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Introduction:

Articles published by Professor Coldren’s group in 2010 are contained in this volume.
Any journal or conference publication in which Prof. Coldren was named as a co-author
is included. The majority of these works also have originated from proposals generated
within Coldren’s group, but a few are due to efforts that originated elsewhere and were
supported by Coldren and his group members. As in recent years the work has a focus on
I11-V compound semiconductor materials as well as the design and creation of photonic
devices using these materials—mostly diode lasers and photonic integrated circuits
(PICs). The work spans efforts from basic materials and processing technology, through
device physics, design, and formation, to their characterization within systems
environments.

The reprints have been grouped into three areas: 1. Photonic Integrated Circuits; 11I.
Vertical-Cavity Surface-Emitting Lasers & MBE; and 11l. Fabrication Technology
& Photonic Crystals. Most of the work is in the first area, which has been further
subdivided into A. High Performance PICs; B. RF-Photonics; C. Programmable Lattice
Filters; and D. Optical-Phase-Locked-Loops, Mode Locking, and Injection Locking. In
nearly every project the work requires efforts in materials research, device physics,
device design, process development, device fabrication, and device characterization.
Most students are deeply involved in several, if not all, of these efforts, so our graduates
tend to be known for their “bandwidth.”

The work was performed with funding from several grants from industry and
government, some gift funds from industry, and support from the Kavli Endowed Chair
in Optoelectronics and Sensors. Several projects were funded by the MTO Office of
DARPA, one was supported by ONR, and the industries involved included Ziva Corp.
and Rockwell-Collins.

The first group of reprints (IA.) summarizes our work on High-Performance PICs.
Notably all of the papers are INVITED, either directly by the journal or as invited
conference talks in major international venues. All also center about the photonic
integration technology we have originated, which incorporates our widely-tunable
Sampled-Grating Distributed-Bragg-Reflector (SGDBR) Laser. The highlight for the
past two years has been a single-chip 8 x 8 crossbar switch that uses eight wavelength
converters integrated together with an arrayed-wavelength-grating-router (AWGR)—
work done in collaboration with Prof. Blumenthal’s group.

The Second group of papers (IB.) focuses on RF or analog photonics—techniques to
transmit high-frequency analog information over optical fiber without distortion. Four
papers, including one invited and one plenary paper, summarize results that have been
obtained, primarily from our DARPA-PHORFRONT project. In this case, the objective
was to demonstrate a high-dynamic-range coherent receiver for phase-modulated optical
signals. Our approach involved using feedback to a tracking optical phase modulator to
‘subtract out’ the incoming optical modulation, thus allowing a large modulation swing
as well as using a fraction of the feedback signal as the receiver output. In the final phase



of the project, flip-chip bonding to an electronic chip (EIC) and etched-trench couplers
were used to reduce the feedback delay so that the modulators could better track the
difference signal and increase the bandwidth of the receiver. Figure 1 illustrates a
schematic of the system along with results. All-optical receivers were also developed in
which the current from the detectors were sufficient to drive the tracking modulators
without any electronic amplification.
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Figure 1. (top-left) Photo of PIC showing the phase modulators for the input signal and LO, the 50:50
trench splitter that combines equal portions of each to the balanced UTC-photo-detector (PD) pair; (top-
center) SEM of trench; (top-right) schematic of PIC being flip-chipped to EIC. (bottom-left) Normalized rf
output of PDs vs. frequency for several input powers—average photocurrent listed; (bottom-right) Two-
tone distortion measurement—output power into a fundamental tone, f;, together with IMD3: 2f,-f; level.
Only 2.8 mA/PD is necessary for SFDR = 122 dB-Hz?" using the feedback loop.

The work on Programmable Lattice Filters (1C) is summarized in five papers. Two
basic approaches were pursued to build up higher order filters—(a) either cascade ring
resonators using intermediate waveguides so that the resonances are uncoupled (no
feedback between them), or (b) use a chain of coupled rings, in which the energy is
shared amongst the rings. Figure 2 illustrates schematics of both schemes, the
experimental layouts, and example results. This work was the result of work supported
by the DARPA-PhASER project. As might be surmised by the placement of the various
semiconductor optical amplifiers (SOAs) and phase modulators (PMs), these devices are
very programmable in that many different filter configurations are possible, and the
center wavelength and bandwidth are tunable. One possible application is to incorporate
these in an rf photonic link to provide some adaptive pre-filtering prior to A/D conversion
and Digital Signal Processing, thus enabling high-level decisions to be made rapidly and
enabling more focused results with lower latency.
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Figure 2a. (top) Concept and specific schematics of cascaded ring resonators. Top right shows element
locations and indicates that rings of two different diameters are possible as well as operation in resonator or
Mach-Zehnder mode. (bottom-left) SEM image of experimental chip showing four cascaded stages;

(bottom-right) filter passband with two stages operated as resonators (poles or IR mode) and two stages as
Mach-Zehnders (zeros or FIR mode) .
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Figure 2b. (top) Concept and specific schematics of coupled ring resonators. Top right shows element
locations and indicates a three-ring sub-element that also incorporates a Mach-Zehnder forward path.
Variable interring couplers are key elements. (bottom-left) Photo of experimental chip; (bottom-right)
filter passbands as the interring coupling is varied (inset) with Mach-Zehnder arm attenuated.

Section 1.D contains the results of efforts on Optical-Phase-Locked-Loops, Mode
Locking, and Injection Locking. It contains an invited paper summarizing our efforts on
homodyne and offset-heterodyne-locking of two monolithically-integrated SGDBR lasers



together with all of the photonic components necessary to phase lock them together on
one chip. The cover of this volume illustrates results of 5 GHz heterodyne offset-locking.
As can be seen, the detected difference frequency is relatively pure. The phase error

2

variance of 0.03 rad in +/-2GHz BW is estimated from the captured spectrum. Offset
locking to 20 GHz was demonstrated. This work, initially funded by a DARPA seed
project, laid some of the ground work for the proposal to the DARPA-CIPhER program
that is now funded as ‘PICO’, together with a number of industry and university partners.
This relatively large program on Photonic Integration for Coherent Optics (P1CO), which
contains a significant component on optical phase locked loops, will be at the center of
much of the group’s ongoing work. This program will also contain continuing work on
mode-locking, initially funded by ONR, as well as injection locking.

The publications in Section Il on Vertical-Cavity Surface-Emitting Lasers (VCSELS) &
MBE include recent work on high-speed VCSELs and novel three-terminal VCSELSs.
The invited paper summarizes our recent measurements that verify the tremendous
advantages of using strained-layer quantum-well active regions because of their reduced
transparency currents as well as increased differential gains. Figure 3 gives plots of gain
and differential gain for various levels of strain (wavelength) vs current density to
illustrate these points. The paper also references works that describe the enhanced
reliability of devices with these materials. This work has been primarily funded by
DARPA in the past, initially under the C201 program. Coldren’s group continues to
work with highly-strained quantum-well VCSELSs in the 1060 nm wavelength range for
high-efficiency, high-speed data links.
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Figure 3. (left) Material gain versus current density for 8 nm In,GaAs quantum wells clad by GaAs except
in the GaAs well (x=0) case, where it is clad by Aly,GaAs. Peak photoluminescence is given instead of x.
Also included are p-type modulation-doped (x=0.2, or 980 nm) wells. (right) Differential gain, dg/dJ; in
theory the relaxation resonance frequency and potential modulation bandwidth is proportional to the square
root of this. As can be seen, 1060 nm wells promise more than twice the inherent modulation bandwidth at
less than a quarter of the current compared to GaAs wells (for a nominal gain ~ 300-500 cm™in each well).

Figures 4 and 5 introduce two new three-terminal VCSEL structures that have been
researched in Prof. Coldren’s group. The first (Fig. 4) uses a third ‘field-effect’ terminal
to separate holes and electrons as well as modulate the confinement factor in the active
region. Because it is capacitively-coupled to the charge in the active region, only
displacement current flows in this modulated terminal, and in principle, the voltage swing
on can be quite low (<< 1 V). The initial results verify the basic physics, although more



work is needed to obtain the hoped-for results. Modeling indicates that it may be
possible to send data at much higher rates with this new device configuration without
resorting to costly and high-power-consuming external modulators.  Support for these
efforts has been coming from DARPA, NSF, and an STTR with Ziva Corp.
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Figure 4. (top-left) Schematic of 3-terminal Field-Induced Charge-Separation Laser (FICSL) VCSEL cross
section; (top-right) Equivalent circuit—dc current flows from p-injector (substrate) to n-channel, and the n-
gate modulates the overlap of the holes and electrons in the channel via a field effect. No conduction gate
current flows due to a quantum barrier. (bottom-left) PIV curves as a function of gate voltage—it is higher
than necessary because of unnecessary resistance in the top mirror (n-gate); (bottom-right) modulation of
output power at several constant channel currents.

Figure 5 shows initial results for a VCSEL that uses the third terminal to modulate
polarization. Actually, the third terminal is just a second current injection terminal, but
as the first, it injects current in a somewhat lateral direction, but orthogonal to the first, so
that the electron momentum direction can be slightly switched. This alters the gain for
one polarization mode relative to the other and promotes the observed polarization
switching. Greater than 21 dB extinction is observed, and the threshold current density is
relatively low. This work has been done in collaboration with and under the support of
an SBIR with Ziva Corp. Use of dual polarization sources can effectively double the data
rate, and they can also be used in specialized sensor applications.
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Figure 5. Schematic and results from polarization-modulated VCSEL.  Current is applied either to
electrodes P1-N1 or P2-N2 to force current to flow into the active region from the sides in one of two
orthogonal directions. Although the electron k-vector is still predominately vertical near the bandedge in a
quantum-well, this injection provides a slight bias on the in-plane component to be aligned preferentially
along these directions, and the gain is very sensitive to this.

The publications in Section 111, Fabrication Technology & Photonic Crystals, were all led
by Y.-J. Hung, a visiting PhD student from Prof. S.-L. Lee’s group at NTUST, Taiwan.
Needless to say, Mr. Hung was a very productive and valuable addition to Prof.
Coldren’s group during his stay as is evidenced by the five papers he published in 2010.
His work focused on developing an array of basic fabrication techniques for photonic
crystals as well as many other photonic ICs. In fact, he developed several other useful
technologies, such as multilayer anti-reflection coatings, that are not documented in the
listed publications. It is also interesting to note that Prof. Lee was a former outstanding
PhD student in Prof. Coldren’s group some years ago.
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An 8 X 8 InP Monolithic Tunable Optical Router
(MOTOR) Packet Forwarding Chip

Steven C. Nicholes, Milan L. Masanovié, Member, IEEE, Biljana Jevremovi¢, Erica Lively, Student Member, IEEE,
Larry A. Coldren, Fellow, IEEE, Fellow, OSA, and Daniel J. Blumenthal, Fellow, IEEE, Fellow, OSA

Abstract—In this paper, we demonstrate single-channel opera-
tion of the first InP monolithic tunable optical router (MOTOR)
chip designed to function as the packet forwarding engine of an
all-optical router. The device has eight-input and eight-output
ports and is capable of 40-Gb/s operation per port with bit-error
rates below 1E-9. MOTOR integrates eight wavelength-tunable
differential Mach-Zehnder semiconductor optical amplifier
(SOA) wavelength converters with preamplifiers and a passive
8 X 8 arrayed-waveguide grating router. Each wavelength con-
verter employs a widely tunable sampled-grating distributed
Bragg reflector (DBR) laser for efficient wavelength switching
across the C band and other functions required for 40-Gb/s
wavelength conversion. Active and passive regions of the chip are
defined through a robust quantum well intermixing process to
optimize the gain in the wavelength converters and minimize the
propagation losses in passive sections of the chip. The device is one
of the most complex photonic integrated circuits (PICs) reported
to date, with dimensions of 4.25 mm X 14.5 mm and more than
200 functional elements integrated on-chip. We demonstrate
single-channel wavelength conversion and channel switching with
this device using 23! — 1 pseudorandom bit sequence (PRBS)
data at 40 Gb/s. A power penalty as low as 4.5 dB was achieved
with less than 2-W drive power per channel.

Index Terms—Arrayed-waveguide grating router (AWGR), pho-
tonic integrated circuits (PIC), quantum-well intermixing (QWI),
wavelength converter.

I. INTRODUCTION

DVANCED photonic integrated circuits (PICs) in InP are

a critical technology to manage the increasing bandwidth
demands and core functions of next-generation optical networks
[1]-[4]. The integration of many of the discrete functions re-
quired in optical networks into a single device provides a re-
duction in system footprint and optical losses due to the elimi-
nation of fiber coupling junctions between components, and an
increase in overall reliability. Many key network components
such as transceivers [5], wavelength converters [6]—[9], optical
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cross connects [10], add-drop multiplexers [11], and channel se-
lectors [12] have already been realized in InP via monolithic in-
tegration. While the potential benefits of creating larger, higher
functionality PICs have long been suggested, there are still very
few demonstrations of PICs with more than 50 integrated com-
ponents [2], [13].

Large scale integration in silicon-based integrated circuits has
led to exponential growth in that industry and tremendous per-
formance gains with a reduction in costs to the consumer. Ro-
bust design and manufacturing techniques that will enable high-
yield production of large scale PICs are thus required to realize
similar performance and cost improvements in the photonics in-
dustry [3]. Such efforts have been underway for several years,
and the benefits of large scale integration are now being seen
commercially with the recent report by Infinera of plans to de-
ploy a 400-Gb/s PIC transmitter with more than 300 optical
functions in live networks [14].

All-optical routing is a potential avenue in which large scale
PICs could play a revolutionary role [15]. By moving the
functions of dynamic wavelength conversion and routing to the
optical layer, it may be possible to ease the increasing power
consumption demands associated with scaling electronic-based
routers to higher data rates [16]. For instance, discrete all-op-
tical wavelength converters have been reported that entirely
eliminate the need for power-hungry optical-to-electrical (O/E)
and electrical-to-optical (E/O) data conversion [6]-[9]. While
these demonstrations of wavelength conversion without O/E/O
conversions are promising, the realization of a competitive
all-optical alternative to electronic routers is still limited by
challenges associated with optical buffering [17].

