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Introduction:

This volume contains papers published by Professor Coldren and collaborators in various
journals and conferences in calendar year 2015. Any publication on which Prof. Coldren is
named as a co-author is included. The work has a focus on III-V compound semiconductor
materials as well as the design and creation of photonic devices and circuits using these
materials. The characterization of these devices and circuits within systems environments is
also included in some cases.

As in the past, the reprints have been grouped into several of areas. This year these are: L.
Photonic Integrated Circuits, and II. VCSELs and Cavity QED. Most of the work is in
the first area, which has been further subdivided into /4. Beam Sweeping, 1B. Optical
Phase-Locked Loops, 1C. Optical Phase-Sensitive-Amplifiers and; ID. Signal Processing
with Active Micro-rings. The second area has also been sub-divided into /4. VCSEL
Interconnects; and IIB. Cavity Quantum Electrodynamics.

The work was performed with funding from several federal grants, some gift funds from
industry, and support from the Kavli Endowed Chair in Optoelectronics and Sensors. Some
of the PIC work was funded by the MTO and DSO Offices of DARPA, the VCSEL growths
were carried out in the UCSB MBE lab with the support of Prof. Gossard and other personnel
there; PIC and VCSEL fabrication was performed in the UCSB Nanofab facility partially
supported by the NSF-NNIN. The collaboration of Freedom Photonics in some of the work
is also gratefully acknowledged.

Sub-section (/4.) contains a Si-photonics optical beam sweeping paper on work led by Prof.
John Bowers. It describes the design and fabrication of an integrated chip to produce a free-
space beam that can be swept in two dimensions over a 10° range. The hybrid Si-photonic
chip contains the widely-tunable laser source, 32 waveguides with surface-emitting gratings ,
and it is one of the largest such chips ever created.

The second section (/B.) contains a conference paper on a highly integrated coherent receiver
that uses an optical-phase-locked loop to phase lock its local oscillator to the carrier of the
incoming signal. No DSP is utilized, and bit-error-rates < 10™'* for data rates up to 35 Gb/s
were demonstrated.

The third section (/C.) contains four articles—two conference and two journal papers—on
optical phase-sensitive amplifiers. Figure 1 shows a schematic and photo of the PIC used
along with some key results. The experiments involved using two coherently related optical
pumps and a highly-saturated semiconductor optical amplifier (SOA) as the nonlinear
medium to demonstrate ‘phase-sensitive’ amplification. The pumps are initially created
external to the chip as sidebands from an intensity modulated signal. These sidebands then
injection-lock two tunable lasers on the PIC—SGDBR-1 and SGDBR-2. These pumps then
are recombined with the signal which has passed through a phase modulator before entering
the SOA as well as some reference waveguides. When the SOA is highly saturated, there is
little linear gain and nearly noiseless phase-sensitive amplification (PSA) should be possible.
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This PSA gain is indicated by an interference of the signal with the generated conjugate
signal when the phase of the signal is shifted. This is shown in part (c) —blue curve.
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Figure 1. Single-chip phase-sensitive amplifier. (a) Schematic; (b) photo; (c) data. For (c) the blue curve
shows the expected interference between the signal wave and its generated conjugate as the current to the phase
tuner is increased; the yellow curve is for the SGDBRs pump lasers not injection locked (not phase coherent);
the red curve is the measured phase shift applied to the signal wave. Note that the square root of the current to
the phase tuner is plotted because the phase shift should be linear with this; however, there is an initial offset
due to stored interface charge in the device.

The fourth sub-section in the PIC group (/D.) gives a news article that summarizes a few
experiments performed by Prof. Yao’s group at the Univ. of Ottawa using integrated active
programmable ring resonator filters that were designed and fabricated in Prof. Coldren’s lab
a few years ago. Two kinds of all-optical temporal integrators were demonstrated, each
capable of calculating the time integral of an arbitrary input optical waveform having
bandwidths exceeding what could be handled by electronic circuits. A full-length Nature-
Photonics paper has been accepted on this work and will appear in February of 2016.
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In Section II. VCSELs and Cavity QED, high-Q vertical cavities grown on GaAs by MBE
are used first to make efficient vertical-cavity lasers and then in cavity quantum
electrodynamics experiments in which electronic transitions of a quantum-dot placed in the
cavity are modified by optical coupling.

The first paper in sub-section (//4.) summarizes an invited paper presented at the OCOI
Topical Meeting that discusses the use of VCSELs for chip-to-chip and on-chip optical
interconnects enabled by 2.5 and 3-D integration techniques using interposer technology.
This technology facilitates the use of different chiplets to be stably combined on a common
Si platform. Some chiplets may be electronic ICs, some may be photonic, some of these may
be composed mainly of Si, others mainly of GaAs or InP. The talk also included work on
polarization modulation of VCSELSs that can double the information carried on a single beam
of light.

The second sub-section (//B.) consists of three papers on the cavity QED work led by Prof.
Dirk Bouwmeester. The first uses an asymmetric oxide aperture to provide polarization
degenerate cavity modes. The quantum-dot transition was tuned through the cavity
resonance via the quantum-confined Stark effect with an applied electric field. The second
paper presents a technique that enables the determination of the coherence and the phase of
light that is transmitted through a polarization degenerate coupled quantum-dot/cavity
system. The third paper discusses the effects of charges trapped at the oxide aperture on
cavity QED experiments.
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I. Photonic Integrated
Circuits

A. Beam Sweeping



Fully integrated hybrid silicon two dimensional
beam scanner

J. C. Hulme,* J. K. Doylend, M. J. R. Heck, J. D. Peters, M. L. Davenport,
J. T. Bovington, L. A. Coldren, and J. E. Bowers

Electrical & Computer Engineering Department University of California Santa Barbara, California 93106, USA
‘jaredhulme@ece.ucsb.edu

Abstract: In this work we present the first fully-integrated free-space
beam-steering chip using the hybrid silicon platform. The photonic
integrated circuit (PIC) consists of 164 optical components including lasers,
amplifiers, photodiodes, phase tuners, grating couplers, splitters, and a
photonic crystal lens. The PIC exhibited steering over 23° x 3.6° with beam
widths of 1° x 0.6°.

©2015 Optical Society of America

OCIS codes: (130.0130) Integrated optics; (060.2605) Free-space optical communication;
(250.5300) Photonic integrated circuits; (280.3640) LIDAR.

References and links

1. M.J.R. Heck, J. F. Bauters, M. L. Davenport, J. K. Doylend, S. Jain, G. Kurczveil, S. Srinivasan, Y. Tang, and
J. E. Bowers, “Hybrid silicon photonic integrated circuit technology,” IEEE J. Sel. Top. Quantum Electron. 19,
6100117 (2013).

2. K. Van Acoleyen, W. Bogaerts, J. Jagerska, N. Le Thomas, R. Houdré, and R. Baets, “Off-chip beam steering
with a one-dimensional optical phased array on silicon-on-insulator,” Opt. Lett. 34(9), 1477-1479 (2009).

3. K. Van Acoleyen, H. Rogier, and R. Baets, “Two-dimensional optical phased array antenna on silicon-on-
Insulator,” Opt. Express 18(13), 13655-13660 (2010).

4. D.Kwong, A. Hosseini, Y. Zhang, and R. T. Chen, “1 x 12 Unequally spaced waveguide array for actively tuned
optical phased array on a silicon nanomembrane,” Appl. Phys. Lett. 99(5), 051104 (2011).

5. J. K. Doylend, M. J. Heck, J. T. Bovington, J. D. Peters, L. A. Coldren, and J. E. Bowers, “Two-dimensional
free-space beam steering with an optical phased array on silicon-on-insulator,” Opt. Express 19(22), 21595—
21604 (2011).

6. J. Sun, E. Timurdogan, A. Yaacobi, E. S. Hosseini, and M. R. Watts, “Large-scale nanophotonic phased array,”
Nature 493(7431), 195-199 (2013).

7. J.K. Doylend, M. J. R. Heck, J. T. Bovington, J. D. Peters, M. L. Davenport, L. A. Coldren, and J. E. Bowers,
“Hybrid III/V silicon photonic source with integrated 1D free-space beam steering,” Opt. Lett. 37(20), 4257—
4259 (2012).

8. J.K. Doylend, M. J. R. Heck, J. T. Bovington, J. D. Peters, M. L. Davenport, and J. E. Bowers, “Hybrid III-V
silicon photonic steerable laser,” IEEE Photonics Conference, Sept 23-27, 2012.

9. J.K. Doylend, M. J. R. Heck, J. T. Bovington, J. D. Peters, M. L. Davenport, L. A. Coldren, J. E. Bowers,
“Hybrid silicon free-space source with integrated beam steering,” Proc. SPIE 8629, Silicon Photonics VIII,
(2013).

10. A. Yaacobi, J. Sun, M. Moresco, G. Leake, D. Coolbaugh, and M. R. Watts, “Integrated phased array for wide-
angle beam steering,” Opt. Lett. 39(15), 45754578 (2014).

11. C. Zhang, S. Srinivasan, Y. Tang, M. J. R. Heck, M. L. Davenport, and J. E. Bowers, “Low threshold and high
speed short cavity distributed feedback hybrid silicon lasers,” Opt. Express 22(9), 10202—-10209 (2014).

12. J. C. Hulme, J. K. Doylend, and J. E. Bowers, “Widely tunable Vernier ring laser on hybrid silicon,” Opt.
Express 21(17), 19718-19722 (2013).

13. J. K. Doylend, M. J. R. Heck, J. T. Bovington, J. D. Peters, and J. E. Bowers, “Free-space beam steering using
silicon waveguide surface gratings,” IEEE Photonics Conference, 547-548 (2011).

14. H. Park, Y.-H. Kuo, A. W. Fang, R. Jones, O. Cohen, M. J. Paniccia, and J. E. Bowers, “A Hybrid AlGalnAs-
Silicon Evanescent Amplifier,” IEEE Photon. Technol. Lett. 19(4), 230-232 (2007).

15. A. W. Fang, M. N. Sysak, B. R. Koch, R. Jones, E. Lively, Y.-H. Kuo, D. Liang, O. Raday, and J. E. Bowers,
“Single-Wavelength Silicon Evanescent Lasers,” IEEE J. Sel. Top. Quantum Electron. 15(3), 535-544 (2009).

16. J. K. Doylend, P. E. Jessop, and A. P. Knights, “Silicon photonic dynamic optical channel leveler with external
feedback loop,” Opt. Express 18(13), 13805-13812 (2010).

#225563 - $15.00 USD Received 23 Oct 2014; revised 13 Jan 2015; accepted 19 Jan 2015; published 25 Feb 2015
©2015 OSA 9 Mar 2015 | Vol. 23, No. 5 | DOI:10.1364/0OE.23.005861 | OPTICS EXPRESS 5861



1. Introduction

Free-space beam-steering is important for light detection and ranging (LIDAR), free space
communications, and has potential applications for holographic displays and biomedical
imaging. LIDAR employs a moving laser beam to sample the environment for optical
“echoes” and rapidly collect high resolution three-dimensional images. One can imagine a
world where every vehicle employs a LIDAR system for improved safety, for data collection,
or to provide feedback for automated driving. This will require advancement beyond the
current state of LIDAR technology — which typically costs tens of thousands of dollars and is
so large that is has to be mounted on the roof of the vehicle — to LIDAR technology that can
be deployed on bumpers or door frames. However, this is only possible with the great
reduction in size, weight, cost, and mechanical wear that a fully-integrated solid-state beam-
steering chip provides. As integration of photonic elements increases [1], it becomes possible
to integrate a phased array beam steering system on a chip, with much higher stability and
performance with lower cost than has been previously possible.

Free-space beam steering using silicon photonic chips has been demonstrated using off-
chip lasers [2—4], including 2D beam steering in [5] through the use of optical phased arrays
and a fiber-coupled input. 2D steering using a two-dimensional phased array has also been
demonstrated with an off-chip laser [6], but all of the above required a fiber-coupled input
and an off-chip laser, rendering the device impractical as a single-chip beam-steering
solution. 1D steering with an on-chip laser — i.e. a truly “steerable laser” — has been
demonstrated on the hybrid silicon platform with the laser, amplifiers, phase tuners, and
phased array all integrated and fabricated on-chip by Doylend et al. [7-9], but thus far 2D
steering using an on-chip laser has not been achieved.

In this paper we present the first fully integrated two-dimensional steerable laser chip on a
hybrid I1I-V/silicon platform which also, to our knowledge, combines the largest number to
date of integrated components (164) on a silicon substrate with integrated lasers. This chip
includes 2 tunable lasers, 34 amplifiers, and 32 photodiodes utilizing I1I-V material, as well
as 32 phase shifters, 31 MMI couplers and a graded index (GRIN) lens in the silicon-on-
insulator (SOI) layer. These combine wavelength tuning with an optical phased array to
accomplish 2D beam-steering without the need for moving parts or an external laser.

2. Concept

Beam-steering and shaping can be performed with an optical phased array (OPA) by splitting
the output from a laser into an array of phase tuners and emitter elements. The far-field beam
shape can be arbitrarily chosen by individually tuning the phase of each channel, however the
quality of the beam is subject to limitations due to the finite emitter size and number of
emitter elements. In the case of a two-dimensional OPA the number of control elements
rapidly scales beyond reasonable numbers for a photonic integrated circuit since in general N*
steered elements are required for beam-forming in two axes, where N is the number of
elements required for beam-forming in a single axis with the desired beam quality [6].
Recently a 1D OPA has demonstrated beam-steering using a single control element by
cascading phase-shifters in series [10]. Although this cascaded method could be applied to 2D
OPAs it is limited in the second dimension by large pixel size. Additionally, because this
method does not control individual phase shifters it is more susceptible to thermal crosstalk
such as is common when integrating gain elements on-chip.

A more efficient method of 2D beam-steering can be performed by tuning the wavelength
of the light emitted from a surface grating. As the light propagates through the emitter, power
scatters off each tooth with a phase delay dependent on the effective index of the mode and
the wavelength of light. This effectively becomes a series of closely packed pixels that add up
in the far field as a 1D beam. The angle of emission (0) can be calculated from the grating
period (A), the waveguide effective index (n.f), and the wavelength (A) as shown in Eq. (1)
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By combining an OPA with grating emitters and a tunable laser, 2D beam-steering can be
achieved with linear scaling of the number of control elements, in fact the number of required
elements would be only N + M, where N is the number of phase-tuned elements required for
high-quality beam-forming in one axis and M is the number of controllable elements in the
tunable laser (typically fewer than 4). We use y for the steering axis determined by the OPA,
and 0 for the axis determined by wavelength via the Bragg equation.

Fig. 1. Layout of the fully integrated PIC. Redundant tunable laser sources are followed by
semiconductor optical amplifier (SOA) pre-amplifiers. The signal passes through a 32 channel
splitter and is then tuned in both phase and amplitude for each channel. The channels feed a
surface grating array where the beam is emitted at an angle determined by wavelength in the 6
axis and by relative phase in the y axis. A graded index lens images the remaining beam power
into the far field and where it is measured by a photodiode array for on-chip feedback.

3. Design

The PIC design begins with two redundant tunable Vernier ring lasers (discussed further
below and in Fig. 1). The redundancy can be used to switch between lasers with different
tuning ranges to create a much wider wavelength-tuning range overall and thus a wider
angular steering range in the 0 axis. The laser signal passes through a pre-amplifier prior to
being split into 32 channels, each with a phase modulator and an amplifier. For current
injection phase tuning, one expects phase-dependent losses, which can be compensated for by
the amplifiers to avoid beam distortion. It should be noted that an equal power output from all
channels is not ideal for side mode suppression (e.g. as compared with a Gaussian power
distribution). Regardless of the desired power distribution, the amplifier array can be used to
achieve the desired power distribution with both static adjustments for waveguide and splitter
losses and dynamic adjustment for phase tuning induced losses. The optimized beam is
emitted from the device via etched waveguide gratings. Any remaining power in the
waveguides passes through a graded index (GRIN) lens that images the far field and couples
to a photodiode array for on-chip feedback. These elements will now be described in more
detail.
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3.1 Components

The gain elements for the tunable laser and semiconductor optical amplifier (SOA) are similar
to the design reported by Zhang et al. [11] where the mode is shifted upward as it enters a
bonded III/V region to partially overlap the pumped quantum wells.

Two laser designs were placed in the PIC and were split between a tested design [12] with
41 nm tuning range and 5.5 mW output power and a new optimized design that is expected to
perform similarly but with lower thresholds and higher output powers. Both lasers employ
two ring resonators coupled by two bus waveguides with a gain region. The new design omits
the gain region from one of the waveguides to reduce losses incurred at the tapered III/V
section and replaces it with a thermal phase tuner. The gain region length was also increased
from 0.8 to 1.4 mm in the new design to compensate for removing the second gain region.
Schematics of the lasers are shown in Fig. 2.

Fig. 2. Schematic of tunable Vernier ring laser with (a) two gain regions and (b) one gain
region.

The pre-amplifiers were made 1.5 mm long for amplification of the signal prior to
entering the splitter, and the channel amplifiers were made to be 3 mm long to maximize
output power from the PIC. It was expected that increasing the length of the pre-amplifier
beyond 1.5 mm would not significantly increase the gain due to saturation of the SOA,
however the decreased signal following the splitter was expected to see linear gain in the 3
mm amplifiers.

The phase modulators were based on a p-i-n silicon diode design [9]. To reduce series
resistance, the doped regions were placed 6 pm apart instead of 11, allowing these diodes to
move past thermal time constants and rapidly tune using electro-optic phase shifting. This
also reduced cross-talk between channels, greatly simplifying the optimization of the output
beam.

3.2 Channel output spacing and count

A uniformly spaced OPA generates a main beam as well as undesired side lobes that emit at
different angles. These side lobes limit the useful field of view. For a given wavelength, the
angular separation between the main lobes and the side lobes is determined by the spacing
between emitters as shown in Fig. 3. Thus, decreasing the emitter pitch will increase the
useful range of the device until the pitch is limited by waveguide width and mode size.

However, decreasing the total width of the emitter array by decreasing the emitter spacing
increases the beam width and reduces the number of resolvable spots. The effect is such that
decreasing emitter pitch will keep the number of resolvable spots nearly constant, even
though it will increase the field of view, because as the field of view increases so does the
size of the spots. A simple way to increase the number of resolvable spots is to keep the
emitter pitch small while increasing the array width by increasing the number of channels.
However, this adds control complexity since each channel requires individual phase (and
possibly amplitude) tuning. Hence 2D steering with a tunable laser and 1D OPA — for which
the number of channels scales linearly with array size - becomes much more convenient than
a 2D OPA for which the number of channels (and therefore control complexity) scales
quadratically with array size.
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Fig. 3. (a) Calculated angular power distribution for 4, 5, and 6 um spacing between emitters
with an inset of the calculated side mode separation between main lobe peak and side lobe
(measured where the side lobe intensity rises to =10 dB relative to main lobe peak which is
where the useful field of view ends) vs. emitter pitch, (b) calculated far field beam full width
half max (FWHM) vs. emitter pitch for 8, 16, and 32 channels, (c) calculated beam FWHM vs.
side lobe separation based on varying emitter pitch, and (d) calculated number of resolvable
spots (i.e. side lobe separation divided by beam width) vs. side lobe separation based on
varying emitter pitch.

Another approach to increasing side mode suppression is to vary the emitter spacing. For
example, using a Gaussian distribution for waveguide pitch results in a very different side
mode profile (Fig. 4) with the first major side lobe reduced to the level of the other side lobes.
As the chosen angle shifts and the main lobe decreases in intensity the difference becomes
even more noticeable. At 0° the uniform array is calculated to contain 53% of the emitted
power in the main lobe with a side mode suppression ratio (SMSR) of 5.4 dB, while at 10° it
contains only 46% of power with an SMSR of 0.5 dB. The Gaussian array is more uniform
across the tuning space with a much better SMSR — the main lobe contains 48% at 0° with an
SMSR of 13.9 dB and 45% at 10° with an SMSR of 8.2 dB. However within a field of view
that excludes the first major side lobe, the uniform array maintains a higher SMSR over a
greater tuning range.

Calculations were made for other configurations, but the uniform and Gaussian array
spacing appeared most promising and were selected for fabrication. The uniform array was
designed with a 4 um emitter pitch and 126 um total width, and the Gaussian array was
designed with a 3.4 pm center emitter pitch, 7.1 um outer emitter pitch, and 144 pum total
width. Both arrays used emitters consisting of gratings with a pitch of 550 nm shallowly
etched on 2.3 pm wide waveguides. At this pitch the emitters are expected to tune 0.127 +
0.02 ° / nm at wavelengths of 1555 to 1605 nm [13].
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Fig. 4. Calculated far field for (a) uniform and (b) Gaussian emitter spacing using no relative
phase or output power differences between channels. Calculated far field for (c) uniform array
with linear relative phase shift and (d) Gaussian array with linear relative phase shift adjusted
for irregular spacing to tune the main lobe to —10°. The Gaussian array performs better when
considering the full signal, but (c)-(d) illustrate the larger tuning range of the uniform array
within a field of view while maintaining greater than 10 dB side mode suppression.

3.3 Lens and photodiode array

Most of the optical measurements on this PIC were performed by directly measuring the
output beam off-chip using an infrared camera and a lens system as described in Section 5.
This technique works well for initial characterization but is insufficient for periodic
monitoring, calibration, and control of a field device. Temperature variations can affect the
channel amplifier gain, which necessitates a shift in injection current to maintain the proper
power distribution. Shifting the injection current also shifts the phase so the phase modulators
also require dynamic control. Use of a beam-steering chip requires a feedback mechanism
that does not interfere with the output signal and is included on-chip. Such a device has been
demonstrated in [16] for power from a 2-channel interferometer, but for the PIC described in
this work a means of tracking the interference pattern between all 32 channels was required.
To that end, an on-chip measurement system was designed using a 1D graded index lens to
image the far field of the y axis. The imaged field is placed at the beginning of an array of
waveguides that feed a photodiode array to measure the beam angle (Fig. 1).

The lens was fabricated by shallowly etching sub-wavelength holes of varying diameter in
an SOI slab that was then covered in PECVD SiO,. The hole diameters were selected so as to
vary the effective index of the slab parabolically across its width, effectively forming a
graded index (GRIN) lens. Figure 5 shows a cross-section of the calculated index profile and
the simulated intensity throughout the lens with zero relative phase shift between channels.

The waveguides feeding the photodiode array were placed at the calculated focal length
(473 pm) with a total width of 64 pm. There are 32 photodiodes in the array that are expected
to span 41° in the far field (the total expected width between the first-order side lobes) with a
resolution of 1.3°. This resolution is not high enough to resolve individual spots but is
sufficient for coarse recalibration of phase alignment from thermal fluctuations.

A calculation of the beam intensity at the lens focal point is shown in Fig. 6 for several
different values of linear phase difference between adjacent channels.

#225563 - $15.00 USD Received 23 Oct 2014; revised 13 Jan 2015; accepted 19 Jan 2015; published 25 Feb 2015
©2015 OSA 9 Mar 2015 | Vol. 23, No. 5 | DOI:10.1364/0E.23.005861 | OPTICS EXPRESS 5866



Fig. 5. (a) A cross-section of the calculated refractive index profile for the GRIN lens. The
cross section is taken at 250 pm into the lens. (b) Simulated intensity passing through the lens
with zero phase shift between channels. The focal length is marked at 473 um.

Fig. 6. Calculated lens output power for linear relative phase delays between adjacent channels
in degrees.

4. Fabrication

The PIC was fabricated on 500 nm SOI with 1 pm buried oxide. Rib waveguides were
patterned using 248 nm DUV lithography and etched 275 nm. P-i-n diodes for the phase
modulators were made with boron and phosphorus implantation of and a 1050°C anneal.
Emitter gratings were then formed over the waveguides by e-beam lithography and etching 50
nm. The gain regions were formed by bonding I1I-V epitaxial material to the top silicon as per
the hybrid silicon process described in [14,15]. The III-V substrate was removed with a
mechanical polish and wet-etch. The III-V was then patterned and dry-etched to create gain
elements in the laser and amplifier sections but avoid losses in the silicon waveguides. Metal
contacts were added through e-beam deposition for gain and phase modulator sections. A
buffer layer of SiO, was deposited by PECVD. Vias were etched to the contacts and probe
metal was deposited.

