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I11-V electro-absorption modulation and detection
devices integrated to 220 nm silicon-on-insulator

Owen Moynihan [0009-0002-3345-7085] ' Samir Ghosh, James O’Callaghan, Brendan
Roycroft, Kevin Thomas, Emanuele Pelucchi, and Brian Corbett
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*owen.moynihan@tyndall.ie

Abstract 111-V indium phosphide (InP) ridge coupons capable of electro-absorp-
tion modulation and detection are integrated on a 220 nm silicon-on-insulator
platform using transfer printing. The coupons employ a PIN structure design that
can be actively biased to efficiently modulate and detect light with a bandwidth
of >30 nm from 1550 nm — 1580 nm. Across the C-band, the grating coupled
devices provide an extinction ratio (ER) of 25 dB and detect light with a respon-
sivity of over 0.85 A/W, with an insertion loss (IL) at 0 V of 3.5 dB at 1580 nm
and 6.5 dB at 1550 nm.

Keywords: Heterogeneous integration, micro-transfer printing, electro-optic
modulation, photo-detection, Quantum-confined-Stark-effect (QCSE)

1 Introduction

While silicon photonics (SiPh) comprising of silicon-on-insulator (SOI), is the predom-
inant photonics integrated circuit (PIC) platform [1], there are still drawbacks when
considering its limited active device selection. For example, SiPh does not have an ef-
ficient monolithic laser/amplifier due to its indirect bandgap [2], while modulation is
limited to carrier dispersion effects. This results in several millimetres of device length
for Mach-Zehnder interferometers or high fabrication precision and low spectral band-
width for micro-ring resonator modulator configurations [3]. Due to these limitations,
the silicon modulator performance remains inferior to InP-based modulators. Germa-
nium (Ge) detectors involve multiple additional fabrication steps such as dopant im-
plants and high-temperature processes. One solution to these issues is the heterogene-
ous integration of active devices composed of suitable materials such as I11-V and lith-
ium niobate onto SiPh. This integration can take place via flip-chip mounting [4], wafer
bonding [5] or micro-transfer printing (LTP) [6].

In this work, 111-V PIN waveguide coupons are fabricated and integrated on 220 nm
SOl via transfer printing. The waveguiding, modulation and detection characteristics
are measured through both surface normal absorption and waveguide transmission us-
ing external vertical grating coupling. The InAlGaAs multiple quantum well (MQW)
structures act as both electro-absorption modulator (EAM) and photodiode (PD). While



most PDs work far above the bandgap of the absorber material, this device intentionally
works through the band edge, utilizing the quantum confined Stark effect (QCSE) to
spectrally modulate and detect light by application of voltage [7]. A ridge waveguide
design is implemented for a long absorption length, or transparent guiding, as needed.
This is the first time a transfer printed 111-V EAM device has been designed and pro-
duced for SiPh, to the best of the authors knowledge.

2 Device Design and Fabrication

The epitaxial structure was grown on an InP substrate, consisting of a thin (200 nm) n-
InP region, an intrinsic region including a 10 layer MQW active region and a thick
(1600 nm) p-InP region, with an InGaAs p-contact layer. The QCSE shift was measured
using a 1 mm diameter mesa PIN diode test structure with annular contacts via surface
normal absorption, which can be seen in Fig. 1(a). With biasing from 0 V to -10 V, a
band-edge shift is of >100 nm is measured (1528 nm to 1648 nm). Fig. 1(b) shows the
quadratic dependence of the absorption band edge energy with the applied voltage.
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Fig. 1. (a) Surface normal absorption spectrum from 0 V to -10 V of the 111-V epitaxial structure
and (b) the extracted band-edge energy as a function of voltage.