In [18], a label-switched all-optical router (LASOR) with the
ability to process 40-Gb/s packets was proposed. This router
architecture (Fig. 1) enables synchronization and buffering of
input packets in the optical domain, and provides a means to
write the input data onto a new wavelength for wavelength-se-
lective routing. While each functional block of the router could
be realized with a discrete PIC, the performance of this system
in terms of reliability, optical coupling losses, and overall foot-
print can be significantly improved via large scale monolithic
integration.

In this work, we combine the wavelength conversion and
passive routing elements of LASOR shown in Fig. 1 into a
single InP chip to demonstrate a monolithic tunable optical
router (MOTOR) that serves as the packet-forwarding engine
of an all-optical router [Fig. 2(a)]. The eight-channel InP/In-
GaAsP device operates at 40-Gb/s line rate per port giving
a total potential data capacity of 640 Gb/s and integrates an
array of eight tunable all-optical wavelength converters with
a passive 8 X 8 arrayed-waveguide grating router (AWGR).

0733-8724/$26.00 © 2010 IEEE
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Fig. 1. Overall LASOR architecture. Key to abbreviations: PED = payload envelope detection; CDR = clock data recovery; Deser = deserializer; Sync = syn-
chronizer; WC = wavelength converter; AWGR = arrayed-waveguide grating router; 3R = retiming, reshaping, and reamplification. The dotted region represents

the elements integrated in the MOTOR chip.
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Fig. 2. (a) Schematic of overall MOTOR chip. (b) Expanded view of a single-input wavelength converter showing several key device elements.

The device represents one of the most complex InP PICs ever
reported with more than 200 integrated functional elements on
a single chip.

II. DEVICE DESIGN AND OPERATION

A. Wavelength Converter Array

The active core of the MOTOR chip contains an array of eight
wavelength converters. The technology used to implement these
wavelength converters must provide: 1) error-free high-speed
operation at 40 Gb/s; 2) wide tunability across the C band; 3) a
small footprint; and 4) low power consumption (i.e., no O/E/O
conversions). Two popular monolithic approaches to achieve
these goals with 40-Gb/s data rates involve carrier-modulation

effects in nonlinear semiconductor optical amplifiers (SOAs)
[6], [7] or field-modulation effects with a photodiode and a mod-
ulator [9]. While each approach has inherent advantages, the de-
sign and fabrication of field-modulation-based wavelength con-
verters tends to be more complex than that of carrier-modula-
tion-based devices because they require integrated resistors and
more complex modulator structures [9]. In order to target high
device yields, we use the simpler carrier-modulation approach
in the MOTOR chip.

Because our wavelength converter design exploits nonlinear
SOA within a Mach—Zehnder interferometer (MZI) as in [7],
both cross-phase and cross-gain modulation effects are present.
However, cross-phase modulation in the MZI is the method used
to shape the output pulses from the device. A detailed view of a
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single-input MOTOR port is shown in Fig. 2(b). The input data
signal to the chip depletes the carriers in a nonlinear SOA and
changes the phase in one branch of an MZI. This phase change
modulates the MZI and carves out the input data pattern onto a
continuous wave (CW) source operating at the new wavelength.
The overall speed of these devices is inherently limited by the
carrier lifetime in the SOAs, so a differential delay line at the
front end of the chip is included [7]. By time delaying the input
data signal on one side of the MZI, it is possible to overcome
the limitation of carrier recovery lifetime so that modulation of
the MZI is governed by carrier depletion effects. The time delay
is accomplished using an on-chip differential delay line before
the inputs to the MZI. After the input data signal is split using a
50/50 multimode interferometer (MMI) splitter, the signals are
sent to opposite branches of the MZI. The path length for one
branch is increased relative to the other using a compact, tight
bend radius waveguide section that adds about 11 ps of prop-
agation delay. This delay time was chosen to simultaneously
minimize the overall power penalty associated with wavelength
conversion while keeping the delay line length as small as pos-
sible to minimize device footprint [19]. In general, improved
performance can be achieved if the input power levels to each
side of the MZI are slightly imbalanced [7], [20]. Because the
path length of the inputs to the MZI differ (and hence the propa-
gation losses differ), and because the observed splitting ratio of
the fabricated MMI is sensitive to lithographic resolution, vari-
able optical attenuators (VOAs) are included on each input line
to the MZI to control the relative power levels in each branch.

The wide tunability of the wavelength converter is accom-
plished by incorporating a sampled-grating distributed Bragg
reflector (SG-DBR) laser as the on-chip CW source. The laser
consists of five sections: a 550-um active gain section, a 470-p
m front, a 910-um back tuning mirror, a short 100-pm phase
tuning pad, and a 175-um active absorber. About 40 nm of
tuning is possible through the Vernier effect [21]. By biasing
both the front and back mirrors during operation, it is possible
to precisely tune to any of the allowed output wavelengths of
the AWGR across the C band.

The MOTOR chip also integrates SOAs with three different
functions. First, 285-um booster SOAs are used to amplify the
SG-DBR output power after it is split by a 50/50 MMI splitter
and before it is input into each branch of the MZI. Because
the SG-DBR output power is already high, the booster SOAs
are saturated but provide enough gain to overcome the halving
in power from the MMI splitter. Second, nonlinear SOAs are
required in the Mach—Zehnder for cross-phase and cross-gain
modulation. These SOAs are >1000 pm in length in order to
reduce the carrier recovery time, which tends to decrease with
increasing SOA length [20]. Finally, 300-xm linear preampli-
fier SOAs are inserted before the input to the MZI to amplify
the input data signal. It is crucial that these SOAs provide an op-
timal combination of high gain (to ensure that the input pulses
have enough power to deplete the carriers in the MZI SOAs) and
high saturation power (to avoid pattern dependent distortions
that arise if the preamplifier SOAs are operated in the nonlinear
regime).

One important consideration with this approach to wave-
length conversion is the possibility of wavelength blocking.
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Star coupler

Flared input ports
Tapered arrayed-
waveguide outputs

Fig. 3. Schematic view of the AWGR illustrating the flared input and tapered
output waveguides.

Unlike the field-modulated wavelength converters of [9], it is
not possible to convert back to the input wavelength with the
differential MZI SOA wavelength converter because the input
data signal exits the device from the same port as the converted
signal. In a routing application, this means that the input fre-
quency comb must be different than the output frequency comb
and either a high- or low-pass filter would be required at the
output to remove the original frequencies.

B. Arrayed-Waveguide Grating Router

The output of the wavelength converter is connected to
an AWGR, which passively routes the wavelength converted
signal based on the new wavelength of the data (as set by
the SG-DBR). Our design employs an 8 X 8 configuration
with 200-GHz channel spacing (to give a reasonable AWGR
size), a center wavelength of 1550 nm, and a periodic output
frequency response. The major source of loss in an AWGR is
from imperfect coupling between the waveguides and the star
couplers (or free propagation regions) [22]. To reduce these
losses and improve coupling, our design employs flared and
tapered waveguides at the star couplers (Fig. 3). The flares and
tapers are 100 pm long in order to minimize the excitation of
higher order modes. The 2.2-pm waveguide inputs to the star
couplers are flared to 8.0 ym and are spaced by 1.0 ym. The 34
arrayed waveguides at the output of the star couplers taper from
8.25 to 2.2 pum and are spaced by only 0.8 pm. The overall size
of the AWGR (not including the waveguides to the input star
coupler and the waveguides from the output star coupler) is
2.84 mm x 2.60 mm.

III. INTEGRATION PLATFORM

The integration platform used for the MOTOR chip should
provide several key features: 1) high-gain regions for the
SG-DBR laser and SOAs; 2) low-saturation-power (i.e., non-
linear) SOAs in the MZI; 3) high-saturation-power (i.e., linear)
SOAs for preamplifiers; 4) efficient phase modulator regions
for the MZI; and 5) low-loss waveguides for the AWGR and
passive sections of the wavelength converters. Additionally, the
integration platform should minimize the number of required
regrowths and limit the overall fabrication complexity in order
to maximize device yield. To meet these demands, we use an
impurity-free quantum-well intermixing (QWI) process and a
single, blanket p-type cladding regrowth.

The initial base epitaxial layer structure [Fig. 4(a)] is grown
by MOCVD on a sulfur-doped InP substrate. It is composed of
ten 6.5-nm InGaAsP quantum wells under +0.9% compressive
strain and eleven 8.0-nm InGaAsP barriers under —0.2% tensile
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strain (Apr, = 1545 nm). The multiple quantum well (MQW)
stack is sandwiched by a 105-nm quaternary waveguide (Apy, =
1300 nm) on both sides to maximize the modal overlap in the
MQWs, resulting in a ~13% optical confinement factor. The in-
creased optical confinement provides high-gain regions for the
booster SOAs and the gain section of the SG-DBR and low-sat-
uration power regions for the nonlinear MZI SOAs. However,
the decrease in saturation power due to high optical confinement
limits the maximum possible unsaturated gain from the pream-
plifier SOAs. The base growth also incorporates an undoped InP
buffer layer above the waveguide for QWI [23]. Passive device
regions are defined by selectively implanting phosphorous into
the undoped buffer layer above these regions. The implant cre-
ates point defects which are then diffused through the waveguide
region using a rapid thermal anneal process in No at 675 °C.
These vacancies and interstitials allow diffusion of the group V
elements across the metastable well and barrier boundaries to
reshape the compositional profile of the MQW region and blue
shift the band edge from an as-grown App, of 1545 to 1420 nm.
Because the passive regions still contain quantum wells, it is
possible to realize more efficient phase shifters in the MZI re-
gion than would be available with only bulk waveguide. MQW s
provide a greater refractive index change for a given injected
current density than bulk material because of the step-like den-
sity of states of a 2-D system [24]. In practical terms, this means
that less current (and hence a lower drive power) is required to
tune the phase of the MZI to a normally closed (noninverting)
or open (inverting) state.

Following QWI, the implant buffer layer is removed across
most of the sample by wet etching. In the passive regions of
the differential delay line and the AWGR, however, the buffer
layer is not removed in order to provide an undoped setback
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Fig. 4. (a)Initial base epitaxial growth structure. (b) Final growth structure showing both an as-grown active MQW region and an intermixed passive MQW region.
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Fig. 5. Waveguide architectures used in the MOTOR chip: (a) surface ridge
waveguide; (b) deeply etched waveguide; and (c) buried rib waveguide.

layer between the waveguide and the subsequent cladding. As
described in [25], this helps to reduce optical loss from free car-
rier absorption due to the Zn dopant used in the cladding layer.
The epitaxial structure is completed by a simple, blanket p-type
regrowth [Fig. 4(b)]. A 150-nm heavily Zn-doped InGaAs layer
is included in the regrowth for Ohmic p-type contacts. Using a
single regrowth step reduces fabrication complexity and should
have a positive impact on device yield. However, the Zn doping
profile with this approach must be optimized to provide efficient
active diode performance without detrimentally increasing pas-
sive propagation losses from free carrier absorption [26]. To ad-
dress this inherent tradeoff, our cladding regrowth starts with
a thin undoped InP layer followed by growth with Zn doping.
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Fig. 6. Photograph of fabricated MOTOR chip. The chip is soldered to a large copper block and electrodes are directly probed. Miscellaneous test structures are
contained in the center of the AWGR region, but these components are not used during the operation of the device.

Due to the elevated growth temperature, some Zn diffuses to-
ward the waveguide, creating the desired p-¢-n junctions of the
device. The thickness of this undoped regrowth layer (typically
~30-50 nm) is calibrated to ensure that the Zn doping concen-
trations within the waveguide are as low as possible. To reduce
the loss further, additional pre- and postgrowth techniques are
employed. Prior to growth as mentioned above, the undoped
QWI buffer layer is left in the delay line and AWGR region to
push the Zn away from the waveguide. After growth, a proton
implant is utilized to passivate some of the activated Zn atoms
above the waveguide, thus reducing passive losses to a more
manageable level of about 1.9 cm~! for a surface ridge wave-
guide.

Three different ridge waveguide architectures are used in
MOTOR (Fig. 5). A surface ridge that stops at the top of the
waveguide layer is utilized for all active components and most
passive regions of the wavelength converters. This design offers
a simple fabrication approach through a combination of dry and
selective wet etching. Although the selective nature of the wet
etch provides precise control of the etch depth, its crystallo-
graphic nature leads to detrimental undercutting of waveguides
with an angle greater than about 15° off [1 10] toward the [110]
direction. The device also employs a high-contrast, deeply
etched waveguide region for the compact differential delay line
in the wavelength converter. This region is partially defined
during the dry etch step of the surface ridge waveguide to elimi-
nate misalignment between the two sections. It is then protected
with a resist mask during the wet etch of the surface ridge. An
Si04 liftoff process is subsequently used to open the delay line
region and a second dry etch through the waveguide is per-
formed. Last, a buried rib waveguide is created in the AWGR
region by dry etching through the implant buffer layer and 70
nm of the upper waveguide prior to the cladding regrowth,
which consequently buries the structure. Because no selective
wet etch is used, this approach can provide waveguides in the
AWGR region that can be bent a full 180° to achieve a more
compact structure.