5. Packaging and test setup

The finished chip was diced and then thinned by mechanically polishing the backside down to
100 pm in order to reduce thermal impedance between the active devices and the heat sink.
The backside was metalized for better thermal conduction and then bonded to a gold pad on a
BeO carrier using a thin thermally conductive epoxy. The carrier was placed in a copper
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mounting block that connected the carrier to a water cooled block with additional epoxy. The
signal pads from the chip were wire-bonded to matching pads on the carrier. A pogo-pin
adaptor connected the pads on the carrier to a printed circuit board where a series of wires
linked the board to the driver and measurement devices. A total of 101 separate signals were
required to fully use this chip. Pictures of the finished 6 mm x 11.5 mm chip can be seen in
Fig. 7.

Fig. 7. (a) Confocal microscope picture of the fully integrated beam-steering PIC. The chip
size is y x z cm2. (b) Photos of the mounted and wire-bonded chip placed in a water-cooled
copper block and (c) the PCB attached to the assembly.

The optical output from the device was measured using two configurations. First, a lens to
fiber was placed over the chip to measure the optical spectrum of the device for wavelength
characterization. The second configuration is shown in Fig. 8 and used a total of three lenses:
Lenses 1 and 3 were used to image the output from the device onto an IR camera and Lens 2,
an aspheric lens with high numerical aperture, was used to image the far-field. Lens 2 was
placed in a rotating mount to provide easy switching between far- and near-field imaging, as
were several neutral density filters to avoid saturating the camera. A polarization controller
was also used to align the polarization along the TE axis.
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Fig. 8. (a) Schematic of the test setup and (b)-(c) images of the test setup.
6. Results
6.1 Lasers and amplifiers

SEM images of the laser and amplifiers are shown in Fig. 9. Wavelength measurements were
performed with a fiber collimator placed over the chip that captured the light after being
emitted from the PIC.

The single-gain-section laser performed significantly better than the dual-gain-section
lasers (see Fig. 2) with respective threshold currents of 94 and 168mA. The SOAs also
exhibited lasing at currents between 200 and 400 mA due to small reflections off of the
tapers.

To characterize wavelength tuning the laser gain was pumped at 260 mA, the pre-
amplifier was pumped at 180 mA, and the rest of the chip was un-pumped. Scattered light
from the laser and pre-amplifier was collected using the fiber collimator for direct
measurement. The laser exhibited tuning over 34.5 nm (Fig. 10). Additional testing with the
lens setup showed good correlation of measured and expected angle tuning (based on
wavelength measurements), thus verifying that the grating couplers are working as designed.
Wavelength tuning efficiency of 0.28 nm/mW was achieved from the laser that gives a
predicted angle tuning efficiency of 0.030 °/mW. The measured angle tuning efficiency was
0.034 °/mW. The beam was steered a total of 4.4° in 6 with a tuning efficiency of 0.127°/nm
as designed and predicted in Section 3.2.

The yield on working gain elements was 93% leaving 3 channels with un-pumped
amplifiers.
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Fig. 9. SEMs of (a) laser and pre-amplifier gain elements, (b) InP tapers for adiabatic
transitions between III/V gain and silicon waveguides with magnified images of the taper tip
immediately following mesa etching, (c) completed laser and pre-amplifier, (d) ring mirror and
(e) ring-to-bus coupler.

Fig. 10. (a) Measured peak wavelength vs. tuning power from one mirror, (b) measured optical
spectra, and (c) measured output angle vs. predicted output angle (from wavelength
measurement). A wavelength tuning efficiency of 0.28 nm/mW was achieved and the tuning
efficiency of predicted and measured angle were 0.030 and 0.034 °/mW respectively. Since the
laser was integrated on-chip it was unable to be measured individually so the full spectra
SMSR is not available.
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6.2 Phase modulators

The phase modulators were characterized using Mach-Zehnder test structures. Although
designed to work electro-optically they worked almost entirely in the thermo-optic (TO)
regime as evidenced by a clear dependence on power rather than a dependence on current
(Fig. 11). When electro-optic (EO) tuning is present, phase tuning typically begins in a
current-dependent regime that gives way to a power-dependent regime as thermal effects
dominate. In silicon, TO and EO tuning shift the index of refraction in opposing directions
(TO causes positive change with increasing injected electrical power while EO causes
negative index change with increasing injected electrical current) so the crossover between
the two is easily discerned. In the case of this chip the thermal tuning was almost immediately
dominant and a tuning efficiency of 160 mW/n was measured.

The thermo-optic dominance is attributed to a high resistance in the silicon layer from
process contamination. Test runs of the modulators without I1I/V bonding showed EO tuning
with efficiencies of 14 mA/n (a low power regime where TO tuning is minimal) and a 3dB
bandwidth greater than 50 MHz. It is believed that damage to the contacts, as well as possible
damage to the trench region around the rib, is the cause of the discrepancy between the test
devices and the phase modulators on the full PIC —i.e. increased resistance in the current path
led to increased joule heating. A comparison of transmission line measurements (TLMs)
between the two processing runs shows that the sheet resistance on the integrated phase
modulators was greater than 7 times that of the devices processed without III/V. The
integrated modulators exhibited a 3 dB bandwidth greater than 300 kHz.

The phase-modulator yield was 97% on the beam-steering PIC.

Fig. 11. (a) Transmission through a 2 mm Mach-Zehnder test structure showing a phase
modulator dependency on power implying a thermo-optically dominated device on the
integrated chip. Test run measurements of similar devices showing (b) 14 mA/n tuning
efficiency with data and modeled fit and (c) a 3dB bandwidth greater than 50 MHz.
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6.3 Lens and photodiode array

SEM images of the lens and output gratings are shown in Fig. 13, and a larger image of the
lens and photodiode array is shown in Fig. 14. Unfortunately, errors in the proximity
correction of the e-beam lithography meant that attempts to characterize the beam angle using
the lens and photodiode array were unsuccessful as the photo-current produced in each
photodiode was not well correlated with the angle.

Characterization of the lens and photodiode array was done by pumping one of the central
channel amplifiers at high enough current to induce lasing from taper reflections and then
measuring the reverse photocurrent in the photodiode array. Test photodiodes were also
measured with an external laser to determine the responsivity and quantum efficiency (Fig.
12). For the wavelengths available in the PIC, the quantum efficiency averaged 45% and the
responsivity averaged 0.57 A/W for 470 um long photodiodes. 100% yield on the
photodiodes was achieved.

Fig. 12. (a) Responsivity and (b) quantum efficiency of the 470 um long photodiodes at -5 V.

Fig. 13. SEMs of (a) input waveguides and the beginning of the GRIN lens, (b) a zoomed in
SEM of insufficiently etched holes that led to lens distortion of the beam, and (c) a close-up
image of the photonic crystal lens etched spots.
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Fig. 14. SEM of output grating array, lens and photodiode array.
6.4 Integrated 32 channel device

For two-dimensional beam-steering the laser gain current was set to 260 mA and the pre-
amplifier gain current was set to 240 mA. After tuning the laser’s mirror and phase heaters to
select the desired wavelength, the phase modulator and channel amplifier currents were
optimized by use of a hill-climbing algorithm as described in [5]. The beam optimization is
measured as the power at the desired angle divided by the maximum power of the side lobes
within a window of angles. For a given phase modulator channel the beam optimization is
measured for several current shifts around the last value where the shift is a multiple (-2, -1,
0, 1, 2) of some delta. The delta is chosen by taking a fit of the beam optimization at each
current, calculating a slope, and shifting the current for that channel in the direction of
improved beam optimization. More intricate algorithms were attempted, but it was found that
the simple hill-climbing algorithm was best able to optimize the beam. Beam-steering of 23°
(y) x 3.6° (0) was achieved (Fig. 15) with respective beam widths of 1° x 0.6° and greater
than 70% background suppression. This corresponds to 23 x 6 (a total of 138) resolvable
spots. The side lobe suppression was limited to 70% by a combination of inconsistent gain
characteristics across the amplifier array, multimode output from some channels, and 3 failed
channel amplifiers.
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Fig. 15. Two-dimensional beam-steering plots spanning 23° in y and 3.6° in 6.
7. Conclusion

We have presented the first fully-integrated free-space beam-steering chip on the hybrid-
silicon platform. The PIC incorporates a total of 164 components with 9 different component
types. Steering over 23° x 3.6° was exhibited with beam widths of 1° x 0.6° giving a total of
138 resolvable spots in the far field with 5.5 dB background suppression.
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Abstract: A highly integrated homodyne receiver has been demonstrated within a footprint of 1
cm?. The receiver successfully receives 40 Gbit/s BPSK and error free is achieved up to 35 Gbit/s.
Theoretical analysis has been also carried out showing the feasibility of integrated 16 QAM

homodyne coherent receivers.
OCIS codes: (250.5300) Photonic integrated circuits; (060.2840) Heterodyne; Optical phase-locked loop; optical frequency
synthesis

1. Introduction

Recently, a resurgence of effort is being devoted to the research of coherent optic fiber communications, because
its advantages of higher sensitivity, better noise tolerance, and more importantly, its compatibility with complex
modulation format, such as QPSK, 16 QAM. Based on advanced digital signal processor (DSP) technology, DP QPSK
coherent links have been deployed widely, and 16 QAM links also start to be applied to metro or even long haul
applications. Modern DSP-based intradyne receivers solve most of the problems in coherent communication systems,
but it also gives rise to a very high power consumption (roughly 1 W/Gbps or higher) and high cost, both of which
limit its application within long-haul or long-distance metro links. In order to solve the high-cost and high power
consumption problems that intradyne receiver inherently have, optical phase-locked loop (OPLL) based homodyne
receivers become an alternative [1].

Although research in 1980s and 1990s indicates the difficulties of the implementation of OPLL-based homodyne
receiver, especially its stringent limit on linewidth and physical loop delay [3], photonic and electronic integration
technology have solved this problem to a great extent [1,2]. By integrating all the optical components on the same
chip and combing with the ASIC, the system size decreases dramatically and the physical loop delay reach the order
of sub-ns [1,2,4]. Therefore the stringent limit on laser linewidth. It not only makes homodyne receiver practically
feasible, but also make it excel intradyne receiver in many aspects, including power consumption, size, and baud rate.

2. Experimental demonstrations

In this work, a highly integrated Costas loop is proposed and demonstrated. By photonic and electronic integration,
the whole receiver is realized within a footprint of 10 mm x 10 mm area, and 120 ps loop delay is achieved. The
architecture of the Costas loop is shown in Fig. 1. The receiver consists of three main parts: a photonic integrated
circuit (PIC), and an electronic integrated circuit (EIC) and a hybrid loop filter (Fig. 1) [1].

The incoming signal and the LO are mixed in the optical 90 degree hybrid, and I/Q signals are then generated on
four photodetectors. The 1/Q signals are then mixed at the XOR gate on the EIC, and therefore the data-OPLL cross-
talk is eliminated by the phase doubling. The XOR gate together with the delay line works as a quadric-correlator
frequency detector, and the XOR itself also acts as a phase detector. The phase/frequency error signals are then fed
back to the laser phase tuning section through the loop filter, as shown in Fig. 1.

15



OT2A.4.pdf POEM 2015 © OSA 2015

Fig. 1. Homodyne receiver architecture. Fig. 2. Measured BER of the homodyne receiver.

On the PIC, a widely tunable sampled-grating DBR (SG-DBR) laser, a directional-coupler-based 90 degree hybrid,
four uni-travelling-carrier (UTC) photodetectors and microstrip transmission lines are integrated monolithically [5].

The PIC, EIC, and loop filter are connected together using wirebonds. A BPSK transmitter is built using
commercial components for the testing purpose. 23!-1 PRBS data is applied to the transmitting laser using the NRZ
BPSK format. A VOA and an EDFA are used to control the OSNR of the received signal. The BPSK signal is coupled
into the PIC through a lensed fiber, and the power of the SG-DBR laser is coupled out through another lensed fiber,
and beat with the transmitting laser on a high-speed photodetector for the monitoring purpose. Bit error rates (BERs)
are also measured [1].

We successfully locked the optical phase of the SG-DBR laser to the phase of the transmitting laser. The beating
spectrum measured by the ESA showed 1.1 GHz closed-loop bandwidth. BER is also measured with various OSNR
of the input signal. Error free (BER < 10-'?) is achieved with a data rate up to 35 Gbit/s. Both measured BER and the
theoretical BER are plotted in Fig. 4. The power consumption of the system is around 3 Watt, not including the TEC
cooling. [1]

3. Theoretical analysis for 16 QAM receiver [6]

Fig. 3. Noise analysis model for PLL.

In the previous experiment, the LO laser linewidth has a seemingly large spectral linewidth of >10 MHz. However,
no linewidth-related performance degradation is observed. It is because that the noise suppression bandwidth the
homodyne receiver, the closed loop bandwidth, is large enough to suppress most of the phase noise from the local
oscillator [1,3].

An OPLL model is shown in Fig. 3, where noise are introduced from two locations, ¢y, from the input of the
phase detector, and ¢py from the output of the CCO. The summed effects of ASE noise, shot noise, the thermal noise

and RIN are represented by ¢y, and the laser phase noise is ¢py. The system performance can be expressed in the
following equation.

Kco(s)
(¢NO + Pin — ¢out) ' Kpd “Fp(s) - %S + dpn = Pouts

where K4 * F1r(s) -

the LO phase noise is suppressed by the closed-loop response function, while on the other hand ASE noise, thermal
noise, laser RIN and shot noise are passed through within the loop bandwidth. As for laser phase noise modeling, both
ASE noise and 1/f carrier-injection noise are considered. Parameters used in this calculation are listed in Table 1.

K%(S) indicates the open loop response of the homodyne receiver. Within the loop bandwidth,
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Using the parameters listed in Table 1, the phase noise spectrum of the OPLL can be obtained and therefore the
laser residue phase error variance can be obtained. Based on the residue phase noise and the other white noises, the
Q-factor of receiver can be obtained. The detailed derivation can be found in [6]. By utilizing this receiver as a 16
QAM receiver, the BER is calculated (Fig. 4). As we can see, with a 1 GHz loop natural bandwidth, the receiver can
work in an error-free (BER<le-12) condition with no digital signal processing. When the loop bandwidth is 2-3 GHz,
the receiver performance is optimized. When the assumed loop bandwidth reaches 10 GHz, the low SNR performance
is degraded due to the high ASE noise level. It is worth mentioning that the calculation is based on the summed laser
linewidth of 3 MHz, which is higher than most of the published 16 QAM receiver work.

Table 1. Parameters used in calculation. Fig. 4. Calculated BER of the 16 QAM
receiver with various loop bandwidths.

4. Conclusion

A 40GB/s OPLL-based homodyne receiver has been demonstrated with very low power consumption and good
overall performance. Utilizing the same OPLL model, the feasibility of a 16 QAM receiver is theoretically proved,
and with a 1 GHz loop bandwidth error-free reception can be achieved with a 3 MHz linewidth laser as local oscillator.
It provides a good solution for relatively short distance, cost effective, efficient coherent communication.

Acknowledgement

This work is mainly supported by DARPA PICO project. A portion of this work was done in the UCSB nanofabrication
facility, part of the National Science Foundation (NSF) funded NNIN network. The EIC is fabricated at Teledyne
Scientific and Imaging Company.

Reference:
[1] M. Lu, H. Park, E. Bloch, A. Sivananthan, J. S. Parker, Z. Griffith, L. A. Johansson, M., J. W. Rodwell, and L. A. Coldren, “An Integrated
40 Gbit/s Optical Costas Receiver," Journal of Lightwave Technology, Vol. 31, Iss. 13, pp. 2244-2253 (2013).

[2] M. Lu, H. Park, E. Bloch, A. Sivananthan, A. Bhardwaj, Z. Griffith, L. A. Johansson, M.J. Rodwell, and L.A. Coldren, “Highly integrated
optical heterodyne phase-locked loop with phase/frequency detection,” Opt. Express 20, 9736-9741 (2012).

[3] L. Kazovsky, “Decision-driven phase-locked loop for optical homodyne receivers: Performance analysis and laser linewidth requirements,"
Lightwave Technology, Journal of, vol. 3, no. 6, pp. 1238-1247 (1985).

[4] S. Ristic, A. Bhardwaj, M. Rodwell, L. Coldren, and L. Johansson, “An optical phase-locked loop photonic integrated circuit," Lightwave
Technology, Journal of, vol. 28, no. 4, pp. 526-538 (2010).

[5] M. Lu, H. Park, E. Bloch, A. Sivananthan, J. S. Parker, L. A. Johansson, M. J. W. Rodwell, and L. A. Coldren, “Monolithic Integration of a
High-speed Widely-tunable Optical Coherent Receiver," Photonics Technology Letters, Vol. 25, No. 11 (2013).

[6] M. Lu, “Integrated Optical Phase-locked Loops”, Ph.D. dissertatioin, University of California, Santa Barbara (2013).

17



18



I. Photonic Integrated
Circuits

C. Optical Phase-Sensitive-Amplifiers



SW4N.5.pdf CLEO:2015 © OSA 2015

First Demonstration of an Integrated Photonic Phase-
Sensitive Amplifier

Wangzhe Li, Mingzhi Lu, Leif Johansson, Milan Mashanovitch, Danilo Dadic, Shamsul Arafin and Larry A.

Coldren
Department of Electrical and Computer Engineering, University of California, Santa Barbara, California 93117,
USA
coldren@ece.ucsb.edu

Abstract: For the first time, an integrated photonic phase-sensitive amplifier is reported.
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1. Introduction

Optical phase-sensitive amplifiers (PSAs) have been attracting increasing research attention in the past few years [1]
due to its well-known advantage of realizing noiseless amplification and potential 0 dB noise figure (NF). Compared
to conventional phase-insensitive amplifiers (PIAs) featuring 3-dB quantum-limited NF, PSAs’ noise-free
amplification could significantly improve the performance of the optical amplifier and provide a wide range of
applications, such as optical telecommunication, optical sensing, optical spectroscopy, and LIDAR. Although PSAs
have been demonstrated using parametric down-conversion in x”-based nonlinear material [2], and using four-wave
mixing (FWM) in ¥*-based nonlinear media like optical fibers [3] and semiconductor optical amplifiers (SOAs) [4],
in all demonstrated PSAs so far, their implementations are based on bulky bench-top systems, which makes it
difficult to use them in real-world scenarios. Photonic integration that enables the combination of key optical
components and reduction in scale would great benefit the implementation of PSAs for practical applications.

In this paper, for the first time, we report an integrated photonic signal-degenerate dual pump PSA based on a
highly nonlinear SOA (NL-SOA) and demonstrate its 6.3 dB extinction of on-chip phase-sensitive gain. To the best
of our knowledge, it is also the first time to use an SOA for non-degenerate phase-sensitive amplification.

2. Principle

Figure 1 and Figure 2 show respectively the schematic and the photo of the signal-degenerate dual pump PSA. The
coherent input light waves, which are coupled into the chip, consist of two pumps and one signal to be amplified,
and are here generated based on external modulation. The modulator can also be integrated on the photonic IC.

e PUMPS
Signal
1:3 3:3
— wa  —>__wer ]
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!
i

Fig.1 Schematic of the signal-degenerate dual-pump PSA

Fig. 2 Photo of the fabricated photonic integrated circuit of the proposed PSA

To achieve low NF, wavelength selective switches should be used to split and combine signal and pumps.
However, to reduce the complexity of the chip in this first demonstration, the input light waves are here split into
three paths via a 1 by 3 multimode interference (MMI) coupler. Among two of three paths, there are two sampled
grating distributed Bragg reflector (SG-DBR) lasers, each of which is injection locked by the corresponding pump
that is then selectively amplified. After further amplified by the followed SOA, the pump is filtered by an
asymmetric Mach-Zehnder interferometer (AMZI) to remove the residual signal and the noise falling in the signal’s

978-1-55752-968-8/15/$31.00 ©2015 Optical Society of America
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spectrum, which avoids signal interference among three paths and enables the signal to be shot-noise limited. Along
the third path, there is a phase tuner to phase shift the signal based on quantum-confined stark effect, therefore, the
adjustable and stable phase relationship among the signal and two pumps can be achieved for observing the variation
in signal power after phase sensitive amplification as a function of signal’s phase. The light waves along three paths
are combined together and split again by a 3-by-3 MMI coupler to a NL-SOA where phase-sensitive amplification
occurs, a long passive waveguides (WG) as potential alternative and a short WG as a reference. The SOA is
particularly used as a PIA and its PIA gain caused by population inversion maybe interfere with the nonlinear
parametric process and undermine the phase-sensitive amplification. To overcome or minimize this issue, the NL-
SOA would be saturated to optimize the FWM and suppress the amplified spontaneous emission noise.

To monolithically integrate the single-chip PSA, we have chosen an InP/InGaAsP centered quantum well
(CQW) platform with 10 quantum wells. Quantum well intermixing (QWI) technology [5] is used to define active
and passive areas. CQW platform maximizes the mode overlap with the QWs, and therefore more significant
nonlinear effect has been achieved. Moreover, the passive waveguide with intermixed quantum wells still have quite
strong quantum stark effect, which is ideal for low-loss phase tuner. On the chip, both surface ridge waveguide and
the deeply etched ridge waveguides are defined. Surface ridge is used for the SG-DBR laser for better heat
dissipation and single-mode operation. Deeply etch waveguide is used for rest of the chips, which leads to better
flexibility for waveguide routing and better SOA nonlinear efficiency due to higher confinement factor.

3. Experimental results

Coherent incident light waves are generated via external modulation with a RF frequency of about 10 GHz, which is
half of the free spectral range of the AMZIs. Each SG-DBR laser is configured properly to be injection locked by the
corresponding pump. The output power of each SG-DBR is about 12 dBm, and each AMZI is configured to
maximize the pumps and suppress the signal along the path. The current applied to the phase tuner is tuned from 0 to
4 mA and the relative phase of the signal is measured as shown in Figure 3. The total power of the pump and signal
waves sent to the NL-SOA is about 0 dBm, which is enough to enable the NL-SOA saturated. Given that the
injection locking is enabled or not, the signal power at the output of the NL-SOA is measured as the current applied
to the phase tuner is swept from 0 to 4 mA, which is shown and compared in Figure 3 as well.
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Fig. 3 Measured signal power at the output of the NL-SOA with and without injection locking, and measured relative phase change of the signal
as the current applied to the phase tuner is increasing from 0 to 4 mA.

As can be seen in Figure 3, when two SG-DBR lasers run independently, there is no phase-sensitive
amplification due to random phase drifting among the pump and signal waves. The measured average signal power
is about -38.5 dBm with approximate +0.4 dB fluctuation when the current is lower than 3.5 mA. Once the injection
locking is enabled, the pump and signal waves become as coherent as the incident light waves and phase sensitive
amplification is realized, the signal power goes up to -35.3 dBm and decreases to -41.6 dBm, exhibiting a sine-curve
like change as the signal phase is swept over 2n. Approximately 6.3 dB extinction of phase-sensitive on-chip gain is
demonstrated. This is to the best of our knowledge the demonstration of a fully integrated photonic PSA.
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Abstract—A saturated semiconductor-optical-amplifier exhib-
ited 6.3 dB of phase-sensitive gain using two tunable laser pumps
coherently injection-locked from sidebands of a modulated tone,
all integrated on a single InP chip.
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I. INTRODUCTION

All optical signal processing based on noiseless phase-
sensitive amplification (PSA) has been attracting increasing
attention in recent years [1] and has been demonstrated in
various bench-top systems using either parametric down-
conversion in y®-based nonlinear materials [2], or four-wave
mixing (FWM), in x®-based nonlinear mediums such as
optical fibers [3] and semiconductor optical amplifiers (SOAS)
[4]. However, it is difficult to use these bulky setups in
practical scenarios. Photonic integration that enables the
combination of key optical components and reduction in scale
would greatly benefit the implementation of PSAs for practical
applications.

In this paper, an integrated photonic signal-degenerate
dual-pumped PSA at 1550 nm, based on a saturated SOA, is
demonstrated. The performance of the SOA is characterized.
Chip-scale PSA gain is theoretically analyzed, and a 6.3 dB
extinction ratio of gain is realized.

Il. CHIP-SCALE PSA

To monolithically integrate the single-chip dual-pumped
PSA, an InP/InGaAsP centered quantum well (CQW) platform
with 10 quantum wells (QWSs), which can maximize the mode
overlap with the QWs in an SOA and enhance the nonlinearity,
is used. Quantum well intermixing (QWI) technology [5] is
employed to define active and passive areas. Fig. 1 shows a
schematic and a photo of the chip. Two pump sidebands and
one signal generated from an external modulated tone are
coupled into the chip and split into three paths via a 1-by-3
multimode interference (MMI) coupler. Along upper and lower
paths, there are two sampled-grating distributed-Bragg-
reflector (SG-DBR) lasers. Each laser is injection locked by
one sideband, suppressing the other wavelengths. Each pump is
amplified by an SOA, and noise is suppressed by an
asymmetric Mach-Zehnder interferometer (AMZI). Along the
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middle path, there is a phase tuner to phase-shift the signal
based on quantum-confined stark effect; therefore, an
adjustable and stable phase relationship among the signal and
the two pumps can be achieved for observing the phase-
dependent gain of the signal. The light waves along the three
paths are combined together in a 3-by-3 MMI coupler and split
to a nonlinear SOA (NL-SOA) where PSA occurs, as well as
long and short passive waveguides (WG) as references. The
NL-SOA is saturated to optimize the FWM and suppress the
amplified spontaneous emission noise.