An evanescently coupled ridge was designed for the 111-V - SOI integration (Fig.
2(a)), whereby the coupon is printed directly on the SOl waveguide. The Il1-V ridge
was designed to have a high mode overlap with the active region, with the simulated
QW overlap being 22.5 %, for a 3 um wide ridge. Using the collinear silicon wave-
guide, the overlap with the loss-inducing p-doped region is 12.0 % compared to 14.2 %
without the underlying silicon. The coupling to/from the ridge was designed using ta-
pers to gradually move the light between the SOl waveguide and I111-V ridge. Through
simulations, the taper was designed to maintain a single-mode transition from the SOI
to the EAM for high transmission between the waveguides, with 99 % transmission for
zero and 62 % for 0.5 um misalignment, respectively. The coupons, comprising of par-
tially finished devices, were fabricated using combined electron-beam and optical li-
thography together with plasma etching to define the ridge, n-metal, coupon, and pho-
toresist tethers, which were then undercut using a diluted FeCls solution. SOI wave-



guides and gratings were fabricated using electron-beam lithography and plasma etch-
ing. The devices were printed directly to the 220 nm SOI over the waveguide structure,
where the bond pads were then deposited. The printing accuracy was measured to be
+0.5 um. The device design cross-section when printed to the SOI substrate and fabri-
cated device with lithography layers are shown in Fig. 2.
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Fig. 2. (a) A schematic of the device cross-section (not to scale) and integration technique. (b)
Integrated device and its components.

3 Device Characteristics

A 3 um ridge with a device length (including in/out tapers of 100 um) of 250 um was
measured by coupling light in and out of the circuit and measuring the transmission
power and modulator photocurrent as a function of wavelength and bias. The wave-
guide power was extracted by transmission measurements of a reference circuit without
a modulator. Fig. 3 (a) shows the measured photocurrent vs. wavelength at different
biases. The extracted transmission spectra of the device at different biases are shown in
in Fig. 3 (b), which were used to calculate the extinction ratio (ER) and insertion loss
(IL). Fabry-Perot fringes are measured in the spectra, which are due to the SOI wave-
guide taper between the grating and the single-mode waveguide region. For the best
device (assumed zero misalignment), a 30 dB ER for a bias between 0 V to -6 V to-
gether with an IL of 6.5 dB was measured at 1550 nm. The ER remains greater than 25
dB across 1565 nm to 1580 nm with biasing from 0 V to -8 V, with an IL of 3.5 dB.
The higher IL at 1550 nm is due to residual band edge absorption. The static charac-
terization has a performance equivalent to state-of-the-art EAM modulation in mono-
lithic InP platforms, in terms of ER and IL [8].
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Fig. 3. (a) Received photocurrent vs. wavelength as a function of reverse bias after transmission
through the circuit, including grating couplers, (b) extracted transmission vs wavelength for the
modulator from 0 V to -8 V, confirming QCSE shift in the integrated device.

The detection characteristics similarly utilize the QCSE effect to shift the normally
transparent material to absorb. The responsivity from 1550 nm to 1580 nm vs bias is
shown in Fig. 4(a) and a comparison of the light vs dark current is shown in Fig. 4(b).
As the material is mostly transparent without bias, there is very low responsivity at 0 V
for 1550 nm. With increased bias, efficient absorption of light is achieved (at bias > -4
V) where a responsivity of 0.85 A/W and higher is calculated. This responsivity is cal-
culated by measuring the light power before entering the circuit and subtracting the loss
from the grating coupler (assuming two grating couplers are identical) of a reference
grating (loss = 5.2 dB). As the taper is actively absorbing, the simulated loss from the
taper misalignment is not included (~0.8 dB), and this is a lower bound for responsivity.

The detection quantum efficiency is calculated to be 87 % for wavelengths 1570 nm
and 1580 nm at -8 V.
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Fig. 4. (a) Responsivity vs. bias for 1550 nm to 1580 nm, (b) Comparison of light and dark current
at 1550 nm.



4 Conclusion

InP EAM/PD device coupons have been successfully integrated on to a 220 nm SOI
platform using transfer printing with their transmission and absorption characteristics
measured. The devices are capable of functioning as a modulator and detector, display-
ing a responsivity of over 0.85 A/W at -4 V and an ER of > 30 dB at 1550 nm, with an
overall 25 dB ER over a 30 nm range. The IL is measured to be 6.5 dB and 3.5 dB for
1550 nm and 1580 nm respectively. The QCSE shift in the material was over 100 nm
at -10 V and can be used to spectrally modulate transmission and absorption.
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