitting multiple single-sided Mach-Zehnder modulator (MZM) transmission measurements, and separately by



Fabry-Perot waveguide cavity fringes [6]. Tested across a range of wavelengths from 980 nm to 1360 nm, these
devices demonstrated single-sided V,-L ranging from 0.6 V-cm to 1.22 V-cm for the TE optical mode (Fig. 2(a)).

Modulator RAM was characterized by MZM fringe peaks and is under 0.5 dB until the onset of Franz-Keldysh
electroabsorption, reaching 3 dB at a reverse bias of 5.5 V at 980 nm, 12 V at 1030 nm, and equipment-limited >15 VV
above 1260 nm. DC leakage currents as small as 50 nA at -5 V bias corresponds to DC power usage under 200 nW
per modulator for >2x modulation at 980 nm and 1030 nm. Response bandwidth was not measured above 1 MHz, but
electrical testing determined 7 pF combined junction and parasitic capacitance and 10 Q series resistance.
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Figure 2. (a) Measured TE-mode efficiency of 4 mm modulator. (b) Measured linear modulation efficiency and expected electro-optic
coefficients from literature. (c) Measured quadratic modulation efficiency and expected electro-optic coefficients from literature.

Casting quadratically-fit modulation efficiency to linear and quadratic electro-optic coefficients, the measured
performance agrees well with known GaAs values from literature (Fig. 2(b,c)) [7]-[9]. This comparison relies on
simulated values for the electrical field in the optical guiding layer, and roughly agrees with a simple assumption of
applying the bias voltage directly across the p-i-n GaAs layers. The nonzero linear terms for TM polarization are
attributed to uncharacterized carrier effects and imperfect polarization, which was not rigorously controlled. The
depressed TE quadratic coefficient is under further investigation.

4. Conclusion

A GaAs-based optical phase modulator has been demonstrated with measured single-sided V,-L modulation efficiency
ranging from 0.6 V-cm at 980 nm to 1.22 V-cm at 1360 nm. RAM is less than 0.5 dB for more than 2z modulation at
all tested wavelengths. Fabricated as a deep ridge waveguide modulator including passive routing for edge coupling,
the design is ideal for use in monolithic GaAs-based photonic integrated circuits, with broad applicability including
optical phased arrays with on-chip lasers.
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