Phase SG-DBR1 — AMZIL 3hy3MMI,_ WG1 g
tuner ———————S0A1 / \
Pu[rjps
fsgna  sebBRz SOA2 | NL-SOA
AMZI 2
@)
(b)

Fig. 1. Schematic and photo of the signal-degenerate dual-pumped PSA.

I1l. SOA CHARACTERIZATION

To theoretically investigate the chip-scale PSA in a NL-
SOA, some identical SOAs with different lengths were made
on the same wafer for characterization. Some of results are
shown here. First of all, the gain profile of a 1-mm SOA,
consisting of three cascaded 330-um SOAs, was measured,
which is shown in Fig. 2. The measured transparent current
density is about 1 kA/cm?. The peak gain is 47.5 dB/mm at
1560 nm when current density is about 9 kA/cm?.
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Fig. 2. Measured gain profile of a 1-mm SOA.
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The dispersion was measured as well using a 2.3-mm SOA
based on a setup shown in Fig. 3. An intensity-modulated light
wave is sent to the SOA. The RF signal is from a vector net-
work analyzer (VNA). Due to the dispersion of the SOA, non-
linear phase shifts would be applied to incident tones and the
recovered RF signal at the PD. From the recorded phase
change obtained from the VNA when sweeping the wavelength
of the carrier, we can calculate the total dispersion of the SOA
as shown in Fig. 4. As we can see, dispersion is about O from
1550 nm to 1570 nm, and reaches -700 fs/nm near 1530 nm.

Tunable
CW laser

Intensity

=

Fig. 3. Setup of the SOA dispersion measurement.
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Fig. 4. Measured dispersion of a 2.3-mm SOA.
The SOA carrier lifetime was measured using a 50-pum
SOA, which is shown in Fig. 5. The carrier lifetime decreases

quickly as the input power goes up, and reaches about 180 ps at
a high input power of 20 mW.
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Carrier lifetime (ps)

10 15 20
Input power (mW)

Fig. 5. Measured carrier lifetime with respect to input light wave power.

IV. THEORETICAL SIMULATION AND EXPERIMENTAL RESULT

The injection current to the NL-SOA is set to be about 90
mA. The total power of the pump and the signal waves sent to
the NL-SOA is set to be 0 dBm, saturating the NL-SOA. Us-
ing the parameters obtained from SOA characterization, a the-
oretical simulation of the PSA gain based on coupled differen-
tial equations [6] is presented in Fig. 6, showing a 6.5 dB ex-
tinction ratio of the phase-sensitive gain.

An experiment was performed to evaluate our simulation.
Since the signal power after PSA varies with the signal phase,
which should vary linearly with the square root of the injected
current, the measured signal power at the output of the SOA
with respect to the square root of the injected current was
measured, which is shown in Fig. 7. For comparison, the sig-
nal power without injection locking and the relative phase
change of the signal were measured, which are shown in Fig.
7 as well. The relative phase change was measured in a man-
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ner similar to that shown in Fig. 3. When two lasers are in
free-running modes, there is no PSA due to random phase
drifting. Once the injection locking is enabled, however, there
is no obvious PSA or phase change of the signal until after the
current is larger than 1 mA. Such a delay in phase shift has
been observed in tunable lasers and could be caused by an N*
sheet charge that occurs at the regrowth interface due to sur-
face contamination. As the current is increased from 1 mA to
4 mA, there is a m phase shift to the signal and one cycle of
signal power change is observed. Approximately 6.3 dB ex-
tinction of phase-sensitive on-chip gain is achieved, which
agrees well with the simulation over this current and phase-
shift range.

e el
oL N W
T

Phase dependent gain (dB)

g o N 00 O
T T T

0 02 04 06 08 1 12 14 16 18 2
Signal phase change (1-rad)
Fig. 6. Simulation result of the phase-sesitive gain of the chip-scale PSA.
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Fig. 7. Measured relationship among the signal power, the signal phase and
the square root of the current applied to the phase tunner.
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Abstract—We present a model for multi-wavelength mixing recombination rate is proportional to the carrier spatial density,
in semiconductor optical amplifiers (SOAs) based on coupled- and the second is that the material gain also depends linearly
mode equations. The proposed model applies to all kinds of o the carrier density. These assumptions emanate from early

SOA structures, takes into account the longitudinal dependence . . . .
of carrier density caused by saturation, it accommodates an studies of semiconductor lasers. Indeed, in lasers the carrier

arbitrary functional dependencies of the material gain and density dynamics is characterized by small deviations from a
carrier recombination rate on the local value of carrier density, steady state value which is set by the threshold condition of
and is computationally more efficient by orders of magnitude gain equalling the cavity loss. The small deviations around
as compared with the standard full model based on space- ;g yalye are only caused by amplified spontaneous emission
time equations. We apply the coupled-mode equations model ASE db tial hole burni hich is h f
to a recently demonstrated phase-sensitive amplifier based on (_ )_an__ y some spa 'a_ ole burning, which 1s _OWeverP
an integrated SOA and prove its results to be consistent with little significance because in most structures the intra-cavity
the experimental data. The accuracy of the proposed model is optical intensity is only moderately inhomogeneous. Conse-

certified by means of a meticulous comparison with the results quently, in laser structures, gain and spontaneous emission rate
obtained by integrating the space-time equations. can be accurately described by a linearized expression around
Index Terms—Semiconductor optical amplifiers, nonlinear op- the steady state carrier density. Early studies on SOA structures
tics, wave mixing. also used linear expressions for gain and carrier recombination,
and in this case the linearization, albeit less accurate, found its

|. INTRODUCTION ground on its simplicity and, more importantly, on the limited

Semiconductor optical amplifiers (SOAs) have been in N of Iega_cy SOAs, Wh'Ch -|mpll|ed a I|m|.ted IongltuQmaI
spotlight for many years, attracting ever growing intereé@homogenelty of the optical flelq in the optical waveguide.
in multiple areas of applications. These include all-optical Un_fortunately, these assumpthns dq _not_reflect the char-
signal processing in fiber-optic communication networks, codcteristics of modern SOAS’_ as Is cl_arn‘_led in what follows.
effective local area transmission, and, more recently, integraM&de,m SOAs may have .I|ne_ar gain n excess to 4(_)dB’
silicon photonics, where SOAs are the building blocks fdmplymgapronounced longitudinal inhomogeneity of the field

the implementation of large-scale integrated photonic circuifgtensity and hencg O.f gain sa.turatlon. This may cause, in some
cases, that the gain is only slightly saturated at the waveguide

Many of these applications rely on the mixing of the wave= h itis al h id h
length components of the propagating electric field, and th&jput, whereas itis almost zero at the waveguide output, where

theoretical study can be performed by numerically integraﬁ‘:‘lturation is so high that th_e _carrier density_approaches i_ts
ing the coupled nonlinear equations describing the evolutifﬁnsﬁarenf:y yalue. Whetr)ll this is the casle, z?]cllr;]ear e)_(przssmn
of the electric field envelope in the longitudinal directiod®’ (N€ gain is reasonably accurate only it the gain does

along the SOA, and the temporal carrier dynamigs [1], [2 ot deviate significantly from the linear expansion around
Obviously, this approach is not suitable for the efficie e transparency carrier density over a range of values. The
design of an SOA, owing to the intensive computational eﬁoptowaqlalys W|dely acgep;ed f_orr:ls for the derr)]_endenc_e of the
that it involves. The search for computationally efficient angraterial gain on car\]rne_rd ensity Oant mee;t |s-reqU|Iremenr:,
analytically tractable models has yield the formulation cﬁeca}use Over such wide range ot carner gnsny values the
what is sometimes referred to asreduced model for the nonlinearity cannot be neglected, especially in quantum-well
nonlinear SOA respons€l[3], where the space-time equati(é%/vr)1 SOAS dewcesﬂG]._ Th'fs makes the use o;llnear forr_ns
reduce to a single ordinary differential equation [3], suitabl rt € gain not an option or-an accu_r_ate an quant_ltatlve
for the analytic study of multi-wave mixing (see e.l [3- escription of the SOA dynamics. In addition, advances in ma-
[5]). The formulation of a reduced model hinges upn tWgarial fabrication have made in modern devices the contribution

major assumptions. The first is that the spontaneous carl% efect-mduced carner recomplnatlon, which is proportional
to the carrier densityN, negligible, with the consequence

Manuscript received October 13, 2015 that spontaneous carrier recombination is dominated primarily

C. Antonelli and A. Mecozzi are with the Department of Physical angy radiative recombination. whose rate is proportional to
Chemical Sciences, University of L'Aquila, L'Aquila 67100, Italy; Wangzhe ’

9 . L .
Li and Larry Coldren are with the Electrical and Computer Engineering al ) anq Secondar'ly by Auger r.ecombmat'on’ WhOS? r"f‘te 1S
Materials Depts., University of California, Santa Barbara, CA 93106 proportional toN?3 [6]. This reality makes the linearization
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of the gontaneous recombination rate also a questionaldie multiple frequency componerﬂsThe implementation of
approximation. All these arguments together suggest that the model is illustrated in detail in the case of a QW SOA
accuracy of models of the nonlinear SOA response basedararacterized by a logarithmic dependence of the optical
linearization of the carrier recombination rate and gain maain on the carrier densityv, and by a cubic-polynomial
be, in state-of-the-art devices, highly inaccurate. carrier recombination ratB(N). The accuracy of the coupled-
mode model is successfully tested (unlike in previous related
studies) by means of a meticulous comparison with the results
L obtained by integrating the space-time equations of the SOA
A natural approach to the study of wave mixing in SOAS|| model. Remarkably, owing to their inherent simplicity, the
which close!y re_mlnds couple_d-mode theones, is the one ba pled-mode equations imply computational costs by orders
on the derivation of evolution equations for the complegs magnitude smaller that those required by the space-time
amplitudes of the field frequency components. Somewhgh ations, thus enabling the efficient characterization of multi-
surprisingly, studies of wave mixing in modemn SOAs (thgfaye mixing in SOA structures, which would be otherwise
is, SOAs characterized by a nonlinear dependence of 8ny impractical. We then apply the derived coupled-mode
recombination rate and material gain on carrier density) bas@ta.lations to studying the operation of a recently demonstrated
on this approach seem to be absent in the Iiteratgre. In af:o%’ﬂ%l-pumped PSA based on an integrated QW SOA [11]. We
of recent papers [7]L[8], the authors assume a linear gam:gfgve the results to be consistent with the experimental data,

a polynomial recombination rate, as it would be approprialg,q confirm the excellent agreement with the results obtained
for bulk SOAs. However, they express the recombination ra% using the full SOA model.

as R(N) = N/7.(N), wherer.(N) = N/R(N) has the
meaning of an equivalent spontaneous carrier lifetime anH, COUPLED-MODE EQUATIONS FOR MULTFWAVELENGTH
in the derivation of the coupled-mode equations, they replace PROPAGATION INSOAS

7.(N) with some time- and space-independent value. This

makes, again, the assumed carrier recombination rate linear, e denote byr(z, ¢) the slowly-varying complex envelope
of the electric field propagating in the SOA in the temporal

reference frame that accommodates the field group velocity
vg, corresponding to the real field
Another distinctive assumption of all existing coupled-mode
approaches to multi-wave mixing in SOAs is that the carrier  £(z,¢) = Re [E <z,t - i) ei[wotmwﬂ)z]] .
density modulation induced by the mixing is characterized Yg
by a single harmonic componerit| [8]. This is a reasonabiith w, being the optical frequency. The field envelopk
assumption when a single frequency component is dominamtormalized so that thatz|? is the optical power flowing
over the others, like for instance, in four-wave mixing (FWMjhrough the transverse waveguide section. It is related to the
experiments where a single pump and a frequency-deturgtbton flux P in photons per unit time and area through the
weak signal are injected into the SOA. On the contrary, this aglation
sumption is not satisfied when multiple frequency components, |E|? = hwoSmod P, (2)
detuned by a few gigahertz, have comparable intensities. Thi

configuration characterizes for instance experiments wh . . . .
enoting the effective SOA area ahidhe optical confinement

two strong pumps are injected at frequencieQ + wy and X .
Q + wp, and one is interested in the amplification of a weafl?Ctor' The evolution of(z, ¢) along the SOA is governed by

signal injected at the central frequengy. In this case, the 1€ familiar equation
strongest carrier modulation occurs at the beat frequéficy JE 1

between the two strong pumps, but the signal amplification 92 2 [(1 = ia)Tg — aine] B+ iBE + 1sp, (3)

is mainly affected by the, possibly weaker, carrier modulatiahere « is the Henry factoray,, is the SOA internal loss

at frequency(2. This configuration recently became of greagoefficient, andr,, is the spontaneous emission noise term.
interest because it describes the operation of a relevant clg§3g and 3 we denote the material gain operator and the
of SOA-based phase sensitive amplifiers (PSA5) [9-12]. \vavenumber operator. The operator formalism allows us to

ereSmoda = S/T is the modal area of the waveguide, wih

1We consider here only the nonlinearity that comes from carrier modulation,
neglecting ultrafast nonlinearity arising from carrier heating, two photon

In this paper, we derive coupled-mode equations describisgzorption and spectral hole burning. This choice has been motivated to

It | th mixi in SOAs ch terized b bit p the analysis simple, and also because we are interested to cases where
mult-wavelengtn mixing in S Characterize y arbi rar}fonlinearity is large enough to be used in all-optical processing applications

functional dependencies of the recombination rate and mm+o be an issue in applications where linearity is sought for. In these cases,
terial gain on carrier density. These include both QW aﬁ@e frequency detuning does not exceed a few tens of gigahertz, and in

. . this detuning range the nonlinear modulation is mostly caused by carriers.
bulk SOAs. The proposed model, which in what fOIIOWSfhe inclusion of ultrafast processes, however, does not pose any conceptual

we refer to as thecouple-mode model, takes into account difficulties, and can be done along the lines of ref][14] assuming that the
the frequency dependence of the material gain, as well ¥ depends on quantities other than carrier density, like e.g. the carrier

. . . emperature for carrier heating, or the energy-resolved population of carriers
all orders of the Wavegwde dlsper5|on, and accommoda pectral hole burning, and assuming linear decay process of these quantities
input optical waveforms consisting of arbitrary combinationswards their steady state values.
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conweniently accommodate the frequency dependence of tioeAuger recombinatidh As for the stimulated recombination,

gain as well as the waveguide dispersion to any order. Withimder the assumption that each stimulated emission process

this formalism the two operators can be expressed as corresponds to the emission of one photon and the annihilation
of one carrier, the stimulated recombination rétg (which

. & 1 0mg(N,wo) (. 0\" 4 also accounts for spontaneous emission within the waveguide
g = Z_:O nl owp Yot ) mode) is related to the photon fluR through
5 _ Ny Ld"Bw) (0" 5 RuSds = Spoa [P(2 + dz) — P(2)] — Ry — lop
B 2 I dw? Zat ’ ( ) T 0z
m=2 n: o (10)

By combining the various mechanisms, Hg. (8) becomes
where g(N,w) is the gain coefficient expressed as a function J,
ON _R(N J 1 0E|

of the carrier densityN and the optical frequency, and = (N)+ = — ,

B(w) is the frequency-dependent field propagation constant. ot ed  hwoS 0z

The expressions fgr and3 in Egs. [#) and[{5) are obtained bywhere by ?(N) we denote the familiar recombination fte

expanding (N, w) and8(w) around the carrier frequenayp.

The fact that the sum in EqZ](5) starts from= 2 is consistent R(N) = AN + BN? + CN®. (12)

with the definition of E(z,t) in Eq. ([d), which already By expanding the derivativé|E|2/d> and using Eq.(3), Eq.

accounts for the effect of(wy) anddf(wo)/dwy = 1/vg. (IT) assumes the form

The spontaneous emission noise tergp is modeled as

a zero-mean, complex phase independent random process. ﬂ = —R(N) + J_ 1 Re [E*(1 —ia)TgE], (13)

depends explicitly on the carrier density, besides time and ot ed  hwoS

space, i.erg, = rp (N, 15 2). Its correlation function is where we used the fact that is a Hermitian operator, and
hence it does not contribute té|E|?>/0z. The last term

E[rd (N, t; 2)rop (N, 15 2')| = hwo Ry, (Nt —t')6(2 — 2'),  at the right-hand side of Eq[{L3) reduces to the familiar

(6) form I'g|E|%/hweS if the gain coefficient is assumed to be

where by the symbdE we denote ensemble averaging. Hergequency independent. In Eq__{13), we neglected the rate

the termd(z — 2’) accounts for the fact that different lon-of carrier depletion associated to the photons spontaneously

gitudinal waveguide sections provide statistically independegitted in the guided mode, i.e. the terR(,(NV,0) that

contributions to the noise term, and comes fromd|E|? /0= of Eq. (1), because this term is small
compared the carrier depletion rate caused by the photons

R;p(N, t—t) = Je‘i(“_wo)“/_t)nSp(N,w)Fg(N,w)—w, spontaneously emitted over all spatial mod&&2, which is

277(7) part of R(N).
is the spontaneous emission rate into the waveguide modéNe note that EqsL{3) anfL{13) can be generalized so as to

and in the field propagation direction, with,, denoting include the field polarization in the analysis. While this task

the population inversion factor. Spontaneous emission iSisﬁ‘rather straightforward and does not involve any conceptual

small perturbation of the propagating field, so that we m allenge, we intentionally ignore pqlariz_ation-relatet_j issues
safely replaceN with its temporal average, thus neglectin hc_)rtrj]e_r t:;]ketipdthe ;‘oculst_on thel ma{ﬂ ObJeCt'Vet_Of this work,
the effect of its small fluctuations around this value. Withitt 'c" 1S the St glo mr. |-wav|e engh plropqgafllolg. d th
this approximation the process of spontaneous emission caIW_e szre_f‘S t ? ”mu t-wavelength electric field and the
be modeled as a stationary process in time. carrier density as Tollows,

(11)

The equation for the carrier density is E(z,t) = ZEk(z)e*ik”t (14)
oN ’
ﬁ = RJ - Rsp - Rnr - Rst (8) N(Z, t) = NO(Z) + Z ANk(Z)eiitha (15)
k
where where the coefficientsSAN, must satisfy the equality
Jw, L J AN_i(z) = AN}(z) for N(z,t) to be real. The term
RJ = Vv = aa (9)

2We note that, while the resulting cubic polynomial expressibiN +

is the carrier injection rate into the active volurile= SL = BN? + CN?® has been shown to fit very well the experimental data in
most cased [6], the one-to-one correspondence between the three terms of the

wadL, wherew, is the active region width[. is the active polynomial and the three recombination mechanisms is not always as neat
region length, and! is the active region thickness. The ternas is illustrated in the main text. For instance, in the case of non-parabolic

R. (N) is the recombination rate associated to spontanecﬁﬁds (the normal case), radiative recombination is also non-parabolic and is
sp est modeled with a bit of linear component; carrier leakage (due to finite

emission, and its well approximated by the quadratic €%w barriers) has an exponential dependence and requires a polynomial fit,
pressionR,(N) = BNZ2. By R,.(N) we denote the non- affecting the numerical values of, B, andC.
radiative recombination rate, which we express&%(N) _ 3TI_'1|s expression o_tR(N) |s_W|de|y established and is given here for

3 . . . . consistency with previous studies. We stress, however, that the analysis that
AN +CN*, where the linear contributioAN is mOStlydue to follows does not make use of it explicitly, and rather applies to arbitrary
defect-induced recombination, and the cubic contribufiovi®  expressions oR(N).

25



JOURNAL OF LIGHTWAVE TECHNOLOGY

No(z) + ANy(z) is the z-dependent time-independent value The evolution equation for the electric field coefficidrit
of the carrier density that characterizes the system whenisitobtained by inserting the expression of the fi€ld (14) in Eq.
achieves its stationary state, andy(z) is defined as the (2I) and by equating the coefficient of the teesp(—ikQt)

solution of at the two sides of the resulting equation. As a result, one
r finds
é = R(No) + M—OS;Q(NO,MMEICF- (16) Ko 1 _ '
o - [5(1 —ia)Tg(No, wk) — Qint + zﬂ(wk)] Ey
For values of the frequency spacifiy2r that exceed the SOA 1
modulation bandwidth, the temporal fluctuations M z, t) +§(1 - ia)z ANy nL'gn (No,wn) En + 1,
around its stationary value are filtered by the carrier dynamics n
and hence they can be treated within a perturbation approach. (23)

A consequence of this situation is that the deviatidiV,(z) where we usedjoE = Y, g(No,wi)Ey exp(—ikQt) and
of the stationary carrier density value frofiy(z) is als_o anE =3, gn(No,wi) Ex exp(—ikQt), with wy, = wo + kS.
a perturbation, and is small compared 14(z). In this T4 hoise ternr;, is defined by

framework, all carrier-density dependent quantities that appear

in Egs. [3) and[{13) can thus be expanded to first order with (N 2) = J‘dteik(ltr‘ (N,t; 2) (24)
respect toAN = N — Ny, namely ’ R

AN has zero meafir;(NN; z)) = 0, and its variance follows from

R(N) = R(No) + m (17)

(rE(N; 2)rn(N5 2')) = 6(z — 2")hwo

g(N,W) :g(N07w)+gN(N07w)AN7 (18)
_ S « J dt J A’ exp[iQkt! — ht)| R, (N,¢ —t). (25)
where by the subscripfV we denote differentiation with
respect toN. The quantity Using the stationarity ofz/,, we may express the above as
dR(N rF(N; 2)r(N;2')) = 81 1 6(2 — 2" ) hw
T(NO) _ RN(N0)71 _ dEV )‘ , (19) < k( ) h( )> k,h ( ) 0
N=No XNgp (N, wo + EQ)Tg(N, wo + kQ). (26)
is the spontaneous carrier lifetime, and The termsr,(N;2'), k = 0, £1, +2 ... are therefore a
29(N, w) set of independent-phase, spatially-uncorrelated noise terms,

‘ , (20) which can be modeled as differentials of independent Wiener
N=No processes. At this point we can recast Eql (23) in the following
is the differential gain. We stress thtitese are z-dependent compact form

quantities, owing to the fact thafVy, = Ny(z), and hence their 4E 1

values evolve along the SOA. We also notice that the effective — = | (1 — ia)['(G + H) — aju I + ib] E+7, (27)
carrier lifetime governing the dynamics of carrier modulation dz 2

around the stgady state value is d'nife_rential carrigr lifetime | here £ and 7 are column vectors constructed by stack-
7(No) given in Eq. [IP) and also introduced in_[15], andg the electric field coefficients?, and the noise pro-

not the total carrier lifetime .(No) = No/R(No) used in jactions 1, one on top of another, respectively, withy
Refs.[7 and 8. The difference between these two quantitigsy ro occupying the central position, namelf =
is approximately a factor df when the radiative bimolecular [... B, By, Ey, E_1, E_ ...]", and the same for (the

o 5 . i i
recombinationBN- is the dominant contribution t&R(N), superscriptt stands for “transposed”). The vectd? and

ov(No,w) = =55

A g )
or 3 when the Auger recombinatiof' N is dominant. By = 5.0 of course infinite-dimensional, and so are the square
inserting Eqs.[(1I7) and_(18) into Ed.I(3) and EQ.1(13) Wg\atricesa, H andb. Consistently with the definition off,
oE 1 . . . A of these matrices, with th€0,0) element occupying the
0z 2 [(1 = da)T(go + ANGN) = aine] B+ i8E + 7, (21) central position. In particulaGc andb are diagonal matrices
OAN AN 7 bi.k = B(wi) — B(wo) —kQdS(wo)/dwy, respectively, whereas
- - _— _ [R(No) — _] the (k,n) element ofH is Hy, ,, = AN,_ngn(No,wy). By I
_ Re [E*(1 —ia)T'go E] We now proceed to the extraction of the carrier den-
hwoS sity coefficientsAN, by equating the terms proportional to

obtain we use positive and negative indices to identify the elements
;;j whose (k, k) elements are equal t6'y ,, = g(No,ws) and
ot 7(No) ed we denote the identity matrix (regardless of its dimensions).
Re [E*(1 —ia)l'gN E] (22) exp(—ikQt) at the two sides of EqL{22), when the expression

—AN

hwoS ’ of AN in Eq. (I5) is inserted in it. After some straightforward
where the operatorg, and gy are defined as in Eql](4), pro_algebra, involving the use of Ed. {16), one obtains
vided thatg(N,w) is replaced withy(Ny,w) and gy (No,w), (1 — iktQ) ANy = *ZAthk,h + N, (28)
respectively. -
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where a negligible contribution to the solution of Eq§.116),1(27),
and [33), and hence they can be omitted by truncating the

Ne = 7T(N0)R(N_0)(1 ~ Ok0) _ vectorsE and AN. The truncation ofE and AN requires
Y {(1 —ia)Epp By (1+ia) By B %29) of course that all matrices involved in EqE.1(27) aihd] (33) be

Pytim (No, wn1k) Ptim (No, wn) also truncated accordingly. In what follows we provide explicit
_ s _ " expressions for those matrices and discuss the procedure that
Prn = [(1 — 1) Enyin by + (1+ ZO‘)E"*’“’IE"] allows the efficient computation of and AN.