IV. EXPERIMENTAL SETUP

The fabricated MOTOR chip (shown in Fig. 6) was soldered
to a copper block for testing. Because this is not an ideal heat
sinking configuration, the device was maintained at 16 °C
during operation using a thermoelectric cooler (TEC) to reduce
thermionic emission of carriers from the MQW region of
the device. Wire bonding was not practical given the size of

Mn EOM EDFA VOA BPF PC
*— S —D—g—EF—

BERT

—§ — [ (o
PD BPF

Fig. 7. Schematic of test setup. Key to abbreviations: EOM = electro-optic
modulator; EDFA = erbium-doped fiber amplifier; VOA = variable optical at-
tenuator; BPF = band-pass filter; PC = polarization controller; PD = photo-
diode; BERT = bit error rate tester.

the device so all electrodes were directly probed. Light was
coupled to and from the chip using lensed fiber. The response
of the AWGR was characterized using on-chip sources (i.e.,
MZI SOAs and the SG-DBR) and coupling the output from
each port to an optical spectrum analyzer (OSA). Wavelength
conversion and routing functions of the MOTOR chip were
tested under single-channel operation with pseudorandom bit
sequence (PRBS) 23! — 1 RZ data at 40 Gb/s. The input data
signal is generated with a modulated external cavity tunable
laser source, amplified with an erbium-doped fiber amplifier
(EDFA) and filtered with a 5-nm filter. Because the device
employs compressively strained MQWs, it is TE-polarization
sensitive and a polarization controller is used to rotate the
input signal to a TE orientation. Although the AWGR provides
on-chip filtering at most wavelengths, the fiber-coupled output
signal from the device is also filtered with an external 5-nm
filter for cases in which the wavelength of the original input
signal might correspond to an allowed output wavelength of
the AWGR. The output was then transmitted to a preamplified
receiver. Bit error rate (BER) measurements were made using
a 40-Gb/s SHF BERT. A schematic of the test setup is shown
in Fig. 7. Back-to-back BER measurements were made using
all test elements in this setup with the MOTOR chip removed.

V. ARRAYED-WAVEGUIDE GRATING ROUTER RESULTS

The performance of the AWGR was first characterized by
forward biasing the MZI SOAs on a single-input wavelength
converter to generate amplified spontaneous emission (ASE)
and the spectral response from each egress port was measured.
Fig. 8(a) shows a well-defined free spectral range (FSR) of
approximately 11.1 nm from the AWGR and a single-channel
crosstalk between —15.8 and —20.9 dB across all output ports
(measured at the center wavelength of the ASE peak). Next,
the pair of MZI SOAs in each input wavelength converter were
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Fig. 8. Output ASE response of the integrated AWGR: (a) measured optical
output from all output ports using input wavelength converter #3; (b) measured
optical output from output port #2 using each input wavelength converter.

biased pair-by-pair at a constant bias level and the resulting
spectra were measured from a single-output port [Fig. 8(b)].
Although some difference in power level is expected between
center and outer ports of an AWGR, this figure illustrates
that the performance of each input port varies, likely due to
fabrication variations across the device. In general, all but one
input port show crosstalk values in excess of —15.6 dB. Input
port #8 only demonstrates a crosstalk of —12.3 dB, most likely
due to a waveguide imperfection within this port. This will
translate into a reduction in performance for port #8 relative to
the other input wavelength converters.

To verify the performance of the device in terms of tunability,
the SG-DBR was used in conjunction with the booster SOAs,
which were forward biased to provide gain to the CW signal
from the SG-DBR. Because the MZI SOAs are in the path be-
tween the SG-DBR and the AWGR, they were also biased in
order to allow the signal to propagate without being absorbed.
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Fig. 9. Lasing spectra for different biasing conditions using the SG-DBR of
input wavelength converter #3 superimposed on the ASE spectrum generated
by forward biasing just the MZI SOA pair in that channel, all measured from
output port #1.

By changing the biasing conditions on the front and back mir-
rors of the SG-DBR, the laser can be tuned to any of the al-
lowed output wavelengths of a given port in order to achieve full
channel switching. Fig. 9 shows the resulting spectra for two dif-
ferent mirror biasing conditions from a single-input wavelength
converter to a single output. In this configuration, we measured
output powers approaching —5 dBm.

Given the current architecture of our device, it is not pos-
sible to directly measure the insertion loss of the AWGR without
cleaving it from the wavelength converter array. To make a rea-
sonable estimate of the total throughput loss between the wave-
length converters and the output, we measured the total power
(including ASE) directly at the exit of the wavelength converter
in an integrated power monitor diode with the SG-DBR, booster
SOAs, and MZI SOAs forward biased at typical operating con-
ditions. (We estimated the quantum efficiency of this power
monitor by measuring the absorbed power in this pad when cou-
pling a CW signal backward through the device from the exit
of the AWGR into the wavelength converters and then com-
paring it to the power measured in the long MZI SOAs which
should absorb all the incoming light.) The total power out of
the AWGR was coupled into an output fiber and measured in an
OSA. Assuming 4-5 dB of coupling loss to the fiber, the total
power loss through the AWGR was estimated to be ~8—-10 dB.
It is important to note that this loss also includes the loss associ-
ated with transitioning from the surface ridge waveguide of the
wavelength converter to the buried rib waveguide of the AWGR,
which could not be measured directly.

To improve overall device performance, the total loss in the
AWGR region should be reduced. The higher than desired loss
in our structure is likely due to two main factors. First, because
the input and output lines and the arrayed waveguides are de-
fined with the buried rib structure which etches into the wave-
guide layer, sidewall roughness created during the dry etch can
result in high scattering losses. This would especially affect
the input and output waveguides to and from the star couplers,
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Fig. 10. BER measurements for several input wavelength converters at 40 Gb/s
monitored from a constant output port. Back-to-back BER measurements are
also included for the converted wavelengths.

which range in length from 6 to 10 mm. A future, more compact
AWGR design similar to that of [27] could reduce these passive
losses and increase the overall output power from the router.
The design of [27] is also promising because it would elimi-
nate the separate dry etch step currently used for the AWGR,
thus reducing fabrication complexity. A second contribution to
our AWGR loss is the coupling loss between the star couplers
and the arrayed waveguide. Our lithographic capabilities should
allow us to bring the waveguides separation down from their
current value of 0.8 to about 0.5 pm in a future design to help
reduce these coupling losses.

VI. WAVELENGTH CONVERTER AND ROUTING
RESULTS AND DISCUSSION

Once the tuning characteristics of the SG-DBR are known,
40-Gb/s wavelength conversion and channel switching in the
RZ data format can be achieved. Typical bias levels used for
wavelength conversion are given in Table I. Figs. 10 and 11
show BER results and the associated eye diagrams for wave-
length conversion from multiple-input channels through a con-
stant output port, respectively. Eye diagrams are not shown for
three of the eight wavelength converters. Although the diode
yield was close to 100%, two channels did not function be-
cause of a random ridge defect in the MZI region. The other
missing channel was damaged during testing. However, since
the working channels have an identical structure, there are no
inherent wavelength converter design issues and all channels are
expected to work with an improved fabrication yield. Next, we
measured the BER for wavelength conversion through different
output ports using a constant input channel (Fig. 12). Open eye
diagrams were also obtained for all eight output ports using a
single-input channel (Fig. 13).

These results demonstrate the tunable routing ability of the
MOTOR chip, as the input data to one input port can be directed
to different output ports by simply changing the SG-DBR mirror
biasing conditions. Figs. 10 and 12 also demonstrate that BERs
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Output #1 Output #2 Output #3
1546nm—>1552.1nm 1546nm—->»1553.4nm 1553nm—>»1543.9nm

AAZAA/L \A/S

e e I m‘m i v e L e e I

Output #4 Output #5 Output #6
1#47nm—)1556 4nm 1549nm=>1557.6nm 1545nm-—>1552.1nm

Output #7 Output #8
1549nm—->»1560.2nm 1546nm->»1550.8nm

Fig. 13. Open eyes diagrams for a single-input wavelength converter at 40 Gb/s
from all eight output ports.

below 1E-9 are possible for the combined wavelength conver-
sion and routing process. The measured power penalties at this
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TABLE I
‘WAVELENGTH CONVERTER TYPICAL BIASES

Component Bias (mA)
Preamplifer SOAs 110-140
Booster SOAs 30-60
MZI SOAs 210-290
MZI Phase Modulator 0-5
SG-DBR Gain 100-110
SG-DBR Front Mirror 0-25
SG-DBR Back Mirror 0-25

BER range from approximately 4.5 to 7.0 dB (depending on the
input port).

The noise floor and high-power penalty seen in these results
are likely attributable to two main factors. First, the tested
MOTOR chip was not antireflective (AR) coated. Additionally,
given the high power of the SG-DBR, other minor reflections
may exist in the device during operation. These reflections
within the chip might occur at the transitions between the three
different waveguide architectures. In future MOTOR designs,
optimized AR coatings are planned to address this reflection
issue.

Second, we measured a clear pattern dependence during
wavelength conversion due to saturation in the preamplifier
SOAs made from the centered MQW band edge. In order to
provide enough gain to the input signal to deplete the MZI
SOAs of carriers and modulate the MZI, the preamplifier SOAs
had to operate in the nonlinear gain regime. This resulted in
pattern distortion effects and an increased BER. In order to
overcome these limitations, a more complex preamplifier struc-
ture will be required. One possible approach to increase the
saturation power of the preamplifiers would involve combining
the short centered MQW SOA in our device with a second
MQW SOA section regrown some distance above the center of
the waveguide as in [28]. This method has demonstrated SOAs
with gains as high as 15 dB and output saturation powers of
>19 dBm, but the additional regrowth could have a negative
impact on device yield.

The results reported here apply only to single-channel opera-
tion. Moving to multiple-channel operation will not only require
more elaborate biasing and fiber coupling schemes, but will also
increase the expected power penalty for the combined process of
wavelength conversion and switching. One key reason for this
is expected to be the increased heating in the device with all
diodes biased. This increased heating can lead to signal degra-
dation and reduced output power due to thermal crosstalk effects
in both the wavelength converters and the AWGR. Efficient heat
sinking will therefore be vital to overall performance.

VII. POWER CONSUMPTION CONSIDERATIONS

The wavelength conversion and switching functions of the
MOTOR chip come at a relatively low cost in terms of power
consumption. Under normal operating conditions, the single-
channel drive power is less than 2 W, giving an overall expected
drive power of less than 16 W for eight-channel operation. How-
ever, additional power is necessary for TEC cooling. In our cur-
rent testing configuration, the TEC requires ~0.5 W to maintain
a single channel at the 16 °C temperature used during testing. In
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a real application, the chip would be packaged with more effi-
cient heat sinking (i.e., flip-chip bonding) with all channels op-
erating simultaneously. The operating temperature would also
likely be higher to match that of other system elements. There-
fore, although the results reported here are promising, further
work to characterize TEC demands under these conditions is
needed before accurate comparisons with electronic router com-
ponents can be drawn.

VIII. CONCLUSION

We report the demonstration of the first InP 8 x 8 MOTOR
capable of 40-Gb/s operation per port with BERs below 1E-9.
The device represents one of the most densely integrated InP
chips ever reported, with more than 200 integrated functions and
power penalty as low as 4.5 dB at 40 Gb/s. Under normal op-
erating conditions, the per channel power consumption is less
than 2 W. Improved power penalty is expected with future de-
signs employing AR coatings and optimized preamplifier SOAs.
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— Error-free operation
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Lattice constant = 5.87 A at 300K

courtesy of C. Doerr

InGaAsP/InP lattice-matched alloys
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Lateral waveguides/couplers

Wavequide cross sections

InP — o
InGaAsP —Emm | I s
Deeply-etched Ridge  Buried channel Surface ridge Buried rib
Higher index contrast
MM coupler
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Active-Passive (axial) Integration

Desire lossless, reflectionless transitions between sections

ACTIVE ACTIVE

PASSIVE
ACTIVE — l Fassive l ACTIVE PASSIVE
l PASSIVE l i
Vertical BUTT-JOINT ARSEE:EGC;‘::W OFFSEVL DuAL QUANTUM WELL
Twin-Guide REGROWTH QuaNTUM WELLS QuaNTUM WELLS INTERMIXING

Patterned Re-growth

/ Low Passive Loss
Low Passive Loss

3 Bandgaps usually desired




QWI For Multiple-Band Edges/Single Growth

Simple/robust QWI process
— Ability to achieve multiple band

edges with a single implant
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E. Skogen et al, “Post-Growth Control of the Quantum-Well Band Edge for the Monolithic
Integration of Widely-Tunable Lasers and Electroabsorption Modulators,” JISTQE, 9 (5) pp 1-8

(Sept, 2003).
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Integration Strategy: MOTOR Chip




Integration Platform for MOTOR Chip

. Stl’ate”)[ 40 ‘ _Band Diagram
1. Centered MQW base structure ; ;

2. Quantum-well intermixing for
active/passive definition

3. Single blanket cladding regrowth

Energy (eV)

» Trade-offs:

1. Limited total number of regrowths = 745 i o3 o3 05 05 o6
need multiple waveguide e
architectures '

2. Efficient active diodes - higher 36
passive losses due to Zn in cladding

3. Efficient high-gain, low-saturation
power elements - nonlinear
preamplifiers

4. Polarization sensitivity

Index of Refraction
& £ = z =
apfou ] apogy paZipuiion

o=

[E] 2.0 25 3l
Waveguide Position ((um)

Multiple Waveguide Architectures

» Need multiple waveguide designs to integrate diverse
range of components

Be 0 Ridge
» Ridge defined through prypguide

EHydding and stops at waveguide

I—ayBFy etch only

= @fbbﬁ@mtbﬁﬂ'@@ﬂméﬁ%ﬁ‘ﬂuﬁ" wet
8kafip bends possible

— Wet etch is crystallographic = no
bends over ~15

Waveguide

/




Multiple Waveguide Architectures

Bi7(6154/312/1
Need short mode transition elements to maximize
coupling between waveguide regions

« Partial etch into upper waveguide
prior to cladding regrowth, which
buries it
— Low index contrast

-> Larger footprint
— Dry etch due to high-angle bends

Horizontal Waveguide Position (m)

s

Buried Rib (AWGR):

» Use QWI implant buffer to provide InP:Zn Cladding Iraplant

undoped setback layer between § - buffer layer

optical mode and Zn atoms N

eguid

» Simulated reduction in optical loss:
— Deeply-etched > Buried rib
— No lateral mode interaction with
Zn doped cladding

-3 2 -1 0 1 2 3
Lateral Waveguide Postion (1m)

Optical Loss Due to Zn in the Cladding

Deeply-Etched Ridge (Delay Line):
25 | Dee.ply Etched Air
: 3 b Implant
20/ Actual buffer EL bufferlayer
s thickness used g,
L5 : : 8
] >
g 3
10 £ :
N aveguide QWs +
05 % H arrier
E3EX
: : Substrate — :
0.0 s 2 I
200 400 600 800 1000 4 3 2 4 [ 23 4

Buffer Layer Thickness (nm) Lateral Waveguide Postion (jum)




Transitions Between Waveguide Designs

Surface-to-Deep Ridge Transition Surface-to-Buried Rib Transition

* Flared/tapered butt-couple transition
— Surface ridges flares and butt
couples to tapering rib waveguide
— Fairly tolerant to lateral and
longitudinal misalignment

*  “Mode matching” transition [1]
— Surface ridge flares and tapers before
deep ridge section
— No lateral misalignment issues

Suzi'acr Ridge to Buried Rib Butt Couple Transition
1
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L
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Flared Wave H Surface Rid :
04 £y ?5.1_4 - “"‘.“K\..g' e .
. i e
0.3 Suarface 03 T \
Ridge Buried Rib
L T W o i 30 0 Oh5iF 0 @5 04 05 10 18 20
Lateral Misalignment (um)

Distance From Flare to Transition {gm)
[1] J. H. den Besten et al., Photon. Tech. Lett., vol. 14, J

Widely-Tunable-X PICs
(Mostly serial integration)



Early PICs

- Etched grooves

- Tunable single frequency

- Laser-modulator

- Laser-detector

L.A. Coldren, B.I. Miller, K. Iga, and J.A. Rentschler, “Monolithic

two-section GalnAsP/InP active-optical-resonator devices
formed by RIE,” Appl. Phys. Letts., 38 (5) 315-7 (March,
1981).