Puae(No, wnk—-n) Pea(No, wn) The truncation procedure of the infinite set of equations
(27) can be performed in a number of ways. One possible
approach is assuming tha, (z) = 0 for |k| > M. Here M
_ fiwoS 31) is an integer number that can be determined self consistently

7(No)Tgn(No,w)’ by checking that the integration of the equations fidr —

is the familiar saturation power, although its definition acM +1yields indistinguishable results. This assumption implies

counts for the frequency dependence of the gain coefficignt¥s(2) = 0 for [k| > 2M, owing to the absence of beat
explicitly, and terms at frequency offsets larger than/<). A simpler yet

equally accurate approach is to assume that the carrier density
huwoS ) (32 coefficientsAN,.(z) are also zero at frequency offsets greater
I'g(No, w) than M. Here we adopt the latter approach, within which
is the power value above which carrier depletion is dominat&dis. [(1#) and[{15) specialize to
by stimulated emission. We hence referRg;,, as tostimu-
lated power. Equation[{28) can be conveniently recast in the

n

(30)
The quantity

Psat(NOaw)

Pstim(NOaw) = R(NO)

M
—ikQt
following compact form E(zt) = Z Ei(2)e (34)
k=—M
(I—irQk + p)AN = N (33) M _
o N(z,t) = No(z)+ D, ANp(z)e *%.  (35)
where the (k,h) element of the matrixp is equal to et

pr,h, and k is a diagonal matrix with diagonal elements

frk = k. The column vectorsAN and A" are con- Accordingly, the field vectof and carrier density modulation
sFructed (like the field vecto) by stacking the cogfﬁ— vector AN, consist of (2M + 1) components. Matrice€s
cients AN}, and N one on top of another, respectivelygnd 1 in Eq. (Z7) becomd2M + 1) x (2M + 1) matrices.

_ t _ _ : . .
namely, AN = [... : ANy, AN, AN—y, ...]" and N = |y paricular, owing to the assumption of frequency-flat gain,
[y N, 0, Moy, . ]" The coefficientsNy and ANy are one can readily verify the equalitie€ — g(No)I, and
hence obtained for a given electric field state by solving _ gn(No)T(AN), where byTayr.1(AN;,) we denote a
Egs. [16) and(33). These are the most general CC’upled'rn?lﬂé'?'mitian-symmetric Toeplitz matrix [16]. Below we give the

equations accounting for any functional dependence of tgﬁpression 020741 (AN,) in the casel = 2 for illustration
recombination rate and material optical gain on carrier denSiB{nrposes

as well as for the frequency dependence of the gain and

waveguide dispersion. ANy, AN, AN, 0 0
AN ANy AN; AN, 0
I1l. I MPLEMENTATION OF THE COUPLEBMODE EQUATION T5(ANy) = | ANX ANF AN, AN, AN,
MODEL IN REALISTIC SOA STRUCTURES 0 ANF AN} AN, AN,
As is customarily done in most studies of practical rel- 0 0 ANF AN} AN,
evance, where the waveguide dispersion and the frequency (36)

dependence of the gain coefficient have been shown to play e neglect of the waveguide dispersion yielsls= 0, and
minor role, in this section we neglect chromatic dispersioReénce Eq.[(27) simplifies to
as well as higher-order dispersion, and assume frequency- _

independent gain. With this simplification the matricg&s dE (1 —ia)g(No) — Qint
H, andp become frequency-independent and assume a veryj, [ 2
convenient form, as is shown in what follows. We also neglect

the presence of spontaneous emission noise terms, wh@ere N, is the solution of
implications on the SOA performance, chiefly on the SOA

I+ T2]\1+1(AN]C):| E, (37

noise figure, will be the subject of future work. J | *|2

The multi-wavelength propagation model introduced in the 4 - R(No) |1+ TP o) | (38)
previous section involves an infinite number of coefficiefits s
and AN, a situation that is obviously incompatible with its Paim(No) = R(Ny) hwoS ) (39)
implementation in any numerical platform. However, as will L'g(No)

be shown in the next section, high-order coefficients (hnamely B
Ei. and AN, coefficients with large values dk|) provide The expression for the carrier density modulation vectdy
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TABLE |

SOA PARAMETERS A. Model validation
In this section we test the accuracy of the proposed multi-
Description Value Units wavelength propagation model against the results obtained
Linear recombination coefficient 0 s T : g : propag ) g : :
Bimolecular recombination coefficienB | 0.3 x 10710 | cm’/s by mtegrat_lng the full moc,lel space-time equatiof$ (3) and
Auger mefficient C 33x 1072 | cmf/s (@3). To this end we consider a QW SOA, characterized by
Opticddcr?nfinr?ment factOfT 10% the following logarithmic functional dependence of the gain
Linewidth enhancement factar 5 < i ; ;
Optical wavelengthi 1561 om coefficient on carrier density 6]
Group \elocity v 8.33 - 109 cm/s N
Active region widthw, 2x104 cm g(N) = golog ( ) , (46)
Active region ticknessi 65%x10~7 cm Nix
Active region lengthL 0.1 cm . . . . .
Gain cefficient go 1800 em-1 wher.e go 1S a gain parameter aniV, is the carrier denS|_ty
Transgarency carrier densityVex 2% 1018 cm—3 required for transparenEyThe expansion of the gain function
SOA internal losscviyg 5 cm! is in this casey(N) ~ g(No) + gn (No)AN, with
Injection current density/ 3.4x102 A/cm?
Freqiency spacing/2m 8.6 GHz Ny 90
o0) = gntog (32 ). an(Mo) = 52 (a)
tr 0
S The physical and operational parameters of the SOA are
simplifies to listed in Tablell (we note that the SOA is operated with the

. injection current density = 8.5.J;;, whereJ;, = ed(AN, +
AN = - TBWNo) [ o T2M+1(Ck)] & BNZ + CN}) is the injection current density required for
Pstim (No) Pyat(No) transparency). The SOA is injected with a three-wavelength
(40) optical signal characterized by the complex envelope
hwoS , ,
Peat(No) = AT A (41) Ein(t) = VWi e ™ 4 /Wy + /W_1 e (48)
., with W, = W_; = —2dBm, andW, = —7dBm. For
where C}, is the discrete autocorrelation function®f namely this set of parameters we solved the coupled-mode equa-
v tions [37), [39), and{40) with the input field vectdk, =
Cr= 2, EnsrEr, (42) L0 VIV VW0, W, 0T We ued M = G and
checked that larger values 8f yield indistinguishable results.
We then integrated the full model’s equatioiks (3) (13) with
where we assumé,, = 0 for |n| > M. The expression of the procedure described in [17], and extracted the coefficients

n=—M

in the caseM = 2 is Ei(z) from the numerical solutio,., (z,t) according to
. 0 27 /Q ]
G = [Ca, Cy, Co, CF, C3]", (43) By(z) o 5 f Eoum(z, e, (49)
Y to
and that ofT's (Ck) is where byt, we denote any time at which the system achieved

its stationary state. The results are shown in Eig. 1. In the
top panel we plot by solid curves the intensities of the
coefficientsFEy(z) versus the normalized propagation distance
z/L for values ofk ranging betweerk = —4 andk = 4.
By circles we plot the results obtained with the full model.
The excellent accuracy of the coupled-mode model is self-
where we used_, = C¥, as can be readily verified byevident. Inter_estingly, tht_—? figure_ s_hows that th_e coupled-
mode model is accurate in describing the formation of four-

inspecting Eq.[(42). .
The numerical integration of the coupled-equations involveg ¢ ming components that eventually (at the SOA output)

i : exceed some of the input components. The lower panel of
a three-step procedure for the transition fromo z+ Az, given ' . )
) = ) the same figure shows the corresponding phases of the field
the field vectorE(z). These are:

coefficientsE), (more precisely the solid curves are the plot
1) Find the value ofVy(z) by solving Eq. [(3B); of Phase [E}(z)] + kQz/v,, where the second term accounts
2) Extract the carrier density vectdrN (z) as in Eq.[(4D); for the fact that the coefficient&)(z) characterize the field
3) Evaluate the field vectdf(z + Az) by solving Eq.[(37) envelope in the time reference delayed;b(y;g),
from 2 to 2+ Az while using the values aVy and AN In Fig.[2 we illustrate the dependence of the coupled-mode
obtained in steps 1 and 2, according to model’s results on the number of field coefficients that are
) considered. In the top panel we plot the output intensities
E(z + Az) = exp { (1~ ia)g[No(2)] ~ Qint Az} ) ) )
2 40f course, the use of different functional forms g(fN), for instance the
exp {Tonr1 [ANK(2)] A2} B(z) (45) N7)) aiso reportoe riTo] s uly eqnvaent in tamn.of model complndy.

CO C’1 C’2 CS C4
C¥ C, Cy Cy Cs
Ts(C)=| C; CF Cy O Cy |, (44)
C¥ C; Cf Cy O
Ci CF CP CF G
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Fig. 1. Intensity (top panel) and phase (bottom panel) of the fieldponents

E}, versus normalized propagation distangél, for the displayed values of Fig. 2. Intensities of field componenfs;, at the SOA output| Ey, (L)|?, as

k and for the SOA parameters’ values in Tafle I. Solid curves refer to tltained by using the coupled-mode model, for increasing valu@g.dfach

coupled-mode model, while circles were obtained by solving the space-ti@rve corresponds to a specific valuekadnd hence it originates &| = M.

equations of the full model. The top panel refers to the set of parameters listed in Table | and used in Fig.
[@, whereas in the bottom panel the optical confinement factor was increased
from 10% to 20%.

|Ex(L)|? evaluated by solving the coupled-mode equations for

increasing values of\/, with each curve corresponding to ahere can be expressed as

different value ofk. Since the accounting for the frequency _ _ _ _ .
componentE;, dictates thatM > |k|, the curve referring Ein(t) = e Wie ™ 00\ /T + "1 /TV_ e

to E, originates atM = |k|. The plot shows that in the ) (50)
numerical example considered here the results of the couplégnere byW: and W, we denote the optical powers of the
mode equations for the componehi become accurate (that'Wo PUMPs and by, and¢_, their absolute phases. The field
is, the corresponding curve in the figure becomes flat)Mor COmponent at the central f(equency represent the input S|gnal
exceeding|k| by a one or two units. However, it should befomponent. By removing in all components the immaterial
pointed out that the convergence to the correct result is affec@prage phase of the two pumps = (¢1 + ¢-1)/2, and

by the specific SOA parameters’ value and may be slower. TIHgN0tNG bygs = ¢o — ¢. the input signal phase relative to
is shown in the lower panel of the Fifl 2, where the sanfa- the input field envelope can be expressed as

curves plotted in the top panel are re-calculated by increasing, (;) — ¢i¢» e~ 4 ids e~ JW_1 e

the SOA optical confinement factor from 10% to 20% and by ) Vi e+ W (51)
leaving the other SOA parameters unchanged. In this exampifyereq, — (¢, —¢_1)/2. We further note that the effect of,

it can be seen that using/ < 6 may yield an error in the js jimited to introducing an immaterial time shiff = ¢,,/<,

calculation of| E1(L)|* up to a factor of 100. and hence it can be safely setdg = 0. We therefore solve
the space-time equations using the following input waveform,
IV. APPLICATION OF THE MODEL DUAL-PUMPED Ein(t) = A/ Wp, e 8% 4 e\ /W, + /Wp,e™,  (52)

SOA-BASED PHASESENSITIVE AMPLIFIER ) _ ) _
and the coupled-mode equations with the input field vector

In this section we apply the coupled-mode model to the -~ i "

study of the dual-pumped SOA-based PSA presented_in [11], Ein = [+ 08/ Wy, €/ We, f/Wp,, 0,10 (59

[12]. The goal of this exercise is two-folded. On the on¥he key quantity that characterizes the performance of the

hand we aim to show that the phase-sensitive gain valRSA under scrutiny is the dependence of the signal gain on the

obtained with the coupled-mode model assuming realisfihasep,. In Fig. (3) we plot the gailts(¢s) = |Es(L)|?/ W,

SOA parameters is consistent with the experimentally obtaingd decibels) as a function of,, where in the case of the

value. On the other hand, we show explicitly that by restrictingll model the termE,(L) is extracted from the numerical

the coupled-mode model to the pump and signal componestsution F,,.,(L,t) according to Eq.[(49) with: = L. The

only, as is sometimes done [18], yields significantly incorre@OA parameters used in the numerical example are those given

results when a realistic dependence of the amplifier gain #mTable[l. The input pump powers were setitep, = Wp, =

carrier density is used. —2dBm, and the input signal power to the much smaller value
The waveform at the input of a PSA of the kind considereld’s = —22dBm. The solid curve is obtained by integrating the
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Schematic diagram

. [pmamra]
3:3

Signal gain [dB]

Mask layout (InP/InGaAsP)

Sano SG-DBR AMZI1 tap
. . . . . . Phase tuner 1 3 by 3 MMI
0 0.5 1 15 2 25 3 (140um)\) %SOAI / o

Ref,

Signal relative phase ¢ f
—————s0A2
\—Y—J

SG-DBR AMZI2 NL-SOA
Fig. 3. Dual-pumped SOA-based PSAs gain versus the relative pbfase pump 2

the input signakps introduced in Eq.[{52). The SOA parameters used in the

numerical computation are those given in Talile |, the input pump powergy. 4.  Schematic of the signal-degenerate dual-pumped PSA ankl mas
were set tolWp, = Wp, = —2dBm, and the input signal power @s =  |ayout.

—22dBm. The solid curve refers to the coupled-mode model with= 4

(larger values ofM yield indistinguishable results), while the circles were

obtained by integrating the space-time equations of the full model. The dashed

curve shows the results obtained with the coupled-mode model by propagapgth and the pump wave interference are negligible. The light

only the pump and signal components, namely by setlifig= 1. waves along three paths are combined together and split again
by a 3-by-3 MMI coupler to a nonlinear-SOA (NL-SOA)
where phase-sensitive amplification occurs, a long passive
coupled-mode model witd/ = 4, whereas the circles referwaveguide (WG) as a reference port, and a tap to monitor
to the space-time model. The excellent agreement betweRa input light waves to the NL-SOA.
the coupled-mode model and the space-time model, like injn the experiment, the total input power to the NL-SOA was
the previous section, is self-evident. The thin dashed curvegBout —1dBm, which was high enough to saturate the NL-
Fig.[3 shows the result obtained with the coupled-mode modeba because the NL-SOA started saturation-atiBm input
by including only the pump and signal field components, thgbwer. Once the SOA was saturated, the spontaneous emission
is by usingM = 1. The plot shows that the neglect of highnoise and PIA were suppressed. The injection current to the
order four-wave mixing products yields higher gain values angl -SOA was set to be 90 mA.
a lower phase dependent gain. To specifically demonstrate and evaluate the PSA, the
Figure[4 depicts the schematic of the signal-degenerate dasdasured signal power at the output of the SOA with respect
pump PSA used in the experimeft [11], [12]. The coheretd the square root of the phase tuner current was measured,
incident light waves, which consist of two pumps and onghich is shown in Figls. The abscissa variable is set to be the
signal, are here generated based on external modulation ggdare root of the phase tuner current because the signal power
then are coupled into a PSA chip. On the chip, the inpafter PSA varies with the signal phase, which is known to vary
light waves are split into three paths via a 1 by 3 multimodgearly with the square root of the phase tuner current. For
interference (MMI) coupler. Along the upper and lower pathgomparison, the signal power without injection locking and
there are two tunable Sampled-Grating Distributed-Bragghe relative phase change of the signal were measured, which
Reflector (SG-DBR) lasers [19], each of which is injectioare shown in Fig. 5 as well. The relative phase of the signal
locked by opposite modulation side-band pumps. Therefogas obtained by using a vector network analyzer to compare
each SG-DBR laser selectively amplifies the corresponditige phase of the beat note between the signal and one sideband
pump and suppresses the other one as well as the sigaall the phase of the RF signal applied to the external intensity
Signal suppression due to injection locking is necessary rifodulator. The beat note was generated by heterodyning the
avoid on-chip signal-interference-induced signal power changignal and only one pump wave at the output of the tap port
which otherwise could be misinterpreted as the result of PS4t a photodetector. The other pump wave was suppressed by
After further being amplified by a downstream SOA, the pumairning off the corresponding SG-DBR laser.
is filtered by an asymmetric Mach-Zehnder interferometer As can be seen frofd 5, when injection locking was inactive
(AMZI) to remove the residual signal and the noise falling iand two lasers were in free-running modes, there was no PSA
the signal’s spectrum, which avoids signal interference amogge to random phase drifting among the pumps and the signal
three paths and enables the signal to be shot-noise limitedwaves. Once the injection locking was enabled, however, there
Along the middle path, there is a phase tuner to phasgas no obvious PSA or phase change of the signal until after
shift the signal based on carrier plasma effects; therefotee current was larger than 1 mA. Such a delay in phase
the adjustable and stable phase relationship among the sigiadt commonly occurs in tunable SG-DBR lasers and could
and two pumps can be achieved for observing the PSA-bassdcaused by an N+ sheet charge that exists at the regrowth
signal power variation as a function of the signal's phasmterface due to surface contamination. As the current was
Please note that, although there are two pumps along thether increased, these traps are filled and phase-dependent
middle path, their powers are much smaller than those alosignal gain appeared. Overall, one square root of the current
the other two paths so that the pump waves along the middjiees oner phase shift to the signal and one period oscillation
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Abstract—For the first time, a monolithically integrated
photonic phase-sensitive amplification chip is fabricated and
demonstrated based on an InP/InGaAsP platform. Different
semiconductor optical amplifiers have been fabricated as well for
characterization. On the chip, two tunable laser pumps that are
coherently injection-locked, respectively, from two first-order
sidebands of an externally modulated tone are generated to enable
signal-degenerate dual-pumped phase-sensitive amplification in a
saturated semiconductor optical amplifier. Experiments on
different chips are conducted to successfully demonstrate
phase-sensitive amplification with approximately 6.3 dB and 7.8
dB extinction of phase-sensitive on-chip gain. Theoretical
simulations are performed and agree well with experimental
results. The additive noise properties of the phase-sensitive
amplification chip are also investigated.

Index Terms—Phase sensitive amplifier, semiconductor optical
amplifier, photonic integrated circuit, four-wave mixing

I. INTRODUCTION

PTICALphase-sensitive amplifiers (PSAs) have been
attracting increasing attention [1,2]due to unique
advantages that enable them to break the 3-dB quantum
limit of the noise figure (NF)[3], as well as achieve the phase
regeneration to reduce phase and time jitters in optical
transmission  links  [4-6]. Unlike a  conventional
phase-insensitive amplifier (PIA) such as an erbium-doped
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fiber amplifier (EDFA), featuring an inherent minimum NF of
3-dB [7], a PSA is capable of amplifying only one of the two
quadrature phase components in a light wave signal and
attenuating the other. This unique feature makes it possible in
theory to realize noise free amplification, leading to a NF of 0
dB, which can find numerous applications where noise levels
are critical, such as optical telecommunication, remote sensing,
optical spectroscopy, LIDAR and inter-satellite communication.
Various PSAs have been demonstrated by using parametric
down-conversion in X(z)—based nonlinear materials[8, 9], such
as periodically poled LiNbO; (PPLN) waveguides and
nonlinear optical loop mirrors (NOLMs) [10], or using
four-wave mixing (FWM) in x”-based nonlinear media like
optical fibers [2] and unsaturated semiconductor optical
amplifiers (SOAs) [11]. New CMOS-compatible platforms are
also emerging [12].

Among all demonstrated PSAs so far, their implementations
are based on free-space bulk-crystal system or bench-top fiber
systems, which makes it difficult to use them in practical
scenarios. One of the challenges in realizing a practical PSA is
that at input port of the PSA the phase relationship between the
pump(s) and the signal must be synchronized and stabilized.
Some solutions to synchronization of the pump and signal
phases have been developed via pump injection locking [13]
and optical phase-locked loop [14], which usually increase the
complexity of the system and make it more unsuitable for use in
a real application. In addition, other issues in terms of size,
weight, power consumption and coupling losses also restrict the
bench-top PSA’s commercial allure. In order to solve this issue,
photonic integration is a promising solution and can great
benefit the implementation of PSAs for practical applications.
Other than some obvious advantages like small footprint, light
weight, reduced coupling losses and batch fabrication
economies, integrated photonic chips can inherently guarantee
a stable phase relationship among signal and pumps, requiring
no phase-locking mechanisms, which significantly eases the
implementation and practical application of PSAs.

In this paper, based on the implementation of a PSA through
a dual-pump degenerate FWM process, a chip-scale PSA using
a saturated SOA as a nonlinear element and different SOAs for
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characterization have been fabricated and for the first time an
integrated photonic PSA chip has been experimentally
demonstrated. The chip and SOAs fabrication is based on an
InP/InGaAsP centered quantum well (CQW) platform. On the
chip, two tunable laser pumps that are coherently
injection-locked from sidebands of an external modulated light
wave are obtained to realize signal-degenerate dual-pumped
PSA in a highly saturated SOA. A 6.3 dB and a 7.8 dB
extinction ratio of gain based on different PSA chips are
realized, which both agree well with simulation results. The
reduction in signal-to noise ratio is also estimated based on the
measured optical spectrum of the light waves before and after
the PSA.

II. PROPOSED CHIP-SCALE DUAL-PUMP PSA

Figure 1 shows the schematic of the degenerate dual pump
PSA. The coherent incident light waves, which consist of two
pumps and one signal, are here generated based on external
modulation and then are coupled into a PSA chip. On the chip,
the input light waves are split into three paths via a 1 by 3
multimode interference (MMI) coupler. Along the upper and
lower paths, there are two tunable Sampled-Grating
Distributed-Bragg-Reflector (SG-DBR) lasers [15], each of
which is injection locked by opposite modulation side-band
pumps. Please note that during external modulation the signal
which is carrier would be intentionally suppressed by properly
biasing the modulator so that the pumps have enough power to
injection lock the two SG-DBR lasers. After being
injection-locked, each SG-DBR laser which selectively
amplifies the corresponding pump and suppresses the other one
as well as the signal behaves as a pump laser. The signal
suppression in each pump laser the due to injection locking is
important because such a suppression is helpful for avoiding
on-chip signal-interference-induced signal power change at the
input port of the PSA, which otherwise could be misinterpreted
as the result of PSA. After further being amplified by a
downstream SOA, the pump is filtered by an asymmetric
Mach-Zehnder interferometer (AMZI) to remove the residual
signal and the noise falling in the signal’s spectrum, which
avoids signal interference among three paths and enables the
signal to be shot-noise limited.

Along the middle path, there is a phase tuner to phase shift
the signal based on carrier plasma effects; therefore, the
adjustable and stable phase relationship among the signal and
two pumps can be achieved for observing the PSA-based signal
power variation as a function of the signal’s phase. Please note
that, although there are two pumps along the middle path, their
powers are much smaller than those along the other two paths
so that the interference of the pump waves along three paths are
negligible. The light waves along three paths are combined
together and split again by a 3-by-3 MMI coupler to a
nonlinear-SOA (NL-SOA), a long passive waveguide (WG) as
a reference port, and a tap to monitor the input light waves to
the NL-SOA. The PSA occurs in the NL-SOA, and the process
includes two main steps. The first step is generating new signal
photons. Two pumps and a signal with a stable phase
relationship are sent to a nonlinear media, in which FWM

among the light waves is able to generate new signal photos
with a phase which is the sum of two pumps’ phases minus the
original signal phase. In the second step, interference of the
generated signal with original signal modulates the amplitude
of the combined electrical field of the signal. Therefore, the
constructive interference amplifies the amplitude of the signal’s
electrical field; while the destructive interference attenuates the
signal. In another word, the PSA only maximally amplifies the
signal when the original signal phase is 0 or © relative to the
sum of two pumps’ phases (in-phase components), and
maximally attenuates the signal when its phase is n/2 or 3n/2
(quadrature components) to the sum of two pumps’ phases.
Thus, the PSA gain experiences one cycle when the phase of
the incident signal goes over one m, which is different from the
transmission curve of a conventional Mach—Zehnder
interferometer (MZI). Such a n-periodicity of the PSA gain is
important and can be used to verify the implementation of the
PSA. Therefore, in our demonstration of the chip-scale PSA,
the relationship between the input signal phase and the signal
power after the PSA can be recoded to verify the achievement
of the PSA.

External modulation
Pump Signal  Pump2

@ (= @
| CW laser |->| modulator |—>
TRF

T PSA chip

SG-DBR1
1:3 3:3
MMI SG-DBR2 MMl

Fig. 1.Proposed schematic of demonstrating a chip scale dual-pump PSA.

One potential concern is that the SOA can be used as a PIA,
and its PIA gain may interfere with the nonlinear parametric
process and undermine the PSA. To overcome or minimize this
issue, the incident power to the NL-SOA is high enough to
saturate the NL-SOA, which is capable of suppressing the
amplified spontaneous emission noise. Therefore, the saturated
NL-SOA can restrict PIA and optimize the FWM [16, 17]. By
recording the light wave spectrum and the signal power at the
output of the NL-SOA using an optical spectrum analyzer
(OSA) when changing the current applied to the phase tuner to
tune the signal phase, we can evaluate the PSA performance
and characterize its gain profile.

III. SOA AND PSA CHIP FABRICATION

In order to fabricate SOAs for initial characterization and
monolithically integrate the single-chip dual-pumped PSA
based on saturated SOA, we chose an InP/InGaAsP centered
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quantum well (CQW) platform with 10 quantum wells (QWSs)
[18] because such a platform is capable of maximizing the
mode overlap with the QWs in an SOA, enhancing the
nonlinearity and maximizing the FWM.

The fabrication started with a base epi, which includes
quantum well layers, waveguide layers and N-cladding layer.
Active and passive areas were defined using quantum
well-intermixing (QWI) technology [19]. The passive
waveguide with intermixed quantum wells still confine carriers
well, which is ideal for low-loss phase tuners. Then, by using
electron beam lithography and methane/hydrogen/argon
(MHA)-based RIE etching, the gratings of the SG-DBR laser
were defined. Following the grating definition, a blanket
p-cladding and p-contact layer regrowth was carried out using
metalorganic chemical vapor deposition (MOCVD). After the
regrowth, waveguides were defined and etched. In order to
have better heat dissipation and compactness at the same time,
surface ridge waveguides were used for the straight SG-DBR
lasers, while more-narrow deeply-etched waveguides were
used for other components on the chip, which leads to better
flexibility for waveguide routing and better SOA nonlinear
efficiency due to a higher confinement factor. Cl,/H,/Ar
ICP-RIE dry etching as well as InP wet etching was used to
defined the features. Following the waveguide etching,
P-contact vias were opened and Pt/Ti/Pt/Au was deposited as
the P contact metal. To further decrease the passive waveguide
loss and provide electrical isolation, we implanted protons in
the p-cladding layer of the passive waveguides. The wafer was
then thinned down to about 130 um for ease of cleaving.
Backside Ti/Pt/Au metallization provided common cathode
connections to the n-type substrate. After cleaving and
anti-reflection coating of the waveguide facets, the discrete
SOAs and the PSA chips were ready for characterization. The
SOAs and the chip-scale PSA were fabricated on the same
wafer so that the specifications of the SOAs would be identical
to those of the SOAs in the PSA chip. The length and width of
the PSA chip are about | mm and 7 mm.

@

(b)

Fig. 2.(a)Schematic diagram of the PSA chip; (b)mask layout of the PSA-chip
for fabrication

IV. SOA CHARACTERIZATION
Figure 3 shows all the different SOAs we fabricated. The
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longest SOAs are used to evaluate the dispersion. The
high-speed SOAs which are the shortest are used to measure
SOA’s carrier lifetime; while the 1-mm SOAs are used to
characterize their gain profile.

s -

‘_______-
\'-—————_J

e

2.3-mm SOAs High-speed SOAs 1-mm SOAs

Fig. 3.Photo of the fabricated SOAs with different lengths. (left) 2.3-mm SOAs
consisting of three cascaded SOAs with a length of 766 pm; (middle)
high-speed SOAs with a length of 50, 100 and 150 pum; (right) 1-mm SOAs
consisting of three identical SOAs with a length of 333pum.

A. Carrier Lifetime Measurement

High-speed short SOAs were used to measure the carrier
lifetime. The setup is shown in Fig. 4, which mainly includes an
external cavity laser (ECL), an erbium-doped fiber amplifier
(EDFA), a variable optical attenuator (VOA), a bandpass filter
(BPF), a high-speed SOA, a photodetector (PD) and an
electrical spectrum analyzer (ESA). A wavelength from the
ECL was sent to the SOA through the EDFA, the VOA and the
BPF which were used to control the input light wave power. To
measure the SOA’s carrier lifetime, we first measured its
frequency response. To do so, an RF signal and a bias voltage
were applied to the SOA via a bias-tee to modulate the light
wave that was passing through the SOA. The SOA’s output was
converted by the PD to re-generate the RF frequency which was
recorded and measured by the ESA.

Fig. 4. SOA lifetime measurement setup

The length of the SOA under test is 50 um, biased with a
current density of 6.67 kA/cm®. We measured SOA’s frequency
response given different input power, and then based on its
3-dB bandwidth, the lifetime could be calculated. We plotted
the relationship between the carrier lifetime and the input
power to the SOA, as shown in Fig. 5. As it can be seen, the
carrier lifetime goes down to 180 um as the input power
increases to about 21 mW.

550
500?

450‘

@ \

2

o 400

£ \

o 380 \

&;’ 300

& 'S

O 250 \‘\
200 g

—e

1500 5 15 20

10
Input power (mW)
Fig. 5.Measured SOA carrier lifetime given different incident light wave
power.
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B. Small-Signal Gain Measurement

We took advantage of a 1-mm SOA consisting of three
cascaded 333-um SOAs to characterize its gain profile. The
setup is shown in Fig. 6. Since the 1-mm SOA has three
cascaded 333-um SOAs, the first 333-um SOA was negatively
biased as a PD to measure the input power; then it was
forward-biased as an amplifier to amplify the input light wave.
The second 333-um SOA was reverse-biased to detect the
amplified light wave power at the output of the first 333-um
SOA.

Fig. 6. SOA gain measurement setup
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Fig. 7.Measured linear gain of a 1-mm SOA;

Comparing the measured input power and the power after
amplification, we can obtain the gain for a 333-um SOA.
Changing the forward bias current and the input wavelength,
and tripling the calculated gain, we can collect gain profiles of
the 1-mm SOA, which are shown in Fig. 7. Fig. 7 shows the
relationships between small-signal gain of the SOA and current
density given different input wavelengths. We can see that the
small-signal gain goes up as we increase the current density and
becomes saturated after the current density is higher than 8
kA/cm®. The transparent current density, given different
wavelengths, is varied in the range between 1 kA/cm? and 1.5
kA/cm’. Fig. 8 shows the relationship between the maximum
small-signal gain and the incident wavelength when the current
density is fixed. As we can see from Fig. 8, the peak
small-signal gain was measured to be about 47.5 dB/mm at a
wavelength of 1560 nm and a current density of 9 kA/cm®. For
the PSA experiment, we will choose a proper incident
wavelength to optimize the gain of the SOAs for the operation
of the PSA chip.

Because the PSA-chip is based on a saturated SOA, we need
to find out the input power level to saturate the SOA. Since the
length of the NL-SOA on the PSA chip is 1 mm, then we treated
the 1-mm cascaded SOA as a single SOA, and we applied a
current density of about 3 kA/cm’ and measured its output
power as we increased the input power. The result is plotted in

Fig. 9, showing that the 1-mm SOA would be saturated when
the input power reaches about -9 dBm. Based on this input
power level, we chose an incident power of 0 dB or higher to
the NL-SOA on the PSA chip to ensure that the NL-SOA was
deeply saturated.
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Fig. 9. Measured output power of the SOA with respect to the input power

C. Dispersion Measurement

In the implementation of the PSA based on a long single
mode fiber or a high nonlinearity fiber, the fiber dispersion can
play an important role in the PSA effect, reducing the PSA gain
or gain bandwidth. Similarly, for operating the PSA chip, we
have to find out the dispersion characteristics of a saturated
SOA. A method to measure the dispersion has been proposed.

R SN

Tunable Intensity -

CW laser modulator - SOA PD
Y .
' 1
N .
' '
Seccccccaad VNA l¢ccccccae ‘

Fig. 10. SOA dispersion measurement setup

The setup shown in Fig. 10 consists of a tunable laser source,
an intensity modulator (IM), a PD and a vector network
analyzer (VNA). The light wave from the laser was external
modulated through the IM by an RF signal applied to the IM.
The RF signal was generated from the VNA. Due to the
small-signal modulation, the light wave would have two more
sidebands; and after passing through the SOA, nonlinear phase
changes were applied to the sidebands and the original carrier
due to the dispersion of the SOA. The sidebands and the carrier
were sent to the PD to re-generate the RF signal which was
recorded by the VNA. Then the nonlinear phase changes
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introduced by the dispersion could be recovered by the
comparing the RF phase changes. When we swept the input
wavelength and recorded the corresponding nonlinear phase
changes or the RF phase differences, we could calculate the
dispersion of the SOA.
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Fig. 11.Comparison of the measured dispersion of a 2-meter SMF and its
standard dispersion value.

Before measuring the dispersion of the SOA, we need to
evaluate this setup and prove it is functional. Therefore, we use
the setup to measure the dispersion of a 2-meter signal mode
fiber (SMF) and compared the result with the standard
dispersion result of an ITU G.653 single mode fiber. The input
wavelength was shifted from 1545 nm to 1575 nm. As we can
see from Fig. 11, at 1550 nm, the measured result agrees well
with the standard dispersion value; The dispersion slot is
different, which could be caused by the facts that the standard
SMF dispersion is based on a few km meter fiber (averaging
thousands of different 2-meter SMFs) and the input wavelength
was not stable and drifting during the experiment.

Fig. 12 Measured SOA dispersion curves given different temperatures and
input powers.

After proving that the setup in Fig. 10 is functional, we
measured the dispersion of a 2.3-mm SOA given different
temperature and input power. The input power was set to be 0
dBm and 10 dBm, which are high enough to saturate the SOA.
Please note that before each measurement, we removed the
SOA first and measured the background dispersion including
the modulator and the 16-meter fiber in the setup.

The measured dispersion is shown in Fig. 12, as we can see,
dispersion curves are not flat. When temperature was fixed at 0
degree Celsius, given a 0-dBm input power, the dispersion is
flat and close to 0 fs/nm when the wavelength falls in a range
between 1550 nm to 1570 nm. At a shorter wavelength range
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between 1525 nm to 1545 nm, there is a dispersion notch, and
the saturated SOA shows a relatively large dispersion of -700
fs/nm, or -304 fs/nm/mm at a wavelength of 1530 nm. When
the input power was increased to 10 dBm to further saturate the
SOA, the measurement can only covers a wavelength range
from 1545 nm to 1575 nm because of the limited gain
bandwidth of the EDFA we used in the experiment; however,
thanks to the appearance of the right edge of the notch, we can
still tell that the dispersion curves are red-shifted. Then we
increased the temperature to 35 degree Celsius, we repeated the
measurement and found out that the dispersion characteristics
stayed the same.

The measurement still has a few issues. The wavelength
instability caused dispersion ripples on the curves; large
background dispersion introduced by the 16-meter long fiber in
the setup made it difficult to accurately measure the small
amount of dispersion.

For the future PSA experiment and simulation, we chose the
incident wavelength around 1560 nm and treated the SOA as
dispersion-free element.

V. PSA CHIP CHARACTERIZATION

(@

(b)
Fig. 13.(a) Photo of the signal-degenerate dual-pumped PSA chip after
wire-bonding; (b) close-up views of some sections of the chip.

Fig. 13 shows a microscope picture of the fabricated PSA
chip after being wire-bonded and a close-up view of some
sections of the chip. We can clearly see the metal contacts
which are the large golden squares, the thin waveguide at the
input port of the 1 by 3 MMI, the long and curled waveguide as
one arm of the AMZI, and the 3 by 3 MMI before the input of
the NL-SOA and tap waveguide.

Before conducting the PSA experiment, we need to
characterize the chip to choose the best chips. Specifically, we
evaluated the performance of the SG-DBR lasers, the injection
locking of the two SG-DBR lasers and the spurious signal
interference among three paths.

A. SG-DBR Lasers

First of all, the two SG-DBR lasers were pumped and
light-current-voltage (LIV) curves were measured. A typical
measured LIV curve is shown in Fig. 14. The green curve is the
measured laser output power as we increased the pump current.
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The kink on the curve represents a mode-hopping which was
caused by the internal temperate and refractive index change as
we changed the current. As we can see, the SG-DBR laser has a
threshold of about 30 mA at a temperature of 20 degree Celsius,
and a maximum output power of about 18 dBm at a bias current
of 120 mA. However, when both SG-DBR lasers were turned
on, the maximum output of each one was only about 12 dBm or
less due to heating effect.

Mode
hopping

Current (mA)
Fig. 14.Measured LIV curve of a SG-DBR laser.
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Fig. 15.Measured optical spectrum of the output of two free-running SG-DBR
lasers.

The outputs of two SG-DBR lasers were measured as well
using an optical spectrum analyzer (OSA, with a resolution of
0.01 nm) and shown in Fig. 15. The two wavelengths are
spacing around 0.15 nm, which is equivalently 18.7 GHz. We
can easily tune the wavelengths by changing the current applied
to the corresponding phase section in each SG-DBG laser. The
averaged tuning rate is about 1.18 GHz/mA. However, due to
heating effect, tuning one wavelength always changed the other
one in the experiment.

B. Injection Locking of Two SG-DBR Lasers

Because injection locking two SG-DBR lasers is important
to make sure that the two pumps and the signal sent to the
NL-SOA to have the stable phase relationship, we have to
evaluate the injection locking performance of each laser.

We simply used an external laser to send the light wave to the
chip and turned on only one SG-DBR laser. Then at the tap

port, we used an OSA to monitor two wavelengths and started
to align them with each other. Once they were close enough, we
coupled the output of the tap to an external PD to convert the
light waves to an electrical beat note which was analyzed by an
ESA and we observed an unstable peak due to the random
phase relationship between two wavelengths. When the spacing
between two wavelengths became closer and closer, we
observed that the central frequency of the beat decreased. Once
the two wavelengths were close enough, the beat signal
disappeared and only a flat noise floor appeared on the ESA
which indicated that the SG-DBR laser was injection locked
and its wavelength was as same as the external one. By shifting
the wavelength of the sideband through changing the frequency
of the modulation RF signal, and the incident sideband power,
we measured the injection locking range with respect to
different injection ratio. The injection ratio is the power ratio of
the incident sideband power to the laser output. Then we turned
off the laser, turned on the other and repeated the same
measurement. The results are plotted in Fig. 16. As we can see
that the maximum locking ranges are about 4.5 GHz and 3.8
GHz when the injection ratio is maximized in the experiment.
However, for the PSA experiment, both SG-DBR lasers must
be injection-locked, the total input power from external
modulation was distributed on two sidebands (the signal power
can be ignored), which reduced the injection ratio by 3 dB.
Therefore, only 3 GHz and 2.2 GHz injection locking ranges
can be achieved. Considering the laser wavelength shifting due
to cross heating effect when we changed the phase tuner
current, the real locking range for each laser would be smaller.
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Fig. 16.Measured injection locking ranges of two SG-DBR lasers given
different injection ratios.
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Fig. 17.Measured electrical spectrum of the beat by heterodyning the
wavelengths from two injection-locked SG-DBR lasers.
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Once two SG-DBR lasers were both injection- locked by the
two pumps from external modulation, the beat note of two
wavelengths at a PD becomes a very stable and narrow line and
can be monitored by the ESA, as shown in Fig. 17. The
resolution bandwidth of the ESA was about 100 Hz. The 3-dB
bandwidth of the beat is less than 1 kHz, which means that once
two SG-DBR lasers are injection locked, their relative
frequency spacing is fixed and determined by the two pumps
and their relative linewidth is also less than 1 kHz. Thus, once
we obverse a stable peak with a frequency of twice the RF
modulation frequency at the ESA, we can claim that the two
SG-DBR lasers are injection-locked. During the PSA
experiment we conducted, we always used the ESA to monitor
the beat note of two SG-DBR lasers through the tap port to
make ensure the injection locking was enabled.

C. Spurious Signal Interference

As we mentioned before, another advantage of injection
locking is the suppression of the signal, which ensures that
signal passes through the upper and middle paths, causing
signal interference and leading to possible misinterpreted PSA
effect. Therefore, after two SG-DBR lasers were
injection-locked and before we started to evaluate the PSA by
recording the signal power at the output of the NL-SOA, we
have to first rule out the possibility of the signal interference
among three paths to avoid improper interpretation of the PSA
when shifting the signal phase by change the phase tuner
current. Thus, at the output of the tap port, the signal power
with respect to time and phase tuner current were measured and
compared, as shown in Fig. 18. The blue solid curve is the
measured signal power as we increased phase tuner current;
while the dotted red curve is the measured signal power over
time. By comparing two curves here, only similar random
power fluctuations of about = 0.5 dB were observed in two
cases and no obvious interference among three paths was
observed.

In addition, the power of the SG-DBR pump waves along the
upper and the lower paths were about 15 dB higher than those
along the middle path, therefore, the pump interference which
could cause PSA gain drift can be ignored as well, and the
signal power change at the output of the NL-SOA would be
only caused by the PSA.

Time (s)

Signal power (dBm)

Signal power vs phase tuner current

Signal power vs time, current = 0 mA

0 0.5 1 1.5 2 25 3 3.5 4

Phase tuner current (mA)
Fig. 18.Measured signal power at the output of the tap with and without phase
tuner current changing.
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D. Phase Tuner Characterization and Phase Shift
Measurement

Tuning the phase of the signal is important for the PSA
experiment. And knowing the exact phase shift when we tune
the current applied to the phase tuner is more important because
we need to take advantage of m-periodicity of the PSA gain
curve to verify the PSA. To obtain relative phase change of the
signal, we used the setup shown in Fig. 19.

|
Intensity | 1%

modulator

Fig. 19.Relative signal phase measurement setup.

The RF signal for the external modulation was from the
VNA. One SG-DBR laser was turned off so that only one
SG-DBR laser was injection locked and only one sideband was
selectively amplified. Please note that the power of the
amplified sideband was much larger than those of sidebands
along the middle path so that the later were ignored. The signal
and the amplified sideband at the output of the tap were sent to
the PD to re-generate the RF signal whose phase change would
be identical to that of the optical signal. Therefore, by using the
VNA to measure the phase change of the received the RF signal
when changing the phase tuner current, we were able to
equivalently get the relative phase change of the optical signal.
The result is shown in Fig. 20. The abscissa variable is set to be
the square root of the phase tuner current because the signal
phase in theory varies linearly with the square root of the phase
tuner current. As we can see, there was no obvious phase
change of the signal until after the current was larger than 1
mA. Such a delay in phase shift commonly occurs in tunable
SG-DBR lasers and could be caused by an N+ sheet charge that
exists at the regrowth interface due to surface contamination.
As the current was further increased, these traps are filled and
phase shift appeared. Overall, 1 mA®’ gives n phase shift of the
signal.
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Fig. 20.Measured relative signal phase change.

To help evaluate the signal phase measurement, we also
formed an on-chip MZI by deactivating the lower path. Without
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external modulation, we sent one wavelength to the chip and
injection locking one SG-DBR laser and measured the output
power at the tap when we were changing the phase tuner
current. The on-chip MZI is depicted in Fig. 21. It is
well-known that the output power of the MZI varies
sinusoidally with the phase difference of the light waves along
two arms, and features a 2m-periodicity. Therefore, we can
estimate the current-induced phase shift of the signal by
observing the MZI output as we change the phase tuner current.

Fig. 21. On-chip MZI setup

The measured MZI output is shown in Fig. 22. As we can
see, the output power barely changes when the current is less
than 1 mA due to the phase delay. As the current increase, the
signal power experiences one cycle. It can be clearly seen that
approximately 1.1 mA®’ gives one m phase shift, which agrees
well with the result obtained based on previous method (1
mA®’ gives 7 phase shift).
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0 0.5 1 15 2 25 3 3.5

Square root of current (mA®®)
Fig. 22. Measured MZI output when changing the phase tuner current

VI. PSA EXPERIMENTAL RESULTS AND DISCUSSION

Once the basic chip characterizations were completed and the
best chips were chosen, we started to configure the chip and the
external modulation setup to start the PSA experiment. For
external modulation, two pumps spacing about 18 GHz and one
signal were generated by using an external tunable laser and an
IM as in Fig. 1. The IM was properly biased to suppress the
signal power, which made the sidebands’ power dominant and
facilitated the injection locking. The incident light waves were
coupled into the PSA chip via a tapered fiber with a total
coupling loss of about 6 dB. The pump power coupled into the
SG-DBR laser was about -3 dBm and the output power of each
laser is about 11 dBm, giving an injection ratio of about -14 dB
and an injection locking ranges of 3 GHz and 2.2 GHz for two
lasers, respectively. The current applied to the gain section of
each SG-DBR laser fell in a range between 80 mA and 100 mA.
The current to each SOA following corresponding laser lied in
a range between 70 mA and 90 mA. By finely tuning the free
running wavelengths of two SG-DBR lasers, the wavelength of

the external laser and the RF modulation frequency, two
SG-DBR lasers could be injection locked by the two pumps.
During the measurements, the wavelength of the incident signal
was tuned to lie in a range between 1560 nm and 1562 nm, and
the frequency of the RF signal was set to be about 9 GHz. Then
the pumps and the signal were sent to the NL-SOA with a
current of about 90 mA. The total input power to the NL-SOA
was about -1 dBm, which was high enough to saturate the
NL-SOA because the NL-SOA started saturation at -9 dBm.
Once the SOA was saturated, the spontaneous emission noise
and PIA were suppressed. The output of the NL-SOA was sent
to the optical spectrum analyzer for recording the power of the
signal as its phase was changed for PSA demonstration. The
input saturation power was -9dBm. (The PIA gain is much
smaller with input powers approaching the input saturation
power.)
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Fig. 23.Measured optical spectrum of the light wave at (a) the input and (b) the
output of the NL-SOA.

The optical spectra at the input and the output of the NL-SOA
were measured to record the signal power change caused by the
PSA. The optical spectrum of the input light waves was
equivalently obtained by monitoring the output of the tap port
by using the optical spectrum analyzer. The measured optical
spectra are shown in Fig. 23. Fig. 23 (a) is the optical spectrum
of the input light waves. As we can see, there are two dominant
pumps and one suppressed signal in the middle. Other small
peaks are high-order sidebands from external modulation. Fig.
23(b) is the optical spectrum of the light wave after the PSA
when the signal phase was changed by tuning the phase tuner
current. Comparing with Fig. 23(a), we can clearly see the
FWM and the idler waves outside the two pumps. In addition,
we can see that the signal was amplified or attenuated as the
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phase tuner current was adjusted. Such a current- or
phase-dependent signal power change could be caused by the
PSA.

To specifically demonstrate and evaluate the PSA, the
measured signal power at the output of the SOA with respect to
the square root of the phase tuner current was measured, which
is shown in Fig. 24. Again, the abscissa variable is set to be the
square root of the phase tuner current because the signal power
after PSA varies with the signal phase, which is known to vary
linearly with the square root of the phase tuner current. For
comparison, the measured signal power without injection
locking and the measured relative phase change are shown in
Fig. 24 as well. As can be seen from Fig. 24, when injection
locking was inactive and two lasers were in free-running
modes, there was no PSA due to random phase drifting among
the pumps and the signal waves. Once the injection locking was
enabled, however, there was no obvious PSA or phase change
of the signal until after the current was larger than 1 mA, which
is caused by the phase delay we mentioned before. As the
current was further increased, these traps are filled and
phase-dependent signal gain appeared. Overall, 1 mA*® gives ©
phase shift of the signal and one period oscillation of the signal.
Clearly, such a signal power oscillation over one 7 instead of 2x
phase indicates that the signal power change was caused by the
PSA instead of the signal interference. The measured signal
power curve shows that approximate 6.3 dB extinction of
phase-sensitive on-chip gain was achieved.
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Fig. 24. Measured relationship among the signal power, the signal phase and
the square root of the current applied to the phase tuner.