DBR
region

Lasing Tuning

'
i
1

region | region
'
i

Au/Zn/Au
electrode

-InP
- DBR gratings and vertical couplers ol

ight output
- Tunable single frequency
- Combined integration technologies

Y. Tohmori, Y. Suematsu, Y. Tushima, and S. Arai, “Wavelength Sian INesAsacaPosz

tuning of GalnAsP/InP integrated laser with butt-jointed AMB layer \4 ;”""‘" E"‘ﬂe
built-in DBR,” Electron. Lett., 19 (17) 656-7 (1983). GalnPAsP rz.ngg;;tusea :u,s:/';ulx 1.35 ym)
lectrode
Active layer

Gag.21NosryASass Pogs (4, =1.60 pm)

2>EML = electroabsorption-modulated laser
- Still in production today

M. Suzuki, et al., J. Lightwave Technol., LT-5, pp. 1277-1285, 1987.

DFB laser" EAM

SGDBR-SOA-Modulator PIC

. H “Multi-Section Tunable Laser with Differing Multi-Element
SGDBR+X: Foundation of PIC work at UCSB Mirrors,” US Patent # 4,896,325 (January 1990)
Heart of Wavelength Converter

(UCSB'90-- > Agility’99-'05 - JDSU'05-)
SG-DBR Laser

EA {Front Rear \
ModLlﬂ:a:ror Amplifier Mirror Gain Phase Mirror

Light L .
Out 6 section InP chip
Q waveguide MQW active regions v’: . : o s
A S L
. . M A vw‘rv CATA SR TE S I
+ SOA external to cavity provides power control aw0f sl Al ::(d;m)
« Both EAM and MZ modulators integrated 150 & LT vt ottt b e
-160 +
SMSR (dB) [ 55
At g, 0
45
» Over a million in the field today carrying live traffic 19dBm - FIBER POWER
* JDSU-ILMZ recently released as TOSA 16dBm
13dBm OFC 2003
19‘2 1&3 19‘4 15‘)5 1g6

Channel Frequency (THz)




SGDBR-SOA-modulator transmitters @ 40 Gb/s H-Q:E-B

1. QWIEAM :

EAM  Active 40 Gb/s TRANSMITTER EYES:

4 MQW
«MQ! 1547am: ER=103  1554nm: ER=120  1565nm: ER=105
Active

s f345=32 GHz/175um—20dB/V (1536-1560nm)
= - V,p=2.5V
—

J.W. Raring and L.A. Coldren, JSTQE 13, (1), pp. 3-14, (Jan. 2007)

Widely-Tunable
SG-DBR Laser EAM

2. Dual QW/TW-EAM :

40 Gb/s NRZ “1‘“ Pr\slswE LASCR

1533 nm
-15-20dB/V for 600 um over range

- Open eyes for all wavelengths

M 1543 nm - 6-10dB extinction with 2.1V

1559 nm M. M. Dummer, et al, OFC’08, San Diego, Mar, 2008.

buaL
QuANTUM WeLLs

3. Series Push-Pull MZI :

Integrated load R and bypass C BRI
30 GHz Bandwidth S

40 Gb/s error free operation -
Low/negative chirp RS pach 7l

40 Gb/s eyes

XX ¥

A=1641 nm
Inputv,, =26V
nPUt Voo ext.ratio=79 4B

S5 552

A=1556 nm A=1566 nm
ext.ratio = 9.0 dB ext.ratio= 79 dB

A. Tauke-Pedretti, etal, Photon. Tech. Lett., 18 (18) 1922-4 (2006).

Transceiver/wavelength-converter:
2-stage-SOA-PIN & SGDBR-TW/EAM

« Data format and rate transparent 5-40Gb/s
* No filters required (same A in and out possible)
» On-chip signal monitor

» Two-stage SOA pre-amp for high sensitivity,
efficiency and linearity

* Traveling-wave EAM with on chip loads

*» Only DC biases applied to chip—photocurrent

«directly drives EAM
» 40 nm wavelength tuning range

Ao

Viiae

Receiver

Eye Diagrams
5Gbis NRZ 10 Gb/s NRZ

o s sl azes e

NRZ el o
SG-DBR Laser 20Gb/sNRZ 40 Gb/s NRZ

SOA Mirror Gain Phase Mirror Abs.

Vs

20 Gb/s RZ 40 Gb/s RZ

M. Dummer et al. Invited Paper Th.2.C.1, ECOC 2008.

Resistor  QW-pin High Power  Signal Monitor
SOA

Capacitor




Wavelength converter/SOA-PIN receiver &

SGDBR-Mach Zehnder transmitter

*  Photocurrent driven

* 35 um QW absorption region in receiver L Py

— Tapered for reduced capacitance
* 300 pm traveling-wave Mach-Zehnder modulation region m

— Series-push-pull design to maximize bandwidth FrI50gnm 71 oo 154500 ...}
— Chirp management |
-+ Data format and rate transparent m o
* No optical filter required B A w
« Integrated termination resistor and bypass Capacitor 1561 nm Backto back
— No external bias tees used

»  Prefilter information, avoiding the latency and bandwidth restrictions of purely
digital signal processing approaches

+ Demonstrate programmable poles and zeros from a single unit cell that can
be cascaded to form complex lattice filters

» Incorporate SOAs and Phase Modulators to control filter parameters

521 Normatized Intensity (48}
N 0
o
o ;
Q.

543 Normalized Incensity (4B}

g0 IS ST TS S0 B TS0 S i
Wavelength (nm)

See E.J. Norberg, R.S. Guzzon, S. Nicholes, J.S. Parker, and L. A. Coldren, “Programmable photonic filters fabricated with
deeply etched waveguides,” IPRM ‘09, paper TuB2.1, Newport Beach (May, 2009)




Bistable Ring Resonators for Digital Logic

UCSB
o

SOA

Passive
N\ ~waveguide

ST |

M image of single ring resonator

Separate gain, phase-shift, and
monitoring (tap) sections added
to passive waveguide in ring

— CCW Mode
— CW Mode

Single-port injection:
* Injected tunable laser switches ring between CW /
CCW lasing.

* CW mode > 98% power into Port 1.
* CCW mode > 98% power into Port 2.

« Single-port switching reduces design complexity
and round trip delay.

* SMSR >25 dB.
* Injected laser -35 dB below ring lasing power.

Verifies sensitive cw-to-ccw sample-and-hold

Gutput power (mW)

Injected wavelength (nm)

15569 1557.25 1557.6 1557.95 15583 1558.65

Injection triggered switching in a ring resonator

Tap

Active
Passive

CwW \
Reverse Biased SOAs

1662 15563 1554 1886 1556 1557 1568 1659 1860
-40
—-45 - |on/oft extinction
E 50 || —Ring State 1 (CCW) | ratio18-dB—
B-55 —— Ring State 2 {CW) | l‘h
o -60
Phase Tuning % -85 l l I
4 o p 11
3 M
o {1

Port 2

Wavelength {(nm)

il dafhe St o

 ccw

Schematic of ring resonator

J

Output optical spectrum of ring resonator in CW and CCW states

. Parker, et al, IPNRA 09, IWA2, Honolulu

Integrated Multi-Channel PICs

(Mostly parallel

integration)




Early PIC with wavelength-selectable laser and EAM

Electroabsortion
Modulator T O,

AR Coating

A/4-Shifted
DFB Lasers Tunable single wavelength in this case
Multiple wavelengths possible

1/N combiner loss

M. G. Young, et al., Electron. Lett., 31, pp. 1835-1836, 1995.

Early PIC multi-wavelength receiver UCSE

Wavelength Demultiplexer + Detectors

arrayed waveguide

detector
array

8 2nm

J. B. D. Soole, et. al., Electron. Lett., pp. 1289-1290, 1995.




Infinera multi-channel commercial transmitter

& receiver PICs: 10 x 10 Gb/s

Transmitter:

10 x 10 Gb/s
Electrical Input
: H1
<
<
: DC Electrical
< Bias and Control
<
<
</ CH10
Lensed Fiber
Coupling
Receiver: SN ASIC TIA
Array
. . |) CH1 PIC Chi
3 o> %
=3 o
3 ~
Optical INp st -2 10 x 10Gb/s . 'l_ y
[ Y = Electrical Low polarization M
10 x 10Gb/s 2 Output dependant loss
=3
Receiver < dB Lensed Fiber
PIN Photodiode ~ CH10 Coupling

Array

R. Nagarajan, et al., Sel. Top. Quant. Electron., 11, pp. 50-65, 2005.

40 x 40 Gb/s results

1.6Tbit/s DWDM Large-Scale PIC Transmitter
40 x 40Gbitls 2
/ Electrical Input g
== « | CH1 9]
H =T~ H
HH =« o
g [CmmEST — =
e e =
Optical Output | S ——HmW—E=-C2-C « | e Ejectrical 3
— S e« h
Bias and Control -
Mg E H—e— = : 8
40 x 40Ghit/s | = s =
& E
5
S .
H-EE-E=-T- 0+ ) CH40 1.550 1.555 1.560 1.565
. O % -
9% e% ‘%% ‘3—00 ?»,% Wavelength (um)
i,% ‘o% % ?« 2 3 4 5 6 7 8
D Vo ) = ST IS SRR SO0 ek ST
3% 63 00 B8 688 008 868 664
>3 9 10 11 12 13 14 15 16
s - - B0 000 600 660 OO0 BO8 BO0 668
1.6 Th/s single chip s 6 2 2 » P
40 channels BB B85 B85 550 BAB 5O 6O B0
40 Gb/s modulation / channel S e n = = O} ST
\ D88 BES BB BAS 558 BB 5006 BE8
33 34 35 36 37 38 39 40
R. Nagarajan, et.al., IEE Electronic Letters, Vol. 42, no. 13, pp771-773 (2006). - .
courtesy of C. Joyner [LWEIE]




Amplified 40 channel receiver spectrum

o
k=)
z > 5
= . > % a
= L =]
g - = @]
@ - A > S
3. Optical >\ =3
E. Input : &
2 5 : Apoee Ay '(-'JJ =
1548 1552 1556 1560 1564 — =
Wavelength [nm] N = 10' 40 oxT
16 |
14
~12 High Speed
m
T Photodetector
[}
3 8
L g
2
2
= 2
0 Nagarajan, PDP32 OFC 2007

50 100 150 200 250 300 350 400

SOA Bias Current (mA) )
courtesy of C. Joyner [UMLEIE!

Meeting the Future Demand

Upgrading Systems to 40 Gb/s or even 100 Gb/s
Faces Serious Transport and Transmission Issues

Goal: | Solution:

More bandwidth/capacity Higher data rates and
over installed improved spectral
infrastructure efficiency

(with existing fibers,
EDFAs, DCMs,
and OADMS) : Transmission

,«/

:l'ransport Impediments:
Optical Noise (OSNR)

Enabling Technologies:
Advanced FEC Codes
New Modulation Formats Bandwidth Narrowing
Adaptive Dispersion Compensation Dispersion (CD, PMD)
Coherent Detection / Electronic DSP Nonlinearities (SPM, XPM)




Advanced Modulation Formats UC _SB

o
O Binary modulation formats Q
(1 bit/symbol): N e Rx
— Optical duobinary / N *—Q—» —-#Z
PSBT A 4
\ Mach-Zehnder
— NRZ-/RZ-DPSK il Modulator ,
(“bipolar” ASK) | T * *@* —a>
A4 Delayed Self-
O _Quaternary (2 bits/symbol): < e D;‘-
4 A
— NRZ-/ RZ-DQPSK sﬁ><hi *@;} {g
>
Q _Polarization-multiplexed QPSK (4 bits/symbol):
— Dual-Polarization QPSK

Large-scale DWDM DQPSK
transmitter PIC 10 channels x 40 Gb/s

AWG
2 £
21.5Gb/s NRZ Balanced
Receiver Eye
Nested
MZM

s S21 Frequency Response
0 7\/—’%—’—\\«\

Small-signal BW > 20GHz

= 10 frequen%y—tunable DFB laser
with backside power monitors

= 10(I) + 10(Q) nested Mach-

Zehnder modulator pairs

D
F| v Tunable
= 1AWG

= 111 integrated elements in total [Pw] 0 5 10 15
on chip Frequency (GHZ)

20
SW. Corzine, et al, OFC’08, PDP18, 2008 courtesy of C. Joyner “infinera |

10 Log ( S21) (dB, optical)
w




SGDBR + Multilevel Optical Modulation

(unpublished)

High order modulation required for

high spectral density / channel Driver OIC
rate out

-out
* Lower symbol rate — improved =]
dispersion tolerance -

=
» Semiconductor modulator

>
>

—Nonlinear response - “/®
—AM coupled with PM n
—Compact, integrated with high- InP PIC

537

performance sources

LU LIl
» Challenge: Produce QAM buvuyy ury
modulation with required precision SGDBR laser

T
\ JG ) f Vector
—Improved response required == Gain region == Modulation Modulator

modulator nonlinearities results in ill-
defined data levels.