Fig. 25.Measured signal power at the output of the NL-SOA when the chip is
configured as a PSA chip and the signal power at the output of the tap when the
chip is configured as an MZL.
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To demonstrate multiple periods of a PSA gain curve, we
chose another PSA chip and repeated the same procedures but
increased the phase tuner current. The results are shown in Fig.
25. The blue curve is the measured signal power change at the
output of the NL-SOA caused by the PSA; while the red curve
is the measured signal power at the output of the on-chip MZI.
The blue curve shows a PSA gain curve of two periods, and the
red curve indicates that approximately, 1.5 mA*® gives one ©
phase shift. Amplitude reduction of the second period was
probably caused by the power reduction of the input pumps as
the phase tuner current was increased.
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Fig. 26. Comparisons of the measured PSA gain curve and the theoretical
simulation. (a) one-period PSA gain curve with 6.3 dB experimental and 6.5 dB
theoretical results; (b) two-period PSA gain curve with 7.8 dB experimental
and 8.5 dB theoretical results.

A theoretical simulation of the PSA gain based on coupled
differential equations [17] and the model provided by Prof.
Mecozzi is presented in Fig. 26(a), showing a 6.5 dB extinction
ratio of the phase-sensitive gain, which agrees well with the
experimental result over this current and phase-shift range.
Simulation results for the second chip were obtained as well
and presented in Fig. 26(b), showing a two-period PSA gain
curve. Again, good agreement was observed.

The added noise of the PSA is another important aspect.
Thus, the input and the output SNR of the PSA was estimated
from the measured optical spectrum of light waves at the input
and the output port of the NL-SOA. Please note that the input
optical spectrum was equivalently measured at the output of the
tap port. The signal level was the power at the signal
wavelength. The noise level could not be easily measured at
exactly the same wavelength, so it was measured at eight
different wavelengths that were 0.5 nm away from the signal
wavelength where the background spectrum was relatively flat,
as shown in Fig. 27.
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At each wavelength, the measured SNR was obtained through
10 times iteration, as shown in Fig. 28(a), and the difference
was calculated and shown in Fig. 28(b). The smallest difference
in SNR was 1.5 dB and overall averaged decrease in SNR was
about 2.5 dB.
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Fig. 28.(a) Measured SNR of the input and the output light waves of the
NL-SOA,; (b) calculated SNR reduction.

VII. CONCLUSION

Based on an InP/InGaAsP, platform we have fabricated and
characterized different SOAs, and based on a highly saturated
SOA, we have successfully fabricated and demonstrated the
first monolithic dual-pumped PSA chip. The amplified
spontaneous emission noise of the SOA was suppressed
significantly due to the high saturation which restricts PIA,
while high nonlinearity of the SOA benefited the PSA.

On the chip, two tunable laser pumps coherently
injection-locked from sidebands of an external modulated tone

were generated to enable signal-degenerate dual-pumped
phase-sensitive  amplification in a highly saturated
semiconductor optical amplifier. Phase-sensitive amplification
was experimentally achieved with approximately 6.3 dB and
7.8 dB extinction of phase-sensitive on-chip gain using two
different chips. Theoretical simulations based on coupled
differential equations were performed and agreed well with
experimental results. The Signal-to-Noise Ratio degradation of
the phase-sensitive amplification chip was also estimated, and
averaged 1.5 —3.1dB.

However, compared with high nonlinear fiber, the PSA gain
is still small. The investigation of the chip-scale PSA is not
comprehensive due to low current density to the NL-SOA and
low incident pump power to the NL-SOA. Increasing the
current density to the NL-SOA to increase the PSA gain more
likely causes more heating problems, which either leads to
unstable injection locking or reducing the laser pump power or
possible pump interference. In addition, limited pump power to
the NL-SOA restricts the saturation level of the NL-SOA,
which makes it difficult to evaluate the PSA effect given a
deeply saturated SOA. The PSA chip layout can be improved to
allow more incident pump powers to the NL-SOA, such as
using directional couplers in the PSA chip.
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New photonic temporal integrators could push past some of the processing-speed

limitations of electronic approaches.

ll-optical signal processing attracts CIRCUIT

much attention because of its poten- PERFORMANCE
tial to overcome the bandwidth and speed COMPARISON

bottlenecks of electronic circuits. Many
. . . . DIFFERENTIATOR
all-optical signal processing techniques BANDWIDTH

Electronic: <1 GHZ
Photonic: >25 THZ

INTEGRATOR BANDWIDTH

up to several THz—significantly faster Electronic: <1 GHz
than their electronic counterparts. Photonic: >200 GHz
To build an all-optical signal-process-

already show up in a wide range of
applications, like ultrafast telecommuni-
cations, optical computing, microwave
photonics and biophotonics. These
techniques offer processing bandwidths

and thereby emulate processes and
structures in the electronic domain using
photonic technologies. Recently, all-optical
temporal differentiators and integrators,
and real-time Fourier and Hilbert trans-
formers have been tested in the lab using
fiber and integrated optics platforms, with
bandwidths two to four orders higher than
those of electronic equivalents.

We have recently demonstrated two
kinds of all-optical temporal integrators.
Each design is capable of calculating
the time integral of an arbitrary optical

ing and computing platform, we need to replace elec- temporal waveform and has the potential to reach pro-
tronic circuit components with photonic counterparts, cessing speeds well beyond the capabilities of electronic
43

OPTICS & PHOTONICS NEWS MARCH 2015



integrators. An all-optical temporal integrator could be
used to realize arbitrary waveform generation, all-optical
memory units and programmable differential-equation
solvers, among other applications.

Active Fabry-Perot cavity integrator

One of our proposed all-optical temporal integrators is
based on numerical modeling of an active Fabry-Perot
(FP) cavity. The gain medium in the FP cavity is a
semiconductor optical amplifier (SOA) with a high gain
coefficient. The length of its integration time window is
widely tunable and could be extended to be infinitely
long by properly setting the injection current. This
feature is important because it could greatly extend
memory time when used for creating random access
memory (RAM).

SOAs can be easily integrated with other semiconduc-
tor devices, such as lasers, modulators and photodetectors
in photonic integrated circuits; this is another critical fea-
ture for achieving integrated all-optical signal-processing
circuits with complex functionality.

Based on the use of an FP cavity with nearly feasible
parameters, such as net modal gain and gain recovery
speed, we successfully demonstrated a photonic temporal
integrator with an integration time window of 160 ns
and an operational bandwidth of 180 GHz. We calculated
the time-bandwidth product of the simulated photonic
temporal integrator to be 28,800—about two orders of
magnitude higher than any previously reported result
that we know of.

Active ring cavity integrator

Our second proposed all-optical temporal integrator
includes a ring structure coupled with two bypass wave-
guides in an InP-InGaAsP material system consisting of
SOAs and current-injection phase modulators (PMs).

During experimental testing, we modulated an
input signal from an electronic arbitrary waveform
generator onto a tunable laser. When we tuned the carrier
wavelength to match the operation wavelength of the
all-optical integrator, the output integrated waveform
was converted into an electrical signal in a photodetec-
tor, which was then measured in a high-speed sampling
oscilloscope. Within the ring, two SOAs were incorpo-
rated to compensate for the insertion loss.

We reported an experimental integration time window
as long as 6,331 ps, an order of magnitude longer than
any other photonic integrator we could find. In addition,
there is a current injection PM in the ring for wavelength
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tuning. We believe our demonstration is the first report
of an all-optical temporal integrator with an ultra-long
integration time window and an ultra-wide tunable
operation wavelength.

Next steps

Despite promising experimental results, our two integra-
tors suffer from relatively low processing speeds—they
still exceed electronic integrator performance, but
perform well below the full theoretical potential of an
all-optical solution. This limitation is due to the relatively
long cavity of our designs. We are working on improving
our designs for future demonstrations.

Nevertheless, our proposed integrators provide
noteworthy integration time windows and represent
an important step toward realizing efficient all-optical
signal-processing circuits capable of overcoming the
limitation in integration time window, bandwidth and
power consumption imposed by electronics.
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Télécommunications (INRS-EMT]), Canada. W. Liu and J. Yao are
with the Univ. of Ottawa. N. Huang and N. Zhu are with CAS. R.S.
Guzzon and L.A. Coldren are with the Univ. of California, Santa
Barbara, USA. J. Azana is with INRS-EMT.
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Abstract: Optical interconnects are required for a continued scaling of a version of Moore’s Law.
VCSELs remain the most efficient sources to integrate, and these can be compatibly integrated with
emerging 3-D integration technology using active interposers. Polarization-modulation can double the
bisection bandwidth available together with coarse WDM and other modulation techniques.
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1. Introduction

Within the past decade there has been a tremendous amount of progress on Si-photonics as well as Si-
system-in-a-package technology[1,2]. Perhaps we now see some convergence between these two. Not
too long ago, a main selling point for Si-photonics was being able to put all of the photonics and
electronics on a single chip. Today, the emergence of 2.5-D as well as 3-D integration—the concept of
placing numerous chiplets on a common interposer as shown in Fig.1—is beginning to change this
perspective[1-3]. In fact, even before this, the simple issue of incompatibility of the photonics with the
electronics, either in size, in manufacture, in performance, or in operation, has led to a similar desire to
have separate chips, stacked on top of or beside of each other, very closely together. This change in
perspective has also re-opened the issue of having different materials platforms for the different chiplets.

In this paper, we will review the performance

of state-of-the-art laser sources as candidates

for integration with interposers and conclude

that VCSELs are still the leading practical

choice. We specifically will not consider

schemes for coupling light from external

sources, or sources that do not emit sufficient

well-directed powers. VCSELs can operate

over temperature ranges exceeding 60 °C and

maximum temperatures over 120 °C with

[ useful output powers. Over such temperature

ranges, ~ 30 course WDM channels are

possible with data rates ~40 Gb/s using simple direct modulation of the laser drive currents with some of

the lowest total power dissipations, including the bias and modulation drive powers. For such WDM

over this temperature range, multiple VCSEL chiplets would be involved with wavelengths extending

from 850nm to the 1060nm range. This enables relatively simple muxing and demuxing at both ends of
the optical links.

Secondly, we will discuss in more detail our more recent results with polarization modulation [4]. Prior
work has demonstrated [5-7] that it is possible to control the polarization by means of asymmetric current
injection (ACI) in the active region of the VCSEL. Since this technique relies on current induced
anisotropies in the VCSEL, the polarization can be controlled at ultrahigh speeds. Most prior work
obtained with ACI has been limited ~50kHz [8] due to the dominant thermal polarization switching.
However, in our recent report electrically controlled polarization modulation speeds of over 4Gb/s were
shown, and those VCSELs had ultralow threshold currents (~150-300uA) as well as very good
differential quantum efficiencies. This is still the fastest reported direct modulation of the polarization of
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a VCSEL. With this technique we now demonstrate that the data rate obtained with other modulation
techniques can be doubled by modulating different data on each polarization and simple polarization
filtering at the receiver.

2. Polarization VCSEL Results

The VCSELs used for polarization-modulation experiment consisted of MBE grown, strained
InGaAs/GaAs quantum well devices, optimized for lasing at 980nm, with a bottom emitting architecture.
A dual intracavity structure is used to maximize the effect of asymmetric current injection. A schematic
of the device architecture is shown in Fig. 2. Two sets of P and N contacts are fabricated, such that the
current PIN1 flows perpendicular to P2N2, to maximize the current asymmetry. Orientation of these
contacts are along <110> and <110> crystalline planes, to maximize the anisotropy.
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Fig. 2: (a) Biasing scheme for the two contacts of a VCSEL: PIN1 is modulated with Data 1, and P2N2 is modulated
with Data 2, (b) Optical response at the output of the VCSEL: X polarization only (top) and the difference between Y
and X polarization (bottom)

The LI curve on a typical chip had a threshold current of 0.3 mA and an output power of 0.6 mW at 2 mA
with 4 spontaneous flips in polarization in between—the polarization was opposite for application of the
current to the opposite set of terminals. The polarization contrast ratios exceeded 14dB by changing the
directionality of the current flow. The experimental setup to exploit this to modulate the polarization of
the VCSEL is shown in Fig. 2(a). Both P contacts of this multimode VCSEL are biased at a common DC
current via bias-T. One set of data is applied across P1-N, while a second data-stream is applied to P2-N.
The output of the VCSEL is passed through a polarizer, focused on to a multimode fiber and detected
with a high speed detector. Fig. 2(b) shows the polarization resolved time domain response obtained on an
oscilloscope. For this particular case, the signal on P1-N1 (data 1) modulates both X and Y polarizations,
while the signal on P2-N2 (data 2) modulates only the X polarization. Therefore, by simply subtracting
the output of X-polarization (Py) from that of Y-polarization (Py), the two data-streams are completely
recovered. Thus, we demonstrate for the first time, that a VCSEL can support simultaneous, independent
modulation on two different linear polarized modes—effectively doubling the maximum possible data-
rate from the VCSEL. It is expected that the polarization switching speed can be further improved with
this technique, by reducing the parasitic capacitance.
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A polarization degenerate microcavity containing charge-controlled quantum dots (QDs) enables equal
coupling of all polarization degrees of freedom of light to the cavity QED system, which we explore through
resonant laser spectroscopy. We first measure interference of the two fine-split neutral QD transitions and find very
good agreement of this V-type three-level system with a coherent polarization-dependent cavity QED model.
We also study a charged QD that suffers from decoherence and find also in this case that availability of the
full-polarization degrees of freedom is crucial to reveal the dynamics of the QD transitions. Our results pave the
way for postselection-free quantum devices based on electron-spin—photon polarization entanglement.

DOI: 10.1103/PhysRevB.91.115319

I. INTRODUCTION

Quantum dots (QDs) embedded inside microcavities are
of interest for hybrid optical-solid-state quantum information
schemes [1,2] and long-distance quantum networks [3,4]. A
key ingredient is the realization of entanglement between
a QD spin and a single photon. Several experiments have
demonstrated this by utilizing spontaneous emission [5-7],
but these methods require postselection and are therefore
not suitable for deterministic approaches. The need for
postselection can be eliminated by using the spin-dependent
reflection or transmission of a photon by a quantum dot in a
cavity QED system. Several protocols have been proposed
that either require polarization degenerate microcavities in
order to couple with circular polarized light [8,9] or would
be aided in order to match more easily with linear polarized
transitions [10]. Further key system requirements are charge-
controlled QDs and access to the Purcell or strong-coupling
regime, which has been realized in photonic crystal cavi-
ties [11] and micropillars [12]. Micropillars have the additional
benefit of mode matching to external fields and polarization
control of the cavity modes [13-18].

In this paper we report on a system exhibiting all these
features, a charge-controlled quantum dot coupled to a polar-
ization degenerate micropillar cavity. The microcavity consist
of two distributed Bragg reflectors, a 3/4A-thick aperture
region for transverse mode confinement and a A-thick cavity
layer, containing InAs self-assembled QDs embedded inside
a PIN-diode structure [13,19]. By systematically varying
the size and shape of the oxide aperture, we were able
to select, on average, one polarization degenerate cavity
(polarization splitting <3 GHz) out of a (6 x 7) array [20].
This technique could be combined with a technique to actively
tune the polarization properties by applying laser-induced
surface defects [21] to enhance the sample yield. We tune
the QD transition through the cavity resonance by the quantum
confined Stark effect, induced by an applied bias voltage across
the active region [22,23]. In principle this can be combined
with other QD tuning techniques, such as strain tuning [24-26],
which would further increase the sample yield. Further details

1098-0121/2015/91(11)/115319(6)
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FIG. 1. (Color online) (a) Schematic of the setup. Light is cou-
pled into a microcavity mode, and the reflection and transmission
spectra are recorded using single-photon avalanche photodiodes.
The elements with names between brackets can be introduced for
polarization analysis with either linear or circularly polarized light.
X/2 (A/4): half-wave (quarter-wave) plate. (b) Optical microscope
image of a sample. (c) Electron micrograph of the cavity region.

on the sample structure and characterization can be found in the
Appendix A. The setup and optical and electron microscope
images of the sample are shown in Fig. 1.

This system enables polarization-resolved studies, which,
as we will demonstrate, provide insight into the excitonic co-
herence of the system. First, we study the coherent interaction
of charge-neutral quantum-dot transitions with resonant laser
light and give a theoretical description. Then, we investigate
a singly charged QD and study its more complex dynamics,
which we can describe with a second decoherent model in
which all spin-photon entanglement is lost.

©2015 American Physicz}_;ociety
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II. NEUTRAL QUANTUM DOT

The lowest-energy levels of a neutral QD are depicted in
Fig. 2(e). Due to the QD anisotropy, the electron-hole exchange
interaction leads to a fine-structure splitting of the excited
states (~3 GHz for the QD under study), and the neutral
ground state is coupled to two excited states by two linear
orthogonally polarized transitions. In the resonant reflection
measurements in Fig. 2(a), the QD-cavity anticrossing, as
a hallmark of strong to intermediate QD-cavity coupling,
is clearly visible. Low laser power (Piser = 1 pW) is used
in order to avoid saturation of the QD transition, charg-
ing [27], and dynamical nuclear spin polarization effects [28].
Figures 2(b) and 2(c) show reflection and transmission
spectra for a voltage V = 0.725 V, where QDI is tuned
into resonance with the cavity. The spectra are recorded for
three linear polarizations that couple with the low-frequency
QD transition (6, = 0°), the high-frequency QD transition
(Bin = 90°), or both QD transitions (6;, = 45°).

For 0° and 90° polarization we observe that the quantum dot
is able to restore high cavity reflectivity with near-unity fidelity,
but this effect appears to be reduced for 45°. Additionally,
we show spectra when a crossed polarizer is used in the
transmission path in Fig. 2(d). We see that for 0° and 90° the
light matches the natural polarization axes of the QD and that
this polarization is maintained, resulting in a very low signal.
For 45° incoming polarization the transmission is significant,
however. In the following, we develop a theoretical model to
gain insight into the dynamics.

The transmission amplitude through a cavity with a coupled
two-level system is given by [17,29,30]

1
t=Nowt———~—> 1
nOtl—l’A—}—lzfA, ()

where A = 2(w — w.)/k is the relative detuning between the
laser (w) and cavity (w.) angular frequencies, A’ = (w —
wgp)/Y.1 is the relative detuning between the laser and QD
transition (wgp), and 1oy is the output coupling efficiency.
The device cooperativity is C = g/ky., where « is the total
intensity damping of the cavity, y, is the QD dephasing rate,
and g is the QD-mode coupling strength. We obtain close to
perfect mode matching, and therefore the total transmittivity
through the cavity is given by 7' = |¢|?, and the total reflectivity
is givenby R = |1 — ¢|2. A more detailed description of Eq. (1)
is provided in Appendix B.

An important figure of merit of the QD-cavity system is
the cooperativity parameter C. By fitting our model to the
experimental data in Fig. 2 for 8;, = 0° and 6;, = 90°, we find
C = 2.5 £0.5,avalue similar to that previously reported [17].
We also obtain y; = 2.0 £0.5 ns~!, which corresponds to a
total dephasing time v = 500 ps and total cavity damping rate
k =77 ns~!, which corresponds to a quality factor of Q ~
2.6 x 10* (see Appendix B). Since y; <2g¢g =39 ns~! <
k, this places the system in the intermediate-coupling
regime.

The line shapes corresponding to an empty cavity can be
calculated from the fitted curves and are shown by the gray
curves in Figs. 2(b) and 2(c). The very small dependence of the
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FIG. 2. (Color online) (a) Reflectivity measurement of two neu-
tral QDs as a function of the scanning laser frequency and applied volt-
age. The incoming polarization 6, = 0°, Pjye; = 1 pW, and 1 & 940
nm. (b) Reflectivity and (c) transmittivity spectra of QD1 recorded at
V = 0.725 V for various incoming linear polarizations. Blue points:
experimental data. Red line: fitted curve using Egs. (1) and (2).
Gray curve: empty cavity, calculated from the fits. Vertical dashed
lines: frequencies corresponding to the two fine-split transitions. (d)
Transmittivity spectra when a crossed polarizer is used with respect
to the incoming polarization, relative to the maximum transmittivity
of an uncoupled cavity. The red line is calculated using Egs. (1)
and (2) and the parameters obtained from the fits in (b) and (c). (e)
Energy-level diagram of the ground-state and lowest-energy excited
states of a neutral QD.

cavity resonance frequency on the polarization angle confirms
the high degree of polarization isotropy of this device.

To account for the fine-structure splitting of the neutral QD
transitions in the polarization-degenerate cavity, we write the

115319-2
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FIG. 3. (Color online) Resonant (a) reflection and (b) transmis-
sion spectroscopy with a neutral QD (QD1 in Fig. 2) for 6, = 45° and
for various 6,y = i, + 90° + Ab,,. Blue dots: experimental data.
Red lines: predicted curves using Eqgs. (1) and (2) and the parameters
obtained from the fits in Figs. 2(b) and 2(c). Gray lines: predicted
curves corresponding to an empty cavity. Vertical dashed lines mark
the two transitions split by the fine-structure interaction.

transmission of the system in terms of a Jones matrix,

B 1 (w) 0
tw)‘( 0 ry(w)>'

The measured transmittivity therefore depends on the input
and output polarization as

teou[ﬂin (CU) = ej)utt(w)em ’ (2)

where e; = (cos(6;), sin(6;)) defines the linear input/output
(i = in/out) polarization with angle ;. This model assumes
that when the two transitions are excited simultaneously
(6, = 45°), coherence in the system is fully maintained,
leading to quantum interference between the transmission
amplitudes 7, and f,. In an incoherent system we would
obtain a classical mixture of the excited states, making such
interference impossible. The reflectivity is calculated in a
similar way by using r,/, = 1 — #,/y(w) in the Jones matrix.
To further explore the validity of Eq. (2) and to demonstrate
the full power of polarization degenerate cavity QED, we
show in Figs. 3(a) and 3(b) reflection and transmission spectra
for 6, = 45°, while Oy = 6, + 90° + ABOyy is varied. For
Abqyy: = 0°, the crossed-polarizer condition, the transmission
and reflection spectra consist of two partially overlapping
Lorentzian lines split by ~3 GHz. The phase difference
between these two resonances becomes apparent for the
Aoy = +22.5° (—22.5°) spectra, which can be seen as the
coherent sum of the Ay, = 0° and the Ay, = +45° (—45°)
spectra, where the latter contains only the high-frequency
(low-frequency) transition. All the red curves in Figs. 2 and 3
are produced with the same parameters for C, «, and y, and fit
the experimental data very well. The results demonstrate how
in a polarization degenerate cavity the fine-split excited states
of a neutral QD can be simultaneously addressed in a coherent

PHYSICAL REVIEW B 91, 115319 (2015)

way. Furthermore, these interference measurements hold great
promise as a clever combination of e;, and e, can be used
to tune the constructive or destructive interference between ¢,
and t,. This forms a generic technique to increase the ratio
between uncoupled and coupled cavity systems and thereby
the fidelity of entanglement operations.

III. SINGLY CHARGED QUANTUM DOT

Now we turn to a different QD in the same polarization
degenerate cavity but operated in a voltage regime around
0.9 V, where it is singly negatively charged. This system
is of particular importance in quantum information as the
optical transitions are polarization degenerate [see Fig. 4(a)]
due to cancellation of electron-hole exchange interaction and
enables coherent control of the resident electron spin if a small
in-plane magnetic field is applied. We first focus on Figs. 4(b)
and 4(c), which show transmission spectra when circularly
(™) or linearly polarized light is coupled into the cavity
and transmitted light of the same (i.e., parallel) polarization
is recorded. We define the contrast as (|t.|> — T)/|t.|>, with
the measured transmittivity 7 with a QD and the calculated
transmittivity |z.|> without a QD. While for the neutral QD
case we found contrasts of >91% in Fig. 2(c), we now observe
a strongly reduced contrast of the QD resonance, which is
~19% when circularly polarized light is used and ~26% for
linear polarization.

We use a slightly larger laser power (Plaser = 10 pW)
compared to the neutral QD as we find that the charging
effects are now significantly smaller due to less absorption of
the resonant laser at this voltage. Furthermore, this intensity
corresponds to a mean intracavity photon number (i7) =
1£]? Piaser /(kmhw) < 0.001 and is therefore sufficiently small
to prevent QD saturation effects from occurring.

In addition, we compared the cross-polarized transmitted
intensity for circular and linear polarized light. For circular
(o and o) polarization, shown in Fig. 4(d), we observe
negligible transmission, indicating that circular polarization
remains unchanged. Surprisingly, for two linear orthogonal
(linl and 1in2) polarizations displayed in Fig. 4(e), we observe
that about 10% of the light is transmitted relative to |z.|?,
despite the low cooperativity (see below).

We will first try to explain our observations with a coherent
model, which we adapt to the four-level system of a charged
QD shown in Fig. 4(a): The ground state consists of the two
spin eigenstates, oriented in the out-of-plane direction, which
couple with two corresponding trion lowest-energy excited
states by degenerate circularly polarized optical transitions
carrying spin o = 41. We write tli = t, for the correspond-
ing transmission amplitudes of o= polarized light coupling
with a corresponding transition and 1= = ¢. for the case of an
empty cavity. Since we do not control the electron-spin state
it can be in any random state |¢gin) = @|1) + B|]). With
the incoming photon state |¢i,) = y|+) + §|—), we obtain
for the input quantum state |Wiy) = [pin) ® |Pspin). The spin-
selective interaction with the cavity-QD system entangles the
photon with the electron spin via

Wou) = tiya| + 1) +1yBl + ) +1da| = 1) + 1188 = |).
3)
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FIG. 4. (Color online) (a) Energy-level diagram of a singly
charged QD. Transmission spectra for Py, = 10 pW are shown for
circular and linear polarization, analyzed with a (b) and (c) parallel
or (d) and (e) crossed polarizer. The red-black dashed line in (b) is a
fit of Eq. (4) (coherent model, M1) to the data, which yields the same
result as Eq. (5) (decoherent model, M2). The red (black) solid lines
in (c) and (e) predict the experimental data using Eq. (4) [Eq. (5)].
Black (red) dashed curves: empty (coupled) cavity calculations.

We then project this output state onto the detected polariza-
tion |¢ou) = y’|+) + 8’| —) and take the trace over the electron
spin to obtain the projected transmission:

T = |tiyy + 188 Plal® + |tyy + 188 PIB1P. (4

Since we do not control the spin state, we use | |*> = |8|> =
0.5 for the balanced case. Note that this model (M1) is coherent
in the sense that it still contains interference between the ¢; and
t, terms.

The red solid line in Fig. 4(c) shows how model M1 fits our
data for the optimum cavity-QD coupling and QD dephasing
parameters C = 0.13 and y; =9.5 ns~!. The dephasing
rate cannot be explained by the decay rate of the excited
state since lifetime measurements showed this to be about
1.2 ns. Instead, we attribute this much faster dephasing rate
to an efficient cotunneling process across the 20-nm electron
tunnel barrier, which is expected to be more pronounced for
the flatter conduction band here compared to the neutral QD
case presented before. This fast dephasing also reduces the
cooperativity, which, however, might also be reduced due to
low spatial overlap between the QD and the cavity mode.
We expect that utilizing a thicker 35-nm tunnel barrier will
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decrease the cotunneling process and enable high-fidelity
spin-state preparation [31].

Next, we consider the linear-polarization data shown in
Figs. 4(c) and 4(e), where the model prediction is shown by red
lines. Equation (4) predicts that purely circular polarized light
should pass the cavity unmodified and can therefore be fully
blocked by a crossed polarizer (yy’ = 88’ = 0), which is, in-
deed, what we observe experimentally in Fig. 4(d). Significant
discrepancies between the data and our model are, however,
observed in Fig. 4(c) and in Fig. 4(e) in particular, where
the cross-polarized transmission signal for linear polarizations
linl and lin2 is much larger than expected. This cannot be
caused by an energy splitting or phase difference between
the two transitions because these splittings would have been
visible in the data. Furthermore, the observed cross-polarized
transmission is so large that it would require C > 0.8 in Eq. (4)
to explain the cross-polarized transmission in Fig. 4(e), while
we found C = 0.13 for the fit in Fig. 4(b).

This result therefore indicates that additional dephasing
processes take place that project linear polarized light on the
preferred circular basis of the QD transitions. The preference
for this basis is known from Refs. [31-33] and is experi-
mentally demonstrated by the fact that circularly polarized
light remains circularly polarized after the interaction with the
QD-—cavity system. If the absorption and reemission of linear
light were a fully coherent process, the linear polarization
would largely remain, which is clearly not the case in
Fig. 4(e).

To model the results, we now introduce a tentative model
(M2) that describes the spin-exciton system as if it were
fully decoherent, meaning that any light interacting with
the QD is instantaneously projected on the QD transition
polarization basis. This corresponds to immediate decoherence
of the entangled state described by Eq. (3) and elimination of
interference between the ¢, and 7. terms in Eq. (4). Since only
a fraction of the light that enters the cavity becomes entangled
with the QD spin state, we first need to calculate the fraction
of the light that did not interact. We estimate this fraction 7
by multiplying the cavity transmission with the QD response
function: Ty = |z.|? | —— 2C |2. The intensities of the circularly

polarized components of the transmitted light that interacted
with parallel and opposite electron spins are now given by
T/ = |t|* — Ty and T = |t.|* — Ty, respectively.

The total transmitted intensity corresponds now to the
incoherent sum of five transmission channels:

T = Tol{Boulpin)|* + T 1y & (Boucl+)1* + T/ 180 (Boucl =) *
+ Ty B(oul +)1* + T/16B (Boul —)1*. ®)

The transmissions predicted by the incoherent model [M2,
Eq. (5)] and coherent model [M1, Eq. (4)] are equivalent
in the case of circular incoming polarization [Figs. 4(b)
and 4(d)]. They differentiate, however, in the case of the
linear-polarization data in Figs. 4(c) and 4(e). The solid black
curves predicted by the incoherent model (M2), based on the
parameters deduced from Fig. 4(b), agree very well, while the
coherent model (M1) does not.

While the polarization degenerate microcavities enables
systematic polarization analysis and the identification of a
high degree of decoherence in the charged QD system, the
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exact origin of decoherence is not known to us. We think it is
related to the cotunneling process, and future sample designs
with thicker tunnel barriers will resolve this issue.

IV. CONCLUSION

In conclusion, we have demonstrated a polarization degen-
erate solid-state cavity QED system with charge control, which
allows full use of all polarization degrees of freedom. Here,
simple polarimetric reflection and transmission measurements
enable the study of the coherence properties of the coupled
QD-cavity system for neutral and charged quantum dots.
This is an important advance for fundamental studies of spin
dynamics and optical interactions in solid-state cavity QED
systems and an important step towards quantum information
applications with single-electron and hole spin qubits and
postselection-free spin-photon polarization interaction.
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APPENDIX A: SAMPLE STRUCTURE AND
CHARACTERIZATION

The sample under study has been grown by molecular beam
epitaxy on a GaAs[100] substrate. Two distributed Bragg
reflectors (DBR) surround an aperture region and a A-thick
cavity region containing in the center InAs self-assembled
quantum dots (QDs). The top DBR mirror consists of 26 pairs
of A/4 layers of GaAs and Al g9Gag.j0As, while the bottom
mirror consists of 13 pairs of layers of GaAs and AlAs and
16 pairs of GaAs and Alyg9Gag 10As layers. In this way the
reflectivities of the top and bottom mirrors are matched to
enable transmission and reflection measurements and optimize
the incoupling efficiency. The oxidation aperture consists of a
10-nm AlAs layer embedded between 95-nm Al g3Gag 17As
and 66-nm Aly75Gag 25As layers, providing a linearly tapered
oxidation upon wet oxidation. The QDs are separated by
a 20-nm GaAs tunnel barrier to n-doped GaAs (Si dopant,
concentration 2.0 x 10'® cm™3) and by a 107-nm GaAs layer
to p-doped GaAs (C doping, concentration 1.0 x 10'8 cm=3).

By analyzing the confined optical modes and the wave-
length splitting between the fundamental and first-order optical
modes, an estimation can be made for the maximum Purcell
factor and the numerical aperture (NA) of the fundamen-
tal mode. A high Purcell factor is necessary to observe
QD couplings close to the strong-coupling regime, while
a modest NA enables perfect mode matching to external
fields.

To characterize the optical properties of the confined
modes, the sample is excited using an 852-nm laser diode
and photoluminescence is recorded using a spectrometer as
a function of position. Hermite-Gaussian modes are clearly
identified in Fig. 5. Following methods described in [34], we
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(@) 7,,=940.48 nm (b) Ak =1.40nm (€) A%, =287 nm

y position

X position X position X position
FIG. 5. (Color online) Spatial PL scans of the Hermite-Gaussian
modes, where (a) is the fundamental mode W, and (b) and (c) are
the first-order Wyy/ Wy, modes. Light: more PL counts. The labels
denote the wavelength A of the fundamental mode or the wavelength

splitting AXig/01 = oo — Atos01-

calculate the mode volume V using
3
A0
o 87[}1%«/ A)xo] A)\.]Q ’

where L =~ SAgo/n =~ 1.4 um is the effective cavity length,
Aoo = 940.48 nm is the wavelength of the fundamental mode in
vacuum, n ~ 3.25 is the average refractive index, and Algy,19
are the mode splittings between the Wyi/;0 modes and the
Wyo mode. Filling in the experimentally obtained values for
the mode splitting, we obtain V = 2.2 um?. The expected
maximum Purcell factor P is given by

3 (a0 0
P=——] =,

4 2 no \%
where Q = 2.6 x 10* is the quality factor measured during
the resonant spectroscopy scans. Using the above-mentioned

values, we find P = 22. The intensity of the fundamental
mode, perpendicular to the propagation direction Z, has the

V=L

(AD)

(A2)

3
L fo g
nomw ZA)\,][)/[)]

form I exp[—Z(ff}—zz + i—é)L where wy/, =

the mode waist. The numerical aperture of the Gaussian beam
originating from the fundamental mode is given by NA,,, =

sin(n’;‘?"/ -), which givesNA, = 0.18and NA, = 0.25. The NA
of the objective used is 0.4, enabling perfect mode matching.

APPENDIX B: COMPLETE DESCRIPTION OF THE
TRANSMISSION AMPLITUDE

The transmission amplitude through a cavity with a coupled

QD is given by [17,29,30]
t = ! B1)

—noutl_iA+ IEiCA,,

where the parameters are defined in the main text. We
will here quantify the role of losses and its effect on the
outcoupling efficiency 7oy = 2% defined as the probability
that a photon in the mode will leave the cavity through the
top or bottom mirror. Here, «,, is the damping rate of each
Bragg mirror, «; is the scattering and absorption rate inside
the cavity, and « = 2«,, + «; is the total cavity intensity
damping rate. Furthermore «,, = Tyirror/ fround> Where Tpirror
is the transmittivity of a single mirror and t,oung = 21 Lcay/C

is the cavity round-trip time. n is the average refractive index,
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Lcay = 5A/n is the effective cavity length, ¢ is the speed of
light, and A &~ 940 nm is the wavelength in vacuum.

The mirror damping rate «,, &~ 11 ns~! is calculated from
the sample design parameters. Three observations consistently
yield «; ~ 55 ns™!: (i) the measured quality factor Q ~
2.6 x 10* is lower than Q = 9.1 x 10* as determined by the
mirror transmittivity Tiyirror = 3.4 X 10~* and cavity length
and corresponds to x = 77 ns~!, (ii) the minimum reflectivity
of the empty cavity 11;:;2 = |1 — now|> & 0.5, and (iii) the
maximum transmission Tpax = |7ou|> & 0.08 (not taking into
account a ~30% reflectivity at the GaAs to air interface at
the back of the sample). We attribute this scattering rate «, to
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(spectrally broad) absorption losses in the doped layers and
scattering by the oxide aperture. Reducing «,, for example,
by using a lower doping concentration, is a major concern in
future sample designs.

Finally, we will comment on the case of nonperfect mode
matching. The total transmission 7 through the cavity is
then given by T = n,-nnT|t|2, where 7y, is the incoupling
efficiency and nr is the collection efficiency at the trans-
mission port. The total reflection is given by R = ng|l —
nint |2, where ng is the collection efficiency at the reflection
port. In the case of perfect mode matching ny, = ng =
nr = 1.
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Homodyne detection of coherence and phase
shift of a quantum dot in a cavity
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A homodyne measurement technique is demonstrated that
enables direct observation of the coherence and phase of
light that passed through a coupled quantum dot (QD)-
microcavity system, which in turn enables clear identifica-
tion of coherent and incoherent QD transitions. As an
example, we study the effect of power-induced decoherence,
where the QD transition saturates and incoherent emission
from the excited state dominates at higher power. Further,
we show that the same technique allows measurement of the
quantum phase shift induced by a single QD in the cavity,
which is strongly enhanced by cavity quantum electrody-
namics effects. © 2015 Optical Society of America
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Quantum dots (QDs) are artificial atoms in the solid state
with potential applications for quantum information [1].
Embedding QDs in high-Q microcavities holds promise to
implement deterministic logic gates [2], entangle independent
photons [3], and couple distant QDs to form a quantum
network [4]. Additionally, cavity-enhanced light—matter inter-
actions enable a powerful spectroscopic tool for QD characteri-
zation. In the following, we present a straightforward technique
to analyze both the coherence as well as the quantum phase
shift of light transmitted through a QD-cavity system.
Several techniques have been demonstrated to determine
the coherence of the emission of a coherently driven two-level
transition in an atomic or molecular system, i.e., resonance
fluorescence (RF). These techniques include analyzing the in-
terference between RF and the incident laser itself as a function
of polarization, analyzing the time correlation function g (¢)
using a Hanbury Brown—Twiss setup, measuring with an inter-
ferometer the mutual phase coherence between the coherently

0146-9592/15/133173-04$15/0$15.00 © 2015 Optical Society of America

scattered light and a local oscillator, or analyzing the frequency
spectrum using a high-finesse scanning Fabry—Perot interfer-
ometer [5-8]. Additionally, the phase shift of transmitted light
through a cavity with a strongly coupled atom can be deter-
mined using a heterodyne setup [9].

Recently, such techniques have been extended to also study
QDs in solid-state systems [10—13] and to measure the quan-
tum phase shift induced by a coupled QD-cavity system by
analyzing the reflection intensity as a function of output polari-
zation [14], or by interfering light reflected from the QD-cavity
system with light reflected from another piece of the sample
[15]. In this Letter, we present a homodyne detection tech-
nique that enables simultaneous measurement of both coher-
ence and induced phase shift. The technique is relatively
straightforward as it requires only one scanning laser and it
is mostly fiber-based. It provides complete coherence and phase
information as a function of scanning laser detuning.

The setup for the homodyne interference technique is sche-
matically displayed in Fig. 1(a). Light from a scanning laser is
first split into two paths with a fiber beam splitter (FBS). One
path (with intensity /; « |E{|?) is transmitted through the
QD-cavity system, while the other path (7, « |E,|?) is used
as the local oscillator. The two signals are combined using a
FBS and the interference signal (/ « |E| + E,|?) is recorded.
The sample under study is an oxide-apertured micropillar with
embedded InAs self-assembled QDs, a system that combines
QD charge and energy control, access to the intermediate
coupling regime, and polarization degenerate cavity modes
[16-21]. Access to the full polarization degree of freedom en-
ables us to use free-space polarizing optics (Poll and Pol2) to
set the input and output polarizations. These are either set to be
parallel, or the output is set at orthogonal crossed polarization;
we use a combination of a quarter-wave plate and a polarizer to
compensate for the small amount of birefringence present in
the sample. To match the local oscillator polarization (Pol3)
to the output polarization (Pol2), we use a coiled fiber polari-
zation controller. In our setup there is no need for active stabi-
lization and a single scan is recorded in typically a couple of
seconds.
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Fig. 1. Demonstration of the homodyne interference technique.
(a) Schematic of the setup. Coherent light from a scanning laser is
split using a fiber beam splitter (FBS), transmitted through the
QD-cavity system, recombined with the local oscillator on a FBS
and recorded with a avalanche photodiode (APD). Pol, polarization
controlling optics. Pol3 is always set to match Pol2. (b) Signal for
an empty cavity as function of scanning laser frequency detuning.
Gray: interference signal / when combing the local oscillator and
the cavity signal. Black: DC component. Green: 7, reference signal.
Blue: predicted DC signal from the sum /; 4+ 7,. Red: predicted
envelope of the interference signal for full interference (see text for
details). (c) Zoom-in around zero detuning.

The signal after transmission through the sample is given by
E\(t) = E| exp(iot + iZﬂ%Af + ip(Af, 1)), where o is
the angular frequency, Af is the laser frequency detuning,
Ax =~ 10 m is the optical path length difference between the
two interferometer arms, ¢ is the speed of light, ¢(Af, ¢) is
the phase shift induced by the QD-cavity system, and £ is
the transmission amplitude of the cavity. When this signal is
combined with the local oscillator £,(z) = E,e'™*, the result-
ing interference intensity / is given by

I=1,+1,+2+\/I,I, cos <27[%Af+¢(Af, t)) (1)

When the transmitted light is coherent, i.e., ¢(Af,#) =
¢(Af) does not vary in time, / contains interference oscilla-
tions that are bounded by /. =171, + 1, £2/1,7,. In the
case of incoherent light, which can be interpreted as a rapidly
varying phase ¢(Af,¢), no interference is present and / =
I+ 1,

In Figs. 1(b) and 1(c) we show the case for an empty cavity,
where the transmitted light naturally remains fully coherent.
Also the polarization is not modified, and we set Pol2 parallel
to Poll and use a large intensity ~10 pW that is recorded with
a fast photodiode instead of an avalanche photodiode. First, we
record the reference signal 7, (green curve) and the transmitted
intensity /; (not shown) separately; this enables us to predict
the DC signal 7; + 7/, (blue curve) and the interference
envelope I = I, + I, £ 2/1,1, (two red curves). The gray
curve shows the measured interference signal 7. By low-pass
filtering we obtain the DC signal /¢ (black curve) that agrees
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well with 71 + 7,. The envelope of I agrees nicely with the
independently measured calculated envelopes (red curves),
which is especially clear in the zoom-in around the cavity res-
onance in Fig. 1(c). It is worth pointing out that, even though
1,/1, ~0.3, the ratio of the maxima and minima of the inter-
ference fringes is much larger: 7, /7~ 12. This demonstrates
the beauty of interference and the strength of the technique to
measure the coherence of the transmitted light.

We now investigate the coherence properties of light scat-
tered by a charge neutral QD. The lowest excited states of a
neutral QD are split in energy, due to electron—hole interaction
arising from QD anisotropy, and couple through orthogonally
linear polarized transitions with the ground state in a V-type
system, as is shown in the inset in Fig. 2(a). We prepare the
input polarization at 45° with respect to the polarizations of
both transitions such that scattered light, with a polarization of
0° or 90°, passes through the crossed polarizer set to -45°; while
the cavity background transmission, of which the polarization
is unchanged, is filtered out.

Figure 2(a) shows the light scattered by the two transitions
for various intensities. First /; and 7, are recorded separately
and 7, + 7, (blue lines) and the envelope 7, and 7_ (two red
lines) are calculated. The interference signal / is shown in gray
and the low-pass filtered signal /pc is shown by the black line,
which follows the blue line. The interference signal / was
Fourier-filtered with a bandpass filter centered at the oscillation
frequency to remove some noise. Figure 2(b) shows a zoom-in
of the 500 pW scan around the low-frequency transition. A
clear oscillation signal is visible, with a coherent fraction, de-
fined as the ratio F = ({0 = L 1nin) /({4 - 1_), where . and
I iy are the upper and lower bounds of the interference
envelope, of about 0.6. This indicates that the scattered light
is only partially coherent.

To investigate this further, we show in Fig. 2(c) the calcu-
lated coherent fraction as a function of the laser detuning for
various intensities. For a low power of 30 pW it can be seen that
the scattered light coherence is about 0.7, but this decreases for
increasing intensities. An additional structure of dips in the
curve of the coherent fraction becomes visible. This shows that
the coherence decreases more rapidly at the QD resonances
(marked by the blue vertical lines), compared to the detuned
case (the green vertical line marks the center between the two
transitions) due to the less efficient off-resonant driving. We
note that for increasing power the QD line shapes become dis-
torted and the fine splitting between transitions becomes
smaller, due to a dynamical charging effect as is explained
in [22].

To analyze this power-dependency, we plot in Figure 2(d)
the coherent fraction at the resonance and off the resonance of
a QD transition as a function of the laser power. The fraction
F of the scattered light that remains coherent follows the rela-
tionship [23]

_ 7’||/h
14+ (P/P,)/(1 +A?Y

where y| and y, denote the population relaxation rate and
the homogeneous dephasing rate, respectively, P is the laser
power, Py is the saturation power, and A’ is the detuning with
respect to the QD linewidth. The scattered light is almost fully
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Fig. 2. Coherence of the scattered light by a QD as function of laser cavity detuning and injected power. (a) Scans for various laser powers. The
input polarization was set to 45° and transmission was recorded through a crossed polarizer such that only the two fine-split QD transitions, see inset
for a schematic, and not the cavity are visible. The five curves show: 7 (gray), /pc (black), 7, + 7, (blue), 7 and 7_ (red 2x). (b) Zoom-in of the
500 pW scan in (a). (c) Coherent fraction determined as the ratio F = (/4 = I 1nin) /({1 = 1_). (d) Coherent fraction as function of laser power
determined on the resonance of a QD transition [blue vertical lines in (a),(c)] and off resonance (green vertical lines). Red lines are predicted curves

using Eq. (2).

coherent if the used power is small and y = 7, i.e., the pure
dephasing is small. For increasing power the coherent fraction
decreases as the QD excited-state population builds up and
incoherent emission increases. For frequencies detuned from
the QD resonance the effective driving rate becomes smaller
and the effect gets reduced. We show theoretical curves for
yi/rL =0.65,Py =6 nW,and A" = 0 and A’ = 1.5 for the
on-resonance and off-resonance cases, which match the data
well and demonstrate the nonlinear QD saturation dynamics.
The mean intracavity photon number (7) is given by (7) =
Powe/%hw, where k,, ~ 11 ns™! is the mirror loss rate, and
the maximum output intensity P,,, = |¢|*P is a function of
the maximum transmittivity |#|*> &~ 0.09 and incident power
P. A saturation power of Py = 6 nW corresponds to a mean
intracavity photon number (7) &~ 0.2, and sounds reasonable
compared to other work with efficient coupling to a single
emitter [8]. The direct observation that y/y, = 0.65 indi-
cates that the QD line shape is not only lifetime limited
and that additional pure dephasing, such as spectral fluctua-
tions or coupling to phonons, plays a role.

We now turn in Fig. 3 to a negatively charged QD that suf-
fers from decoherence. We use a linear input polarization such
that only the light scattered by the circularly polarized QD
transitions passes through the crossed output polarizer. In
Fig. 3(a) we show /; + 7, (blue line) and the predicted
envelope 7, and /_ (red lines). The interference signal 7 (gray
line) now hardly shows oscillations. The calculated coherent
fraction, shown by the blue curve in Fig. 3(b), is less than
5%. This implies that y /¥, << 1 and that the QD suffers from
fast decoherence. The green curve in Fig. 3(b) displays the
transmitted intensity /;; showing the red detuned QD, and
part of the cavity line shape due to the dispersive effect of the
QD coupled to it.

The strong incoherent behavior was previously also
investigated through high-resolution spectral and polarization

resolved studies in [21]. Here among others a larger homo-
geneous dephasing rate y; and smaller cooperativity C were
observed for the charged QDs compared to the charge neutral
ones. The findings are attributed to a fast cotunneling process
of electrons across the very small (20 nm) tunnel barrier
that separates the QD from a n-doped contact region. Our
technique therefore serves as a powerful QD characterization
technique which will help to characterize future sample im-
provements, such as utilizing a thicker tunnel barrier.