—Use electronics to compensate for
non-linear response - close /
integration electronics-photonics | MZ2

—Capture potential of 1V drive voltage
* Integrated QAM transmitters
—Up to 64-QAM

From Direct to Coherent Detection

Direct Detection .
_— Intradyne Coherent Detection
O_H'Off keying only ! Phase and polarization diversity
Simple Tx and Rx ;

* L & Frequency-locked local oscillator
_Q_. —

Digital signal processing of received
electrical signals

Self-Homodyne Detection

Differential PSK encoding

» Electronic CD compensation
» Electronic polarization demultiplex
Decoding via 1-bit self-delay Mach-
Zehnder interferometer

» Adaptive PMD compensation
Balanced Rx

* DPSK, + . i QPSK

» Use ‘Intradyne’ without phase-locked LOs, or do we need true Heterodyne detection?

- High-speed A/Ds & DSPs require lots of power and are expensive to design if optical phase must
be tracked, especially as data rate increases

- Impairments can be removed with much slower, lower-power, lower-cost signal-processing circuits

3

P
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Optical Phase Locked Loops: Locking Two SGDBRs w

Optical phase-locked loops (OPLLs) are viable using close integration of PICs with electronics

Ve

~_Output
SGDBR >

Photonic IC Fiew)

Coherent interference at monitor
verifies phase locking

(7 22 T T T
K 4 5 :
. £ —E—OPLL locked
,;En 0 z —S—OPLL unlocked
Z - \_ Quasi-continuous §1'5 —
g \ phase-locked digital 5 /2( E\
3 50 \_ tuning up to 5 THz 5,
= .\ offsets possible =} o
T \ 2 A
<3 =
o X 205 7.
9, s /
%,
2 \
2 : 0
% 1560 1580 0 1 2 3 4 5 6 7
>0 1520 1540 Phase modulator current (mA) gy,
Wavelength (nm)

S. Ristic, et al, OFC ‘09, PDPB3, San Diego, (Mar., 2009)

OPLL'd SGDBRs—Heterodyne

__-10
» EA modulator used to generate 5 GHz offset § 20
frequency 5 Loop BW

. . g 30 =570 NiHz
P Slave laser locked to modulation sideband S 40
» Coherent beat observed % -50 |

— 0.03 rad? phase error variance in +/-2GHz BW % -60 // ; \\
estimated from captured spectrum e 70 L

»  Up to 20 GHz offset locking demonstrated 4 4.5 5 5.5 6

Frequency (GHz)

RF offset

Loop Filter

Envelope
Detector

Optical output

coupler

unlocked

1015 g o

Ristic et al: JLT v.28 no.4, 2010, in press,
also at MWP2009, paper Th 1.5




Costa’s Loop for BPSK, QPSK
demodulation

No requirement for complex
DSP circuits

Challenge: Develop receivers for
high speed (>100Gbaud) or
high constellations (n-QAM)

Matched with development of
coherent sources

LIDAR

— [PLLIAN

— [PLL] "N~
— [PLL] "N —
— [PLL] NN —

(AVAV:
mmW modulated
optical out

Very rich/challenging area Locking of two tunable lasers

Locking tunable lasers

Arrays of locked OPLLs
Swept microwave reference

Requires Integration of high-
speed UTC photodiode

Speed determined by UTC
photodiode and feedback

Time / Phase encoding of ° )
electronics: Can be very high

directed output

Combined with antenna designs
for complete TRX links with
free-space path

Need for rapid scanning and
locking rates

All require clo

se integration of electronics with photonics

1000000

100000

10000

£ 1000
&

100

10

1 i i
2000 2010
Year

1980 1990 20

Introduction of EDFA and WDM
- OEO repeaters vastly reduced

- Bits/Hz of bandwidth

* Must improve Spectral Efficiency (SE)

* But vast improvements are required!

1 “dB” /year » Excess fiber capacity disappears

after 2015

« TOM
Research

WDM
Research

TOM
Commercial

+ WDOM
Commercial

— Total Traffic

20

System Evolution

1990s 2000 2010 2020
#2.5-10 Gbss m10 Gb/s =100 Gb/s m1Tb/s !
channel rate hannel rate channel rate channel rate
=8,16, 40 m100 m100 m100
Channels hannels channels [Channels
=20-160 Gb/s m1This m10 Th/s m100 Th/s
Capacity apacity (Capacity [Capacity
=SE = .025-.05 mSE =0.2 WSE = 2.0 WSE = 20 !

History History Planned Needed

SE = Spectral Efficiency = Channel Rate / Channel Spacing

Even with this aggressive 2020 target, traffic growth

will exceed capacity growth by a factor of 10

Aicatel-Lucent (B




Fiber Capacity Estimate UC_.S'E

Capacity per unit bandwidth (spectral efficiency) for 2000-km transmission

< 8 T T T -

. Constellation Example
5 L ¥ ~7 bits/s/Hz | =
2 7 g 4-ASK, M-PSK
Fw 6 1 |t ]
a E | =1
S Y 4 - . =
— s
e 3 - 51
-~ .0 —®—— 1-ASK, M-PSK =
2= 2 4-ASK, M-PSK 2 = g cent bt oS« Fge
é— 1 . . - 16-ASK, M-PSK . \ | eal part of field (m' )
S 0 ASK: Anllplltude-lshlft key}ng, M-PISK: M-ar){ Phase-slhlft kequg Complex optical

0 5 10 15 20 5 30 35 40 transmitter and receijvers!

2
SNR (dB)

For 2000 km, a spectral efficiency of ~7 bits/s/Hz per polarization can be achieved
which corresponds to an increase of about one order of magnitude in spectral
efficiency over commercial systems

Deployed systems can transmit ~5 Tb/s over ~2000 km. For such a distance, the
capacity limit of fiber is expected to be ~500 Tb/s or ~100 times the capacity of
commercial systems

Courtesy: Rene Essiambre, Rod Alferness
Alcatel-Lucent

New ldeas are needed!

“Don’t bother me with new ideas; I've got a battle to fight!”




Summary UCSB

» Active InP-based photonic ICs can be created with
size, weight, power and system performance metrics
superior to discrete solutions in many situations.
However, cost can only be less if the market size is
sufficient.

* Closeintegration of control/feedback electronics will
be desirable in many future PIC applications

* Coherent approaches will be greatly enabled by the
use of photonic Integration, and numerous sensor
applications may be enabled in addition to higher-
spectral-efficiency communications.
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Asynchronous 2x2 Optical Packet Synchronization,
Buffering, and Forwarding

John P. Mack, Kimchau N. Nguyen, John M. Garcia, Emily F. Burmeister, Matt M. Dummer, Henrik N.
Poulsen, Biljana Stamenic, Geza Kurczveil, Kurtis Hollar, Larry A. Coldren, John E. Bowers, and Daniel J.

Blumenthal
Electrical and Computer Engineering Department, University of California, Santa Barbara
[mack@ece.ucsb.edu

Abstract: We demonstrate the first asynchronous 2x2 optical packet switch capable of
synchronizing, buffering, and forwarding 10 Gb/s packets generated from independent
transmitters with better than 99% packet recovery measured using a burst mode receiver.

©2010 Optical Society of America
OCIS codes: (060.1810) Buffers, couplers, routers, switches, and multiplexers; (230.4480) Optical amplifiers

1. Introduction

Optical packet switching provides a means of communication that is flexible, scalable, and high capacity [1].
Asynchronous operation of routers is the key to scaling large networks where multiple independent nodes are used,
each with their own packet and bit-level clock sources. This causes inherent timing uncertainties on the clock and
packet-level due to the frequency drift between plesiochronous clocks [2]. These uncertainties create unique
challenges to optical technologies and switch architectures. In order to utilize synchronous buffer architectures with
asynchronous packets, incoming packets must be aligned to the packet timeslots of the switch through the use of
synchronizers. Packets are then synchronously loaded and unloaded from buffers to resolve temporal collisions of
packets destined for the same output port [3]. Synchronous buffering is a critical component of any router as
synchronization guarantees minimal uncertainty of the location of packets within buffers and allows for efficient
time division multiplexing of packets onto output ports. In addition to optical buffering, the switch also requires
photonic technologies to forward packets to different output ports. Optical synchronization, buffering, and
forwarding approaches have been demonstrated individually with low power penalties at 40 Gb/s [4-6]. Previously,
asynchronous optical forwarding of labeled optical packets was demonstrated for high bit-rate variable length 40
Gb/s payloads based on lower bit-rate 10 Gb/s labels [7]. End-to-end asynchronous optical transmission,
forwarding, and detection have been shown for Internet protocol (IP) packets adapted to a labeled optical packet
format for 12.5 Gb/s payloads with 3.125 Gb/s labels [8]. Asynchronous transmission, buffering, forwarding, and
detection of 160 Gb/s payloads based on all-optical label processing has also been demonstrated [9]. In all of the
previous work, contention of optical packets was pre-engineered using a single transmitter. The results reported
here are the first demonstrations of synchronizing, buffering, and forwarding asynchronous optical packets
generated by multiple independent sources.

2. Architecture
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Fig. 1. Asynchronous 2x2 optical packet switch architecture. Fig. 2. Transmitted packet Fig. 3. Asynchronous back-to-back
stream, NRZ format, and packet recovery measurement.

packet format.

The asynchronous 2x2 optical packet switch architecture is depicted in Fig. 1. Multiple transmitters (Tx), an
optically buffered switch, and a receiver (Rx) operate on independent clocks that are completely asynchronous to
one another. The asynchronous FPGA based transmitters and burst mode receiver are capable of generating and
detecting 10 Gb/s optical packets [10]. In the following experiments, a PC loads the transmitters with the same data
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stream, which is serialized to a 40 byte NRZ packet at 10 Gb/s with a total period of 128 ns as shown in Fig. 2. The
40-byte packets contain a 32-bit idler for clock recovery, 64-bit unique packet identifier, and repeated PRBS 2-1.
The fixed timeslots used in the following experiments are 64 ns, which consist of a 40-byte packet and 32 ns of
guard band. In this work, it is assumed packets are of fixed size due to the architecture of the implemented optical
packet buffer. Packet recovery measurements were conducted for an asynchronous back-to-back experiment and are
depicted in Fig. 3. Packet recovery > 99.99% was achieved for > 10 dB dynamic range of received powers.
Achieving a large dynamic range for the receiver is critical when detecting incoming packets that have variations in
amplitudes and signal to noise ratios.

Synchronization, buffering, and forwarding of 10 Gb/s asynchronous optical packets is performed using photonic
integrated technologies. The synchronizers are a 4-stage feed forward design with binary delays based on discrete
commercially available SOAs, as shown in Fig. 4 [4]. The synchronizer’s resolution is 6.4 ns and the tuning range is
64 ns, as only 10 of the 16 delays are used in the following experiments. The buffers consist of packaged 2x2 InP
SOA based switches and fiber delay lines equivalent to 64 ns, as shown in Fig. 5 [5]. The monolithically integrated
field modulated wavelength converters consist of a high bandwidth photo detector and electro-absorption modulator
(PD-EAM) and a highly tunable sampled grating distributed Bragg reflector (SG-DBR) laser, as shown in Fig. 6 [6].
Payload envelope detectors (PED), electronic channel processors (ECP), and a central arbiter are used for all
synchronization, buffering, and forwarding decisions.
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Fig. 4. Feed forward 4-stage optical packet Fig. 5. Re-circulating optical packet Fig. 6. Monolithically integrated field
synchronizer. buffer with inset of 2x2 InP switch. modulated wavelength converter.

3. Electronic Lookup and Arbitration

Asynchronous optical packets enter the switch fabric and the packet envelopes are extracted using the PEDs, which
provide a precise time reference of the rising and falling edges of the packets. The envelopes are clocked into the
electronic lookup time domain using D flip-flops in the ECPs running at 156.25 MHz. The ECPs then forward the
envelopes to the arbiter for synchronization, contention, and forwarding lookup. The rising edge of the envelope is
found and compared to the current count of the timeslot counter. Based on the count, the number of clock cycles
needed to delay the rising edge of the packet to the next timeslot is determined. The arbiter generates SOA gating
signals to select the delay of the optical synchronizer in order to align incoming optical packets to the local
timeslots. The envelopes are then synchronized to the beginning count of the next timeslot and expanded to 64 ns.
Next, the arbiter compares the synchronized expanded envelopes from the input ports to determine if contention is
present. For this experiment, it is assumed that all packets request the same output port. The arbiter uses a round
robin approach to determine which packet from the incoming ports should be buffered. Here, it is assumed that the
buffers will only have to either pass a packet through or circulate a packet for one timeslot. The arbiter generates
SOA gating signals to latch packets in and out of the buffers. Screenshots were taken for the outputs of the
synchronizers and buffers operating asynchronously triggered by the respective transmitter and are shown in Fig. 7
and 8. The packets appear blurred because the delays needed to synchronize and buffer change over time since the
transmitters and electronic lookup are asynchronous to one another. The synchronized and buffered packets are then
fed into the input of the wavelength converter so that they are forwarded through the AWG. The WCs convert
packets to a new wavelength using a highly tunable SG-DBR laser and an EAM that is modulated by the incoming
signal. The wavelengths are mapped to the AWG to forward packets to different output ports.

4. Performance Measurements

Packet recovery measurements were conducted for various aspects and configurations of the optical switch, which
were compared to the back-to-back measurements. The results of this section can be summarized using a single
plot that shows power penalty versus packet recovery at 80, 90, and 99%, as depicted in Fig. 9. This includes
asynchronous optical packet synchronization (S), asynchronous synchronization and buffering (SB), and
asynchronous time division multiplexing (TDM) with greater than 99.99% packet recovery and minimal power
penalties. Asynchronous synchronization, buffering, and forwarding (SBWC) was also demonstrated by placing a
wavelength converter on each port and converting synchronized and buffered packets from 1560.5 nm to 1554.5 and
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1559.5 nm with greater than 99.8% packet recovery and power penalties less than 5 dB. This also included
asynchronous synchronization, buffering, TDM, and forwarding (TDM/WC) where the output of the buffers were
coupled and injected into a single wavelength converter under DC biasing converting multiplexed packets from
1560.5 nm to 1554.5 nm and 1559.5 nm with greater than 99.8% packet recovery and power penalties less than 6
dB. Finally this included the asynchronous switch ports that were both TDM and WDM (TDM/WDM) where
multiple synchronizers, buffers, and wavelength converters, and an AWG were implemented. Here Tx 1 and Tx 2
were tuned to 1560.5 and 1557.5 nm respectively to utilize multiple input wavelengths. Dynamically synchronized
and buffered packets were forwarded to output 1 by tuning WC 1 and WC 2 to 1543.3 nm and 1553.5 nm
respectively, as well as, forwarded to output 2 by tuning WC 1 and WC 2 to 1553.7 nm and 1562.9 nm respectively.
Packet recovery rates greater than 99% were achieved for both outputs. The power penalties increase in both
magnitude and variation as the number of cascaded devices and states increases due to variations in accumulated
noise, saturation, insertion losses, and extinction ratios.
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Fig. 7. Screenshots of Fig. 8. Screenshots of transmitted, Fig. 9. Power penalty vs. packet recovery for various aspects
transmitted and synchronized synchronized/buffered, and TDM of the asynchronous optical packet switch.

packets. packets.

5. Conclusions

In this work, greater than 99% packet recovery was achieved for a 2x2 asynchronous 10 Gb/s optical packet switch
that implemented multiple optical packet synchronizers, buffers, and wavelength converters. The demonstrated
optical switch can reach 40 Gb/s with no change to the photonic devices, firmware, or power consumption. The
optical switch can scale to 8x8 ports with additional photonic devices, electronics, and firmware updates.
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Abstract

Large-scale photonic integration depends on robust epitaxial design and fabrication techniques. This paper
reviews the integration strategy we developed to demonstrate an 8x8 InP-based monolithic tunable optical

router capable of 40 Gbps operation per port.

I. Introduction

Large-scale photonic integrated circuits (LS-PICs) in InP
are a critical technology to manage the increasing bandwidth
demands of next-generation optical networks. By integrating
many of the network functions typically handled by discrete
optical components into a single device, the overall system
footprint can be appreciably reduced. Additionally, a
compact, single-chip solution can provide performance and
reliability gains along with a reduction in packaging costs.
Although the promises of large-scale integration have long
been known, LS-PICs have only recently emerged in the
marketplace, thanks to advances in InP epitaxial growth and
fabrication which have led to improved yield [1,2].

For most optical network applications, multi-channel LS-
PICs that incorporate both active and passive device
components on the same chip are desirable. Active/passive
integration depends heavily on the epitaxial and fabrication
schemes used. To this end, a number of different platform
technologies have been proposed and developed in the last
two decades [3-5]. Because the choice of an integration
platform typically depends on the device requirements, there
is not a one-size fits all integration solution. However, in
general an integration strategy should be designed to limit the
degree of fabrication complexity and the number epitaxial
regrowth steps to provide high yield and lower cost.

All-optical packet switching at 40 Gbps is one application
of interest for LS-PICs. In this approach routing of data
packets is confined solely to the optical domain, potentially
easing the increasing power consumption demands of
electronic-based routers at high data rates. As part of the
DARPA DOD-N and Army sponsored LASOR project [6],
many important single-channel PIC building blocks such as
wavelength converters, optical buffers and mode-locked
lasers have been demonstrated [7]. Recently, however, we
have advanced our integration technologies to demonstrate
multi-channel PICs with even greater component densities
and chip functionality.

This paper will review the integration strategy we used to
demonstrate an 8x8 monolithic tunable optical router

(MOTOR) chip that serves as the packet-forwarding engine
of an all-optical packet-switched router (Fig 1). The 8-
channel device consists of an array of 8 tunable wavelength
converters and an array-waveguide grating router (AWGR).
It combines more than 200 building blocks into one chip and
has a potential total data capacity of 640 Gbps. Single-
channel operation of the device at 10 Gbps [8] and 40 Gbps
[9,10] line rates has been achieved with reasonable power
penalties. Our integration approach is based on quantum-well
intermixing (QWI1) and leverages risk by using only a single
blanket epitaxial regrowth. To provide additional component
functionality, advanced InP fabrication techniques are used to
define three separate waveguide architectures that provide
differing levels of optical confinement.
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Fig. 1. a) Schematic of MOTOR chip architecture; (b)
Photograph of fabricated 8-channel device



I1. Device Design

Our integration strategy for the MOTOR chip was largely
based on the design requirements of the WCs and AWGR.
Wavelength conversion is accomplished through the use
nonlinear semiconductor optical amplifiers (SOA) within a
Mach-Zehnder interferometer (MZI) as in [11]. Input data
pulses to these SOAs can cause a phase shift in the MZI that
modulates a input CW signal, provided that the SOAs are
sufficiently saturated. These SOAs necessarily require a high
degree of optical confinement. In contrast to these saturated
SOA:s, the device also needs linear SOAs to amplify the input
data signal before the MZI. Therefore, our integration
approach must allow for the realization of both linear and
nonlinear SOAs. To overcome the inherent limitations of
slow carrier recovery time between input data pulses in the
MZI SOA, each WC must also employ an integrated delay
line to time-delay input pulses to one branch of the MZI
relative to the other. Lastly, the device requires integration of
low-loss passive waveguides, splitters and phase tuners.

The AWGR at the outputs of the WCs should have a small
footprint (which constrains the channel spacing), low
insertion loss and low propagation loss. The loss is mainly
governed by proper design of the input and output star
coupler region and the waveguide fabrication. Most notably,
the etch process used should provide smooth sidewalls in
order to minimize scatter loss and good uniformity across the
AWGR section to minimize index variations.

I11. Integration Strategy

To achieve the functionality required for the MOTOR chip,
we developed a four-point integration strategy. First, an
epitaxial base structure in which the MQW active region is
sandwiched in the center of the passive waveguide layers is
used in order to maximize optical confinement. This ensures
that we can obtain the nonlinear MZI SOAs that are essential
to wavelength conversion. Second, QWI is employed to blue-

<«—400 nm InP Layer
<150 nm InGaAs
Contact Layer

2 um Zn-doped
InP Cladding

450 nm UID InP
~+— Implant Buffer Layer

S
450 nm UID InP___ (Passive Region Only)

Implant Buffer Layer

30 nm 1.3Q Stop Etch—
30 nm UID InP—=
105 nm 1.3Q Waveguide—=

10 Quantum Wells and

~=—105 nm 1.3Q Waveguide
10 Quantum Wells and

200 e UID ]“P_—-
11 Barriers (InGaAsP) 11 Barriers (InGaAsP)

30 nm 1.3Q Stop Etch—e -
_—
105 nm 1.3Q Waveguide—= ~=—105 nm 1.3Q Waveguide

|
— ___l.ﬂ um n-type InP buffer
and n-type InP substrate

(@) (b)
Fig. 2. a) Base epitaxial structure; (b) Epitaxial structure after
regrowth (the undoped buffer layer found in some passive
regions of the device is also shown)

1.8 um n-type InP buffer
and n-type InP substrate

shift the active band edge from an as-grown PL wavelength of
1545 nm to a passive band edge of 1420 nm. This allows us to
achieve low propagation loss and efficient phase tuners (due to
the presence of detuned MQWs in the passive sections). Third,
a single blanket p-type InP regrowth is used to clad the
waveguide. Blanket regrowths have the advantage of
simplicity and higher yield. However, using only one p-doped
regrowth step can lead to increased propagation losses in
passive regions. The technique we developed to address this
issue is discussed in the next section. Finally, our device
utilizes three different waveguide architectures so that
components with differing optical confinement (and hence
optical properties) can be realized. The specifics associated
with these waveguide designs are also discussed below.

A. Passive Propagation Loss Reduction with Single Regrowth

It is well known that the interaction of an optical mode
with Zn-doped InP can lead to significant loss via free-carrier
absorption. In fact, this loss has been shown to be on the order
of 20 cm™ for every 1E18 cm™ doping at a wavelength of 1.5
um [12]. Doping of this level is required in active sections of
our device to make efficient diodes. Since we limit our process
to only one regrowth step, this means we would have
equivalent doping in our passive sections. This problem could
be addressed through an additional undoped regrowth in
passive regions, but that is not ideal in terms of cost and yield.

Our base growth (Fig. 2a) contains an undoped InP buffer
layer above the MQW region. Historically, this layer has been
used exclusively for QWI, after which it is selectively
removed via wet etching [3]. However, there is no reason that
this layer must be removed after QWI, so we now deliberately
leave the buffer layer in certain passive regions of the chip
(Fig. 2b) [13]. This has the effect of “inserting” a
unintentionally doped (UID) setback layer between the optical
mode and the Zn dopant atoms in the p-type cladding, thus
reducing optical scattering losses. The key advantage with this
approach is that no additional regrowth is required.
Simulations have shown that the net loss with this approach
can be decreased by as much as much as ~2.4X, depending on
the waveguide structure.

B. Waveguide Designs and Implementation

The MOTOR chip can be divided into three sections with
differing ideal optical requirements. To improve the
performance of components in these regions, multiple
waveguide architectures are defined across the device. First,
the bulk of the WC array is defined with a surface ridge
waveguide (Fig. 3a,c). This design is used primarily due to its
fabrication simplicity and because it provides efficient
pumping in gain regions. The waveguide is fabricated by
both dry and wet chemical etching. A 400-nm PECVD SiO,
hard mask is defined above the InP cladding by lithography
and then CHF;-based inductively-coupled plasma (ICP) dry
etching. The InP ridge is etched to a depth of 1.8 um using a
Cly:H,:Ar-based chemistry in an ICP system. By optimizing
the gas flows and power levels, straight and smooth sidewalls
can be obtained [14]. The remaining 0.6 pum InP cladding
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of the ridge is then removed by selective wet etching in a 3:1
H3PO4:HCI mixture. The quaternary waveguide layer above
the MQW acts as a stop-etch layer. Because the etch does not
go through the MQW region, we avoid surface recombination
issues. However, the wet etch is crystallographic and the
structure has relatively low lateral confinement, so tight
bends and high-angle structures are problematic.

Second, to achieve the differential delay in the MZI that is
required for 40 Gbps operation, a compact, 11-ps delay line is
needed on chip. In order to minimize the footprint of this
component, a deeply-etched waveguide structure is utilized
(Fig 3b,e). The delay is fabricated using two dry etch steps.
The first 1.8-um etch is performed simultaneously with the
dry-etch step of the surface ridge waveguide. Precise
alignment between the surface ridge and deeply-etched
regions is maintained because they share the same hard mask.
The delay line region is protected with photoresist during the
wet etch of the surface ridge. Next, a 350 nm PECVD SiO,
hard mask is lifted off to open the vias in the delay line
region. A 2-3 um dry etch that goes through the
waveguide/MQW layers (using identical etch conditions as
the first dry etch) is then performed. Since the deeply-etched
waveguides are only used in passive sections, surface
recombination is not relevant. However, because the optical
mode can laterally interact with etched sidewalls, it is
extremely important that waveguide sidewalls are not rough.

Lastly, a shallow rib waveguide with a 70-nm depth is
defined in the upper waveguide layer above the MQW in the
AWGR prior to the cladding regrowth, which subsequently
buries it (Fig. 3c,f). Because a selective wet etch is avoided,
this rib waveguide can be turned a full 180° to achieve a

compact footprint. The insertion loss at the star couplers with
this architecture is also low in comparison with that of a
deeply-etched design.

V. Results

The spectral response of AWGR to amplified spontaneous
emission (ASE) generated by forward biasing the MZI SOAs
was measured in an optical spectrum analyzer. Fig. 4 shows
the ASE spectrum from each output port using the SOAs in
input channel #3. The AWGR is well behaved with a free
spectral range of 11.1 nm. Next, the wavelength-based
switching capacity of the device was examined by biasing the
SG-DBR of input port #3. Fig. 4 shows that with proper mirror
biasing, the laser can be tuned to any of the allowed output
ports. Output powers of more than -5 dBm were measured,
which is reasonable given the long propagation length of the
AWGR region and fiber coupling losses.

40 Gbps wavelength conversion and channel switching
were then investigated by sending a modulated input data
source into the chip and measuring the bit-error rate (BER) of
the converted and routed data [10]. Fig. 5 shows that power
penalties as low as 4.5 dB were achieved at a BER of < 1E-9
for multiple input/output port combinations.