Finally, we show that from the obtained data we can also
derive the quantum phase shift induced by a single QD tran-
sition coupled to a cavity, which forms a hallmark in cavity
quantum electrodynamics (QED) experiments [9,14,15,24].
This phase shift ¢(Af), see Eq. (1), can easily be extracted
from the interference signal by analyzing the oscillation in a
rotating frame, which we realize in practice by multiplying

(a) (b) 1 1
100 pW 100 pW
~ 160 ~0.8f— 085
S S 5
S 140 S06 068
= = =
2 120 2 0.4 049
o IS o
£ 100 £02 028
80 o
10 o0 10 10 0 10
Af (GHz) Af (GH2)

Fig. 3. [Incoherent scattered light from a singly charged QD (X!)
that suffers from fast decoherence. A linear input and a crossed output
polarization is used such that only light scattered by the circularly po-
larized QD transitions is detected. (a) Shows the interference signal /
(gray), I, + I, (blue), and 7, and 7_ (red lines). (b) Cross-polarized
transmitted intensity /; of the QD-cavity system (green) and the
determined coherence visibility (blue), showing that the scattered light
is nearly fully incoherent (¥ < 0.05).
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Fig. 4. Phase shift induced by a QD-cavity system. (a) shows the
transmitted intensity /; of a coupled QD-cavity system recorded at
Prer = 10 pW. (b) shows the phase shift for an empty cavity for
Plaer = 10 pW (upper curve) and a coupled system for Py =
10 pW (lower curve). The lower curve is displaced for clarity. Red
lines in (a) and (b) are predicted curves for QD cooperativity C =
0.4 [21,25-27], QD dephasing rate y; = 4 ns™!, and cavity total loss
rate k = 80 ns!. Green curves in (a) and (b) are predicted lines for an

empty cavity.

the signal with a complex exponent exp(i27 2% A £) and apply-
ing a DC filter. We switch back to a neutral QD and set the
input polarization to match one of the fine-split transitions and
now record the transmission with a parallel polarization. In
Fig. 4(a) we display the transmitted intensity 7,, showing
the QD feature appearing as a dip in the otherwise
Lorentzian cavity line shape. Figure 4(b) shows the phase shift
induced by an empty cavity and by a coupled QD-cavity sys-
tem. The red and green curves are calculated based on a cavity
QED model with no additional fit parameters [21,26,27], and
agree nicely with the data.

In conclusion, we have presented a technique that enables
determination of the coherence and the phase of light that is
transmitted through a coupled QD-cavity system. The method
is simple as it is mostly fiber-based and requires only one scan-
ning laser and standard photodiode detectors. Good signal-to-
noise ratio is readily obtained by making the interferometer
path difference long using fiber optics; this leads to a high
fringe frequency, which relaxes stability requirements strongly.
Other methods require movable elements [13], Fabry—Perot
interferometers [11-13], single-photon detection [11,12], or
multibeam setups [28]. However, our technique relies on
polarization-degenerate cavities enabling cross-polarized detec-
tion to access exclusively the light scattered by the QD.
This technique is important for QD characterization and for
fundamental tests of cavity QED.
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In an oxide apertured quantum dot (QD) micropillar cavity-QED system, we found strong QD
hysteresis effects and lineshape modifications even at very low intensities corresponding to < 1073
intracavity photons. We attribute this to the excitation of charges by the intracavity field; charges
that get trapped at the oxide aperture, where they screen the internal electric field and blueshift the
QD transition. This in turn strongly modulates light absorption by cavity QED effects, eventually
leading to the observed hysteresis and lineshape modifications. The cavity also enables us to observe
the QD dynamics in real time, and all experimental data agrees well with a power-law charging
model. This effect can serve as a novel tuning mechanism for quantum dots.

Cavity quantum electrodynamics with quantum dots
(QDs) coupled to microcavities enables various applica-
tions such as single-photon switches [IH5], generation of
non-classical states of light [6H8] and hybrid quantum in-
formation schemes [9, [I0]. However, QDs deviate from
an ideal atom-like systems as they strongly interact with
their environment, for example through nuclear spins
[11L 12] and via charge traps [13| [14]. These interactions
need to be understood and controlled in order to improve
the QD coherence properties. For this purpose cavities
are very useful to probe the QD environment, through
increased light-matter interaction.

In this Letter we investigate such a QD-cavity sys-
tem. For sufficiently low optical field intensity this sys-
tem can be described by the QED of an effective 2-level
system in a single-mode cavity. For increasing intensi-
ties we report on bistable and strong nonlinear behavior.
The sample under study consists of InAs self-assembled
QDs inside a PIN diode structure embedded in a mi-
cropillar. This system combines QD charge and Stark
shift control by applying a bias voltage with high-quality
polarization-degenerate cavity modes [I5HI9]. The mode
confinement in the transversal direction is achieved by
an oxide aperture formed through a wet oxidation step.
The observed bistability and nonlinear behavior in the
cavity QED system can be explained by attributing a sec-
ond role to the oxide aperture, namely that of a charge
memory. Charges in this memory, created by resonant
absorption, will cause a modification to the applied bias
voltage which in turn shifts the QD frequency, and mod-
ify the amount of absorption. In Figure|l| (a) the sample
structure, with charges trapped at the oxide aperture, is
schematically shown.

We consider one of the fine-split transitions of a charge
neutral QD coupled to a polarization degenerate cavity
mode in the intermediate coupling regime. Figure (1] (b)
shows reflection spectra, recorded at a sufficiently low
incident intensity P;,, = 1 pW such that no nonlinear
effects occur. Upward and downward frequency scans

overlap perfectly and can be fitted by theory for a dipole
inside an optical cavity, which we will discuss later in de-
tail. However, when a higher intensity of 1 nW is used,
several strong deviations occur, see Fig. [1] (¢). First of
all, a hysteresis feature appears when the QD is tuned
at or below the cavity resonance. Second, while at the
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FIG. 1. (a) Schematic of the sample structure with charges
trapped at the oxide aperture. Figure is not to scale and
only a couple DBR pairs are shown. Resonant reflection spec-
troscopy scans recorded using laser intensities of (b) 1pW and
(c) 1 nW for various applied bias voltages. Blue (green) curve:
upward (downward) frequency scan. Red lines in (b) are fits
using Eqn. [1] and reflectivity R = |1 — ¢|>. The QD coop-
erativity C' and dephasing rate 7 obtained from the fits are
named in the figures. The black arrows denote a second QD
in the same cavity. Scans were taken on ~s timescale. (d)
presents simulations that predict the scans in (c).
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high frequency side of the cavity resonance the hysteresis
is much less, a line shape modification is still visible. Fi-
nally, in order to obtain the same QD detuning compared
to the low intensity scans, a lower bias voltage has to be
applied. After a thorough characterization of this effect,
we present a model that explains all features as is shown
in Fig. [1] (d).

A first hint on the underlying dynamics is provided by
investigating the power dependence in single-laser scans.
In Fig. [2| (a) we first keep the QD bias voltage con-
stant and show scans for increasing laser intensity. A
QD blueshift occurs, as is displayed in Fig. [2[ (¢). In a
second set of measurements in Fig. [2| (b), we keep the
QD-cavity detuning constant by changing the bias volt-
age as function of the laser intensity. A lower bias voltage
has to be applied for increasing laser intensity, shown in
Fig. [2| (d). Furthermore, the hysteresis width increases
with intensity, see Fig. [2| (e), up to nearly 6 GHz, but
then saturates and even decreases slightly when the in-
tensity is above the QD saturation intensity (~ 2.5 nW).
All three observations in Figs. [2| (c-e) obey the same em-
pirical power-law o< an, with § = 0.35. Already at an
incident intensity P;, = 11 pW, corresponding to a max-
imum mean photon per cavity lifetime of (n) ~ 4 x 1074,
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FIG. 2. Characterization of the QD blueshift and nonlinear-
ity. (a) Resonant reflection spectra for a fixed bias voltage and
various intensities of the scanning laser. Blue (green): low to
high (high to low) frequency scan. (b) Scans where the QD-
cavity detuning is kept constant by varying the bias voltage
for various laser intensities. (c) Relative QD shift (estimated
from the vertical arrows in (a)), (d) applied bias voltage to
keep the QD-cavity detuning constant (vertical dashed line
in (b)), and (e) hysteresis width (horizontal arrow in (b)), all
as function of the laser intensity. Red lines in (c,d,e) show
empirical power-law fits. Vertical offsets have been added to
the scans in (a,b).
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a QD blueshift and line shape modification is clearly vis-
ible. Here the mean intracavity photon number is found
from (R) = P,yi/kmhw, where K, ~ 11 ns™! is the mir-
ror loss rate, w is the light angular frequency, and the

maximum output intensity P,y = [t|*?Pi, ~ 1 pW (see
below).
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FIG. 3. Two-laser scans with resonant lasers. (a-c) Reflec-
tivity color maps as function of the weak (1 pW) probe laser
frequency and the second high intensity (1 nW) pump laser
frequency for various applied bias voltages. The blue line
shows the pump laser frequency compared to the probe laser.
The arrows indicate the QD position. (d) Relative QD fre-
quency shift as function of the pump laser-cavity detuning.
The arrows denote where the laser is resonant with the QD.
Gray dashed lines: Lorentzian function convoluted with the
power-law from Fig.|2[(c) that have been added as a reference.
Vertical offsets are added to the curves.

We now switch to a two-laser experiment (see Fig. 3]
in order to further investigate the phenomenon that the
QD blueshifts with increasing laser intensity. The QD
transition is probed with a low intensity (1 pW) probe
laser such that no line shape modification occurs. We
then add a second high intensity (1 nW) pump laser with
orthogonal polarization, such that it can be filtered out
with a crossed polarizer in the detection channel. The
pump laser is scanned in steps across the cavity reso-
nance; for each step the QD-cavity spectrum is measured
with the weak probe laser. Figure [3[ (a-c) presents these
measurements for various bias voltages such that the av-
erage QD-cavity detuning is varied. For every bias volt-
age the QD-cavity and pump laser-cavity detunings are
determined, and the relative QD frequency as function
of the pump laser-cavity detuning is shown in Fig. [3]
(d). The maximum QD blueshift (of about 8 GHz) oc-
curs when the pump laser is resonant with the cavity
mode, corresponding to the vertical dashed line. An in-



creased blueshift also occurs when the pump laser is close
to the QD frequency, indicated by the arrows in Fig.
(d), at which point the intracavity field also increases
due to cavity QED effects. The gray dashed curves are
Lorentzian lines convoluted with the oc P2:3% power-law
from Fig. [2| (c¢) and correspond to the data nicely. In
conclusion, the data clearly shows that the QD resonance
blueshifts when the intracavity field increases, and this
effect is independent of the QD-laser or the QD-cavity
detuning.

We now introduce a model that explains the dynamic
line shape modifications. We start from the transmission
amplitude of a cavity with a coupled dipole [20), 21]:

1

t=Nouwt—————5& 1
Tt T A+ 25 o
where A = 2(w — w.)/k is the relative detuning be-

tween the laser (w) and cavity (w.) angular frequencies,
C is the device cooperativity, A’ = (w —wgp)/7 is the
relative detuning between the laser and QD transition
(wWQD)s Mout is the output coupling efficiency, x is the
total intensity damping rate of the cavity and ~ is the
QD dephasing rate. We obtain close to perfect mode-
matching, and therefore the total transmittivity through
the cavity is given by T = |t|?, and the total reflectiv-
ity is given by R = |1 — ¢|%. In Fig. || (a) we show that
the model fits the low intensity measurements very well.
The QD cooperativity and dephasing parameters C' and
~ are noted in the subfigure windows, and a cavity damp-
ing rate K ~ 77 ns~! and an output coupling efficiency
Nout = 2Km /K ~ 0.3 is found, corresponding to a cavity
Q-factor of Q ~ 2.6 x 10%.

As a next step, we introduce a QD frequency fop =
wop/2m that dynamically changes with the intracavity
intensity, which is proportional to [t|?:

fop = fo+alt]*, (2)

where fjy equals the QD frequency in the limit of vanish-
ing intracavity intensity. Based on the empirical values
determined in Fig. [2| (c), we use a = 1.5 x (P, /n,,)"
GHz, with P, in pW, and § = 0.35. Due to cavity
QED effects, the intracavity field depends strongly on the
QD frequency such that the cavity can change from be-
ing largely transparent to being largely reflective through
only small changes in the QD frequency. This interplay
leads to the observed nonlinear behaviour.

Finally, we take into account that we are operating
the QD—cavity system close to the saturation intensity,
which slightly suppresses the QD features. We take this
into account by calculating the reflectivity R’ by taking
the weighted sum of the reflectivities of a coupled (R)
and uncoupled (Rp) cavity: R’ = xR + (1 — z)Rp, with
x = 0.8. This is a strong simplification of a more rigor-
ous approach based on the quantum master equation and

calculation of the intracavity photon number [4], but is
sufficient for our purpose. For QD cooperativity C' and
dephasing rate v we use the values obtained in the fits in
Fig. [1| (a). Figure [1] (¢) shows that the predicted scans
match the actual measurements very well.

As the underlying physical mechanism we hypothesize
that charges are excited by the resonant laser and get
trapped at the oxide aperture. Reasonably high doping
concentrations were used, up to 6 x 108 cm~32 for the
carbon p-doped layers and up to 5 x 10'® cm™ for the
silicon n-doped layers, and it is well-known that absorp-
tion takes place in these doped layers [22], resulting in a
non-neglible photocurrent (see the Supplemental Mate-
rial section I [33]). The excited charges partly screen
the internal electric field responsible for the quantum
confined stark effect in the QD, leading to the observed
blueshift of the QD transitions.

Furthermore, the fact that even for a very low cavity
mean photon number of ~ 0.001 (P, = 11 pW) non-
linearities take place, indicates that the oxide aperture
must form an efficient charge memory compared to the
QD-cavity decay rate (77 ns~!). It is well known that
the interface between GaAs and aluminum oxide (AlO, ),
produced by wet oxidation of AlAs, provides a very high
density of charge traps, in the form of amorphous oxide
and micro crystallites [23], and in the form of elemen-
tal interfacial As [24], leading to spatially non-uniform
Fermi level pinning [25]. The time-resolved charge decay
measurements presented below confirm that the charges
are relatively long-lived on a ~ 10 ms timescale. Also, a
comparison with QDs observed outside of the oxide aper-
ture region show that laser induced blueshift is neglible in
these regions (see Supplemental Material section II [33]).
Furthermore, the charging hypothesis agrees with the
observed o< P%35 sublinear power-law, which would be
the consequence of Coulomb repulsion between trapped
charges, possibly in combination with increased filling of
trap states that have an increasing decay rate.

Our results agree with observations in Ref. [I3], where
single—charge fluctuations are probed at a GaAs/AlAs
interface located about 50 nm away from the QDs, while
a gradual variation was observed for charge traps more
than 150 nm away. We did not observe any single—charge
influences as the distance between the QDs and the oxide
aperture is about 200 nm in our sample. In contrast to
our work, the GaAs/AlAs interface studied in Ref. [13] is
located in the intrinsic region, while the aperture in our
sample is located in the p-doped region, but a similar QD
blueshift for increasing laser intensity and constant bias
voltage was observed.

Finally, we performed a set of measurements to gain
insight in the temporal dynamics of the charge build-up
and decay. For this purpose we use a laser (A = 852
nm) that is off-resonant with the cavity but is resonant
with the wetting layer. At a larger laser intensity, more
charges are excited compared to the resonant laser and
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FIG. 4. Two-laser scans with an off-resonant (A = 852 nm)
laser. (a) shows the bias voltage where the QD transition is
resonant with the cavity mode, as function of the intensity
Pgso of the off-resonant laser. The black dashed line indicates
the QD bias voltage when no off-resonant laser is applied.
(b) Example of resonant reflection scans using a weak (1 pW)
probe laser, recorded in the presence of an off-resonant laser.
Text in the figures denotes the applied bias voltage V', inten-
sity Pss2, and QD cooperativity C' and dephasing rate -y of the
predicted red line. (c,d) Colormaps of the reflected intensity
of the probe laser fixed to the center of the cavity resonance
(light/dark: high/low signal, corresponding to an on(off) res-
onant QD), as function of the time and applied bias voltage,
for various off-resonant pump intensities. The off-resonant
laser is turned on (c) and off (d) at ¢ = 0 ms. The red line in
(a) and the black-white dashed in (c,d) are reproduced using
the same parameters (see main text for explanation). Note
that the time axes of (c,d) are different.

larger QD shifts can be obtained. We now use the cou-
pled QD-cavity system as a very sensitive probe of the
internal electric field, a principle that was also used to
monitor a single charge trap in real-time [26].

Figure [4] (a) shows, for various off-resonant pump laser
intensities, the bias voltage that has to be applied to tune
the QD to the cavity resonance, determined by using a
weak (~1 pW) resonant probe laser. Again, as in Fig.
(d), a clear sub-linear behavior o Pii is visible. At an
even higher intensity of 100 W, a bias voltage of 350 mV
had to be applied to tune the QD in to resonance, clearly
indicating that the charge buildup and QD blueshift is
not easily saturated. Strikingly, even for an excitation
power of 200 nW, the QD has the same cooperativity
C and dephasing rate v as when no off-resonant laser is
present, see Fig. || (b). This indicates that, even though
many charges are excited, they are located relatively far
away and give rise to a more-or-less constant effective
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electric field, thereby preserving the QD coherence.

In order to directly monitor the time dynamics of the
charge buildup and decay, we fix a weak probe laser that
will not excite any additional charges at the cavity res-
onance, and monitor the reflectivity as function of bias
voltage and time. Figure [4| (c) shows, for various off-
resonant pump laser intensities, reflectivity colormaps
of the probe laser when the off-resonant pump laser is
turned on at ¢ = 0 ms. For ¢t < 0 ms, the QD is resonant
with the cavity resonance at V' = 713 mV (white dashed
lines), corresponding with a high probe laser reflectivity
at this voltage and a low reflectivity at different volt-
ages. The reflectivity at V' = 713 mV abruptly decreases
as the pump laser is turned on, but is then restored at
lower bias voltages, demonstating direct probing of the
charge build-up. For increasing pump laser intensities,
the reflectivity is restored at a lower voltage, but also
the time for the charge build-up to reach an equilibrium
decreases.

The decay of the charges is monitored in Fig. [4] (d),
where the pump laser is turned off at ¢ = 0 ms. For
t < 0 ms the QD reflectivity signal is now highest for a
low bias voltage when the charge reservoir is saturated.
After the pump is turned off and the charges disappear,
the reflectivity now gets restored at an increasing bias
voltage. The charge decay rate is initially fastest, when
many charges are still present and the QD is resonant
at a lower bias voltage, but then strongly decreases and
finally occurs on a ~10 ms timescale, much slower than
the charge build-up rate.

We now introduce a simple power-law model to de-
scribe the charge build-up and decay dynamics. We
assume that the QD voltage shift AV is proportional
to the number of trapped charges ), and increases as
a function of the pump laser intensity P, such that
AV = —Q = —T'PP. As a result, the charge decay and
buildup is described using: %2 = P — (Q/I')'/#. The
red line in Fig. [4| (b) and the white-black dashed lines
Fig. [4] (c-d) are reproduced with I' = 10 and the same
power-law scaling factor 8 = 0.35 as found earlier, and
describe the data nicely.

The effect we found enables a novel method to tune QD
transitions without the need for electrical contacts, or en-
able independent tuning of QDs sharing the same voltage
contacts. Furthermore it could serve as a low power all-
optical switch mediated by a charge memory. The cavity-
enhanced feedback mechanism with the charge environ-
ment could in principle also occur in other solid-state
microcavity structures, where doped layers are present
in which charges can be excited and where material de-
fects or interfaces could act as a charge trap. This inter-
action therefore also has to be taken into account when
studying dynamical nuclear spin polarization (DNP) ef-
fects in a cavity, which is of general interest to prolong the
QD coherence time and the potential to form a quantum
memory. DNP gives rise to QD line shape modifications,



hysteresis and bistabilitity behavior [11} 27H32]; phenom-
ena that could also give rise to cavity-enhanced feedback
mechanisms.

In conclusion, we have studied a neutral QD transi-
tion coupled to a microcavity and observed strong cavity-
enhanced feedback with the charge environment. Hys-
teresis and modifications of the QD line shape are demon-
strated at intensities of way less than 1 photon per cavity
lifetime, which we explain and model by a QD frequency
blueshift attributed to charges trapped at the oxide aper-
ture as a function of the intracavity field. In general,
these results demonstrate the potential of studying and
controlling the QD environment using a cavity QED sys-
tem.

This work was supported by NSF under Grant
No. 0960331 and 0901886 and FOM-NWO Grant No.
08QIP6-2.

APPENDIX

In this Supplemental Material we will first present pho-
tocurrent measurements. To confirm that a A ~ 940 nm
resonant laser excites charges in the cavity region, we
compare the photocurrent with when a A = 852 nm off-
resonant laser is used. Then we compare photolumines-
cence data with and without the presence of an aperture,
to demonstrate that the oxide aperture plays an impor-
tant role in trapping the charges,. These observations
support our claim that the mechanism behind the ob-
served nonlinear effects in the resonant QD scans, is the
excitation of charges that are trapped by the oxide aper-
ture.

I. Photocurrent measurements

Current as function of bias voltage was measured with-
out (dark) and with the presence of a A = 852 nm or a
A ~ 940 nm laser, see Fig. (a). The A ~ 940 nm
laser frequency was locked at the cavity resonance, such
that the absorption is increased due to the high finesse
(~ 2 x 10%) of the cavity, as is the case during the reso-
nant scans in the main text. When no additional pump
laser is applied, a current flows through the device in
the same direction as that the forward bias voltage is
applied, giving rise to an IV-curve that is typical for a
PIN diode device. In the presence of an additional pump
laser charges are now optically excited and flow in the
opposite direction due to the internal field being present,
giving rise to an additional negative photocurrent. In
Fig. 5| (b) we compare the absolute value of the pho-
tocurrent produced by the A ~ 940 nm and A = 852 nm
laser, normalized by the pump laser intensity. For both
lasers a strong bias voltage dependency is visible and the
collected photocurrent is smaller at a larger bias voltage,

which is closer to the flatband regime. This indicates
that either the absorption, or the collection efficiency of
the excited charges, is voltage dependent. The 940 nm
laser gives rise to a photocurrent of about 0.5 mA/W
at a bias voltage of 700 mV where charge neutral QDs
are typically operated, which at an intensity of 1 nW
corresponds to about 3 x 10% charges being excited and
collected per second.
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FIG. 5. (a) The current through the sample as function of
the applied bias voltage without (dark) and with the pres-
ence of a 852 nm or ~ 940 nm laser. The 940 nm laser was
locked at the microcavity resonance. The used intensity is
mentioned between brackets.(b) Difference between the cur-
rent when no laser and when an 852 nm or 940 nm laser is
present, normalized by the input laser intensity.

II. Photoluminescence measurements

Next, we compare the photoluminescence collected
from the oxide-aperture microcavity and from a region
with an unbalanced cavity. In the unbalanced cavity
region the top DBR has been nearly completely etched
away, in order to enhance the collection efficiency, and no
oxide aperture has been applied. Figure |§| (a,c) present
colormaps of the PL spectra as a function of applied bias
voltage and collected wavelength, using a A = 852 nm
pump laser of various intensities. Figure |§| (b) shows
the PL intensity as function of voltage at the cavity
resonance. Single QD lines (marked by the arrows)
are hardly distinguishable from the background cavity
emission, which originates from broadband wetting layer
emission. For increasing pump laser intensity, it is clearly
visible that the QD lines appear at a lower bias voltage.
For the QDs in the region without an oxide aperture,
the shift in voltage is however much smaller. The QDs
in Fig.[6] (c) are now better visible, even though at high
pump laser intensities for increasing voltage again broad-
band emission 'washes out’ clear QD signatures. Figure
[6] (d) presents the mean PL counts for various pump in-
tensities. A shoulder is visible, which corresponds with
the voltage range where the QDs are on average charge
neutral. The shoulder does shift to a lower voltage range,
but the shift (in total ~ 50 mV for 1100 W) is much
smaller compared to the total ~ 700 mV (for 1500 W)
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voltage shift of the QDs in the microcavity. Even though
it is likely that roughly the same amount of charges are
excited by the A = 852 nm laser in the microcavity region
compared to elsewhere in the sample, these results indi-
cate that the oxide aperture provides a charge memory,
causing a much larger effective charge buildup resulting
in a larger voltage shift of the QDs.
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FIG. 6. Photoluminescence (PL) colormaps as function of the
applied bias voltage and collection wavelength recorded at (a)
the microcavity, and (c¢) from an unbalanced planar cavity.
The intensity of the (A = 852 nm) pump laser is indicated in
the top left corner of the figures. (b) PL intensity as function
of bias voltage at the cavity resonance, for various pump laser
intensities. The vertical arrows in (a, b) denotes the same QD
peak. (d) average PL intensity as function of voltage collected
from the unbalanced planar cavity. The white dashed vertical
line serves as a reference. An offset has been added between
the curves in (b, d).
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