V. Conclusion

Using an integration strategy that emphasized simplicity
for the sake of yield, we have demonstrated one of the most
complex LS-PICs to date. Our strategy leverages epitaxial
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techniques such as QWI and simple blanket regrowths with
waveguide fabrication techniques. Notably, our device
employed only one p-type InP regrowth step. Because the
doping profile of the cladding region was designed for active
components, steps must be taken to reduce optical loss in
passive regions. We selectively leave a previously sacrificial
InP implant buffer layer (used for QWI) above the waveguide
in passive regions to separate the optical mode from the p-type
dopant in the cladding without additional regrowth steps. We
have also demonstrated multiple waveguide architectures on a
single-chip in order to optimize components with different
optical properties. The execution of this integration strategy
has led to successful demonstration of single-channel
wavelength conversion and routing of data at 40 Gbps.
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1. Introduction

Large-scale photonic integrated circuits (LS-PICs) could have a transformative influence on future-generation
optical networks [1]. In general, photonic integration promises improved performance and reliability over discrete
component systems because it can lead to a reduction in device footprint and the elimination of many component-to-
component fiber links. Recent advances in InP-based epitaxial growth and fabrication technologies have improved
component yield, such that densely-integrated multi-channel devices can now be demonstrated in single-chip form.
LS-PICs can process data completely in the optical domain, thus eliminating the need for successive optical-to-
electrical and electrical-to-optical conversions, common in today’s electronic routers. This translates into potential
energy savings through reduced power consumption.

As part of the DARPA/MTO and Army DOD-N LASOR program [ref], we have previously demonstrated several
important single-channel PIC devices [2]. Recently, we have extended our integration technologies to realize the
first 8-channel monolithic tunable optical router (MOTOR) chip operating at 40 Gbps per port. This multi-channel
LS-PIC integrates an array of 8 tunable wavelength converters (WC) with a passive 8x8 arrayed-waveguide grating
router (AWGR) and functions as a wavelength-based switching element. The MOTOR chip has a very high level of
integration with more than 200 functional elements on chip.

2. Device Design and Integration Strategy
The fabricated MOTOR chip is shown in Fig. 1a. Each input port (see Fig. 1b) consists of a wavelength converter
(WC) that incorporates a widely-tunable sampled-grating DBR (SG-DBR) laser. The CW-output from the laser is
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Figure 1. (a) Microscope image of fabricated MOTOR chip; (b) close-up schematic of the wavelength converter design.



modulated by an input data signal using cross-phase and cross-gain modulation effects in nonlinear semiconductor
optical amplifiers (SOAs) within a Mach-Zehnder interferometer (MZI) [3]. In order to overcome the limits of
carrier-recovery in these SOAs and achieve 40 Ghps operation, the input data signal in each port is split 50/50 and
input into different branches of the MZI with a relative time delay. This delay is accomplished on chip through a
compact, low-loss delay line. (The device can also operate at 10 Gbps line rates by bypassing the delay line and
injecting the input data signal into only one branch of the MZI.) Additionally, the device incorporates two linear
preamplifier SOAs before the MZI to amplify the input data signal. The original and converted data are both passed
to one input of an 8x8 AWGR, which passively routes the converted signal to a desired output port based upon its
new wavelength. The input and output frequency combs of the device are placed in different wavelength ranges so
that a high- or low-pass filter can be placed at the output to remove the original input data signal.

To realize all of these components simultaneously, we developed an integration strategy that uses quantum-well
intermixing and a single p-type cladding regrowth. The chip also has 3 waveguide architectures in different regions
of the chip to optimize the optical properties of the various components. These include a surface ridge waveguide in
the wavelength converter section, a high-contrast deeply etched waveguide in the delay line for compactness, and a
buried rib waveguide in the AWGR region. More detail regarding this integration strategy is provided elsewhere [4].
The fabricated chip was then soldered to a copper mount and held at 16°C during operation.

3. AWGR Characterization

The performance of the AWGR was characterized using on-chip amplified spontaneous emission (ASE) generated
by forward biasing the MZI SOAs of an input port and fiber coupling the output of all ports (one-by-one) to an
optical spectrum analyzer (OSA) (Fig. 2a). A free spectral range (FSR) of approximately 11.1 nm and a single-
channel crosstalk between -15.8 to -20.9 dB across all output ports were measured. Next, the MZI SOAs of each
WC were biased and the resulting spectrum was measured from a single output port (Fig. 2b). With this
measurement we see some variation in crosstalk performance between WCs, likely due to fabrication variations
across the device. Lastly, Fig. 2c shows that the by changing the biasing conditions on the mirror diodes of the SG-
DBR, the laser can be tuned to any of the allowed output wavelengths of a given port. A simple tuning map can
made in order to achieve full channel switching from any input port to any output port.
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Figure 2: Output response of the AWGR: (a) measured response from input WC port #3 from each output port; (b) measured optical output from
output port #5 from each input WC port; and (c) lasing spectra at different mirror biasing conditions with the SG-DBR of input WC port #3. The
ASE spectrum for that channel is superimposed.

4. Wavelength Conversion and Routing Demonstration

Single-channel wavelength conversion and routing were tested under various conditions. In each case, a PRBS data
was generated off-chip and amplified with an erbium doped fiber amplifier (EDFA). It was then transmitted through
an optical attenuator to control the input power level, a 5-nm filter, and a polarizer to align the polarization state to
TE before the signal was coupled into the chip. The fiber-coupled output was also filtered with a 5-nm passband (to
ensure the original input signal was removed) and was transmitted to a preamplified receiver. Bit-error-rates (BER)
were then determined using a SHF BERT.

First, 10 Gbps operation of the device was examined by inputting a PRBS 2*'-1 NRZ signal into only one branch
of the MZI (Fig. 3) [5]. At a BER of 10 a power penalty as low as 1.3 dB was measured. Eye diagrams of the
converted signal show open eyes with extinctions up to 8.79 dB. There is some distortion in the eye that can most
likely be attributed to saturation in the input preamplifier SOA.
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Figure 3. 10 Gbps BER measurements from multiple output ports using input WC #6.

Next, the device was tested using the differential delay approach with 40 Gbps PRBS 27-1 RZ data [6]. Fig. 4a
shows the BER for a single input channel while monitoring a constant output port. In this configuration, power
penalties as low as 3.5 dB at a BER of 10 were measured. When the pattern length was increased to 231 bits,
there was a noticeable increase in power penalty (to 4.5 to 7 dB depending on the input/output port combination).
We also saw the emergence of a noise floor at low BERs. Subsequent investigation revealed that in order to achieve
sufficient input signal power to deplete the carriers in the MZI SOAs and modulate the SG-DBR signal, the
preamplifier SOAs had to be operated beyond the 1-dB output saturation point. This is likely the main factor leading
to the pattern length dependent power penalty. Additionally, however, it is noted that the facets of the device were

not AR coated, so internal reflections could be contributing to the degradation in performance.
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Figure 4. 40 Gbps BER measurements for input port #3 with (a) 2”-1 PRBS and (b) 2*'-1 PRBS input data signals.
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1. Introduction

Fiber optic links are attractive for remoting exposed antenna systems. In contrast to coaxial cables, they are EMI
immune, lightweight and have low losses at high RF modulation frequencies. Further, if a robust optical modulator
is used, the optical link can function as a buffer at the antenna unit, protecting sensitive receiver front-end
electronics from large RF power surges. The traditional challenge for RF photonic links has been component
limitations resulting in optical links with high noise figure and low dynamic range.

Traditionally optical intensity modulation (IM) has been considered for RF photonic links. An early result, 1994,
demonstrated an optical link with 132 dB SFDR in 1 Hz bandwidth, using a carefully optimized optical modulator
[1]. This result is still representative to the performance of state-of-art IM RF photonic links today, more than 15
years later. The cause of the slow advance of analog link performance is related to the modulation format. Optical
intensity modulators are limited to operation between zero and full transmission. To avoid clipping, the linear RMS
modulation depth is typically limited to <10% of full modulator swing. To reach higher dynamic range, the optical
power must therefore be increased, but that also increases shot noise, leading only to a weak improvement in SFDR
at the expense of a strong increase in detector power.

More recently, optical phase modulation has been considered for linear optical links [2,3]. Linear optical phase
modulators are available, notably LiNbO; modulators which rely on the linear electro-optic effect. Further, optical
phase modulators do not have any hard-limits to available modulation depth, high modulation depth can be reached
through increased spectral envelope in the optical domain from modulation sidebands, as determined by the Bessel
functions. Common interferometric approaches to convert optical phase modulation to intensity modulation typically
have a non-linear sinusoidal response.

This paper reports on current efforts to develop coherent optical receivers for linear optical phase demodulated
signals with a high modulation index. Two alternative approaches have been considered, first; a phase-feedback
coherent receiver architecture, and second; optical heterodyne detection with linear RF phase detection.

2. Feedback Receiver Approach

The feedback receiver architecture is illustrated in Figure 1, left. The received optical signal is mixed with the
optical LO similar to a conventional receiver. The detected differential photocurrent is then amplified and fed back
into a tracking phase-modulator to form a feedback loop. For high feedback gain and using a linear tracking
modulator, the drive signal to the tracking modulator is linearly related to the received optical phase. An alternative
illustration of increased linearity is that with higher feedback gain and closer tracking, the received signal-LO phase
difference gets smaller, allowing the interferometer to operate within its linear range. Figure 1, center illustrates this,
where the predicted output from the balanced receiver compares well with measured data for increasing loop
transmission gain, using a slow proof-of-concept bench-top demonstrator built from optical fiber and a LiNbO;
tracking modulator [3]. Figure 1, right shows the corresponding SFDR. 124.3 dBHz*” is measured for only 3mA of
received photocurrent, corresponding to a respectable 131.5 dBHz*” in the shot-noise limited extrapolation [3]. This
initial demonstration illustrated the potential high performance of the approach is high-performance components are
used.

One limitation of a fiber based, discrete-component demonstrator is that the latency in the feedback loop limits the
unity-gain bandwidth. As an engineering rule, the bandwidth is limited to ~1/(10xloop delay). For this reason, the
linearity data had to taken at around 150 kHz to ensure sufficiently high loop gain for linear operation.

978-1-55752-884-1/10/$26.00 ©2010 IEEE
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Figure 1. Left: Schematic of feedback coherent receiver approach. Center: Relation between loop transmission gain and
suppression of detected differential phase. Right: Measured SFDR using discrete component proof-of-concept demonstrator.

Generation I integrated receiver: To reach higher operating frequencies, the loop latency must be reduced. Figure 2,
left shows an SEM of the generation I integrated receiver IC, containing a high power balanced uni-traveling-carrier
photodiode (UTC-PD), a 2x2 multimode interference (MMI) coupler, shown in Figure 2, center, and multi-quantum
well tracking phase modulators [4]. This PIC is wirebonded to an electronic integrated circuit (EIC) that provides
transconductance amplification of the feedback signal to drive the phase modulator to close the feed-back loop.
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Figure 2. Left: SEM of Integrated O/E Receiver showing generation I photonic and electronic IC. Center: detail of generation [
photonic IC, showing the 2x2 MMI coupler. Right: Resulting link gain at different detected photocurrent levels

The PM link response using the closed-loop receiver is shown in Figure 2, right. At high frequency, or at low
photocurrents, the link gain is proportional to the photocurrent and the voltage drop over the capacitive detector
load. For higher photocurrents and at lower frequencies, the loop gain is significant, and the link gain becomes
proportional to the ratio of remote modulator V-pi and the V-pi of the tracking modulator. The corresponding link
SFDR is as high as 125dBHz** at 300MHz frequency [5]. For this receiver, the estimated loop delay was estimated
to be ~35ns, sufficient to support ~3 GHz loop bandwidth. The measured bandwidth was >1GHz.

Generation Il integrated receiver: To reach further improved loop bandwidth and gain, the delay must reduced even
further. This can be achieved by replacing the MMI coupler with its attributed curved input waveguides with a
compact trench coupler, as shown by Figure 3, left. This coupler can be as compact as a few tens of microns in total,
while allowing close integration with detectors and modulators, as shown by the fabricated device in Figure 3,
center, showing input waveguides with tracking phase modulators, the 2x2 slot coupler, and a balanced UTC
detector pair. Further reduction of the loop delay can be reached by a more compact integration of photonics and
feed-back electronics by replacing wire-bonds and RF lines on the photonic IC by direct flip-chip bonding between
photonics and electronics, as shown by Figure 3, right. It is expected that this will lead to a loop delay <10ps and
lower insertion losses, with a corresponding improvement in receiver performance.
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Figure 3. Left: Detail of compact optical trench coupler. Center: Generation II photonic IC incorporating detectors, coupler and
modulators. Right: Generation II photonic IC flip-chip bonded on to feedback electronic IC.
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3. Linear XOR Receiver

One limitation of the feedback receiver approach is that the bandwidth is delay restricted and given available
integration technology, the high-gain low distortion operating frequency will remain a few GHz. To address
operating frequencies up to 20 GHz, an alternative approach has been investigated based on a linear RF phase
detector. Figure 4, right shows a schematic of the linear XOR optical receiver. Here, the received optical signal is
downconverted to an RF signal, transferring the optical phase modulation to the RF domain. Now, a wider tool-box
for linear RF phase detection can be utilized. In this approach, the RF signal is limited to form a square-wave. The
phase information is now contained only in the timing of zero-crossings. The limited signal is compared to a clock-
reference in an XOR-gate and the output is then low-pass filtered to remove the RF carrier. This receiver has a linear
response over a +m/2 range. By inserting an N-times digital frequency divider before the clock, phase modulation
becomes linear over a +Nx7/2 range. Figure 4, left shows two-tone experimental results at 0.5 GHz signal frequency
and 4 GHz RF carrier, using the proposed phase demodulator [6]. It is observed that the XOR generated
intermodulation products suppressed by 20 dB compared to a standard sinusoidal phase detector. Further, it is
observed that implementing the frequency division, two-tone modulation depth exceeding n rad p-p phase swing is
possible without resulting in clipping.
0
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Figure 4. Left: Schematic of the linear XOR receiver architecture. Right: Resulting intermodulation performance with and
without digital frequency division, and compared to conventional sinusoidal demodulation.

One advantage of the XOR receiver is that the output signal frequency is scaled down by the frequency division
factor, N. With sufficient division, high performance, lower sampling rate ADCs can be used to digitize broad-band
high-frequency received RF signals. The different Nyquist bands are separated by implementing a factor-of-N
frequency divider with N outputs such that each zero transition is captured. Using the digitized data, the full
broadband RF signal can then be fully reconstructed.

4. Conclusions

In this paper, the development of linear integrated coherent receivers at UCSB is reviewed. The first approach relies
on a closed-loop feedback architecture to a closely integrated tracking modulator. The progression toward closer
integration, lower feedback delay and higher performance has been outlined. The second approach relies on
heterodyne detection, frequency division and linear RF phase detection. Results from a proof-of-concept
demonstration are shown.

5. Acknowledgement

The authors acknowledge Northrop Grumman Space Technology for providing the EIC. This work was supported
by the DARPA PHOR-FRONT program under USAF contract FA8750-05-C-0265.

6. References

[1] G. Betts, IEEE Trans. Microwave Theory Tech. , vol. 42, pp. 2642-2649, Dec. 1994.

[2] T.R. Clark and M.L. Dennis, IEEE Photonics Technology Letters, Vol. 19, Issue 16, pp. 1206-1208, Aug. 15, 2007.

[3] H.F. Chou, et. al., IEEE Photonics Technology Letters, vol 19, No.12, pp. 940-942, JUNE 2007.

[4]J. Klamkin, et. al., Optical Fiber Communication (OFC), paper no. OMK4, San Diego, CA, MARCH 2009.

[5] A. Ramaswamy, et. al., Journal of Lightwave Technology, vol. 26, no. 1, pp. 209-216, JANUARY 2008.

[6] L. A. Johansson, et. al., 2009 IEEE MTT-S International Microwave Symposium Digest, pp. 157-160, Boston, MA, JUNE 2009.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on August 03,2010 at 21:57:29 UTC from IEEE Xplore. Restrictions apply.



Highly Linear InP Phase Modulator for High Dynamic Range
RF/Photonic Links

Renyuan Wang', Ashish Bhardwaj”, Sasa Ristic’, Larry Coldren”, John Bowers”, Peter Herczfeld” and Yifei Li"

"University of Massachusetts at Dartmouth, MA 02747, USA
"Drexel University, Philadelphia, PA 19104, USA
"The University of California at Santa Barbara, CA 93106, USA

Abstract — The optical phase locked loop (OPLL) photonic
integrated circuit (PIC) is a key element for the emerging linear
coherent RF-photonic links. One of the main challenges for the
OPLL-PIC is the nonlinearity of the Indium Phosphide (InP)-
based phase modulator. In this paper, we report the experimental
results from a multi-quantum well phase modulator fabricated
on an InP substrate that is specially designed for the OPLL-PIC.
The phase modulator shows low optical loss and good linearity
performance. In particular, at a reverse bias voltage of 5.6 V, its
phase IP3 and insertion loss per unit length are ~2.87/mm and
1.2 dB/mm, respectively.

Index Terms —optical phase locked loop, dynamic range,
quantum wells, linear phase modulator.

I. INTRODUCTION

Analog fiber-optic links are attractive for Radar front-end
applications in which they connect the antennas to a
signal processing unit. The conventional IM-DD fiber-optic
links have inadequate spurious free dynamic range (SFDR)
due to their intrinsic nonlinearity [1-2]. A novel coherent
phase modulated (PM) optical link employing an attenuation-
counter-propagating (ACP) optical phase locked loop (OPLL)
linear phase demodulator has been proposed for solving the
problem arising from the limited dynamic range [3-4]. As
shown in Fig. 1, the ACP-OPLL contains an ACP-optical
phase modulator, a 3 dB coupler and a pair of balanced high
power photodiodes. Using feedback, the ACP-OPLL forces
the photodiode output to be a scaled replica of the RF signal
driving the phase modulator at the transmitter side. This new
optical link aims to achieve a spurious free dynamic range
(SFDR) nearing 140 dB-Hz*’, significantly surpassing the
present state-of-the-art.

In order to implement a high bandwidth ACP-OPLL, the
ACP-OPLL must be implemented as compact photonic
integrated circuit (PIC), where its loop propagation delay is
kept at a minimum. An appropriate choice for implementing
the local phase modulator inside the ACP-OPLL PIC is an
In,Ga, <As,P;.,-based multi-quantum well (MQW) phase
modulator that can be monolithically integrated with low-loss
waveguides and photodetectors on an Indium Phosphide
(InP)-based material platform.

The major disadvantage with using InP phase modulators is
their nonlinearity. The linear modulation range of the phase
modulator is characterized by its phase IP3 [6,7], which is

defined as the intercept point of the linear phase modulation
response and the third order spurious response in its output
phase. Although in theory the phase IP3 of the phase
modulator scales linearly with the device length, the high
optical loss of existing InP-based optical phase modulators
sets a practical constraint on the modulator length and
consequently limits the phase IP3 in the range of a couple of
7 [6]. However, to achieve an SFDR over 140 dB-HZz**, a
phase IP3 of 10z or larger is required for the phase modulator.
In this paper, we present a novel InP-based MQW phase
modulator design with a deep ridge optical waveguide which
shows a very low optical loss and a good phase IP3 value.
This MQW phase modulator design enables an ACP local
phase modulator with a phase IP3 of 10w and a 4.3 dB optical
loss. In the following sections, we first present the design of
the InP-based MQW phase modulator, and then report
experimental results from the phase modulator.
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Fig. 1: PM fiber-optic link with ACP-OPLL phase demodulator/detector.

II. INP MQW PHASE MODULATOR DESIGN

InP-based MQW optical phase modulator devices are
inherently nonlinear. In order to enhance its linear phase
modulation range, the most straightforward approach is to
increase the modulator length. This, however, increases the
optical propagation loss through the device. For mitigation,
we selected a quantum well design [5] where the operating
wavelength (~1550 nm) is far from the quantum well
absorption peak. A schematic of the device cross-section is
shown in Fig. 2 along with an SEM image of the device. The
phase modulator has a p-i-n diode configuration and is
fabricated on a semi-insulating InP substrate. The p-doped
layers of the device above the intrinsic MQW region consists
of a highly doped (2x10" ecm™) p-InGaAs contact layer and
three subsequent p-InP layers with doping levels of 1x10"cm™



3 7x10" em™ and 5x10'7 cm?, respectively from top to
bottom. To further reduce the optical loss, a 0.15 um thick
undoped InP layer is inserted between the QWs and the p-
doped InP to separate the optical mode from the absorptive p-
doped InP. Simulation shows that this reduces the optical loss
by 0.7 dB/mm. While introducing this undoped InP layer
reduces the phase modulation sensitivity, it can be
compensated for by increasing the device length. The intrinsic
MQW region contains twenty-five periods of 12 nm wide
Ing64Gag36As076P024 quantum wells and 8 nm thick InP
barriers. The photoluminescence (PL) peak of the QW is at
1370 nm. Below the MQW region is an n-doped InP (1x10"*
cm™) layer followed by a 0.1 um thick n*-InGaAsP contact
layer. To enhance the optical confinement factor, a deep ridge
optical waveguide structure is employed by dry-etching
through the MQW region. Then, a mesa structure is formed
under the ridge using a selective wet-etch that stops on the 0.1
um thick n"-InGaAsP contact layer.
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Fig. 2: SEM image and schematic diagram of the cross-section of the InP-
based phase modulator.

II1. EXPERIMENTAL RESULTS

A. Optical Loss Measurement

The optical loss of the InP MQW phase modulator is
measured using an integrated device with two identical 1 mm
long phase modulators in series (see Fig. 3). In this
measurement, the InP MQW phase modulators are used as
photodetectors, where light is launched into one of the phase
modulators. Each modulator is reverse-biased at the same
voltage, and the photocurrent from each modulator is
monitored using two current meters. When the input optical
power is sufficiently low, we assume that the photocurrent is
proportional to the optical power entering each phase
modulator. Since each phase modulator is 1 mm long, the
optical loss, a, of the first InP MQW phase modulator is given
by:

a:loologm(% (1

M2

where [j;; and Iy, are the photocurrent of the two modulators,
and o is expressed in dB/mm. Fig. 4 shows the optical loss
versus bias voltage when the wavelength of the input light is
1546 nm and the optical power from the laser source is 6 mW.
The optical losses result from the sidewall roughness of the

\ I1.95um
] e,
- . %o.492um

waveguide and absorption arising in the QWs, free-carrier
absorption and the Franz-Keldysh effect. The measured
optical loss is very small at low bias voltage (~0.5 dB/mm). It
increases to ~2 dB/mm as the reverse bias voltage is raised to
6V.
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Fig. 3: Experimental setup for measuring the phase modulator loss.
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Fig. 4: Insertion loss versus bias voltage.
B. Dynamic V, Measurement

Since the InP MQW phase modulator has a nonlinear phase
modulation response where the PM sensitivity is a nonlinear
function of bias voltage. Therefore, the conventional V,
measurement is not suitable to characterize the modulator. In
this work, we use dynamic V, measurement to characterize its
PM sensitivity. The dynamic V. is defined as the ratio
between m and the small signal PM sensitivity. The
experimental setup is shown in Fig. 5. It consists of a fiber-
optic Mach-Zehnder Interferometer (MZI). An InP MQW
phase modulator is placed in one arm of the MZI and a
commercial LiNbO; phase modulator (by EO Space) is placed
in the other arm. The small signal PM sensitivity is
determined by comparing the InP MQW phase modulator
with the known LiNbOj; phase modulator (V,~1.2 V). The
laser source is a 1546 nm single mode narrow linewidth fiber
laser (Orbits Ethernal 2800A-30-PM). A high power erbium
doped fiber amplifier (EDFA) (IPG Photonics EAR-3K-C-LP-
SF) is used to boost the optical power before it is launched
into the MZ interferometer. In the upper arm, the light is
coupled to the InP MQW phase modulator waveguide by a
tapered fiber with spot size of 2 um. The output from the
modulator is coupled back into a single mode fiber. The fiber-
to-fiber insertion loss is ~12 dB. Thus, a second EDFA is used
to amplify the optical power. Three fiber-optic polarization
rotators are used in this setup to ensure that light with the
correct polarization states are launched into the InP phase



Polarization

*********************************** Analyzer

Amplifier

Fiber Laser

Controller
1546nm MQW Phase EOF LiNbO; Phase
Polarization __Modulator RF
S Controller

> Piezo Fiber Line Iﬁ
Tee
Stretcher e
LiNbO; Phase
Modulat
Polarization M aors ST odulator
Controller P EO Space
N
L]

Optical Phase
Stabilization Feedback

Fig. 5: Experimental setup for dynamic V, measurement.

modulator, the LiNbO; phase modulator and the balanced
photodiodes (CC-UTC PD supplied by Photodigm Inc). An
HP 8593A spectrum analyzer is used to monitor the RF
component of the output from the RF port of the bias tee.
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Fig. 6: Dynamic V, vs. bias voltage.

Because of the temperature fluctuations and mechanical
vibrations from the environment, the phase difference
between the two interferometer paths suffer from a slow but
appreciable drift. Therefore, an optical phase stabilization
feedback is implemented. From the DC port of the bias tee,
the low frequency spectral components from the output of the
photodiodes is extracted and fed into a piezoelectric fiber line
stretcher through a loop filter (with a unity gain bandwidth of
~100 Hz). This feedback locks the interferometer at its
quadrature point.

To determine the PM sensitivity, a small signal RF tone (11
MH?z) is first applied to the LiNbO; phase modulator and then
applied to the InP MQW phase modulator. For each case, the
RF power is monitored at the output of the balanced
photodiodes. The RF input power is kept sufficiently low so
that the entire interferometer operates in the linear region. The
dynamic V,; of the QW modulator is given by:

LiNbO,
V”QW — Vﬂ_LleOB % othW (2)
out

where V2" and V" are the V, of the QW modulator and
the LiNbO; standard, P9" and P“™% are the output RF

out out

power from the balanced photodiodes when the same RF input
signal is applied to the InP MQW modulator and the LiNbO;
modulator, respectively. Fig. 6 shows the measured dynamic
V. of the InP MQW phase modulator. The PM sensitivity
increases with bias voltage which is consistent with the optical
loss measurement, for large absorption change engender large
index change according to the Kramers-Kronig relation. When
the reverse bias is above 4.7 V, the dynamic V, is below 5 V
for 1 mm long device. With a 3 mm long device, this implies
V.~ 1.6 V, which is very efficient when compared to typical
LiNbO; modulators.
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Fig. 7: Spectrum of the MZ interferometer output before and after
cancellation.

C. Phase IP3 Measurement

The phase IP3 of the InP MQW phase modulator is
determined wusing the approach reported in [7]. The
experimental setup used is similar to that shown in Fig. 5 but
with minor modifications. The RF signal is split into two
paths using an RF balun (Mini-Circuits ADTL 1-12+). One
path is directly applied to the InP MQW modulator placed in
one arm of the MZI, while the other is fed to the LiNbO;
modulator in the other arm of the MZI after passing through a



variable RF attenuator (Mini-Circuits ZX73-2500+). The RF
signal contains two tones separated by 20 kHz with a center
frequency of 11.38 MHz. By adjusting the attenuation of the
signal applied to the LiNbO; modulator, we cancel the linear
response of the phase modulators. Thus, the third order inter-
modulation products measured at the output of the balanced
photodiodes are solely due to the nonlinearity of the InP
MQW phase modulator.

Fig. 7 shows the spectrum of the interferometer output
before and after cancelling. The InP MQW modulator is
biased at 5.5 V, and the level of the applied two tone signal is
-3 dBm at the RF balun.
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Fig. 9: Measured phase IP3 versus bias voltage.

The linear response of the output is cancelled by more than
20 dB. By applying the same method, the input IP3 of the InP
MQW modulator is measured at different reverse bias
voltages by sweeping the applied RF signal power. Fig. 8
shows a sample IP3 measurement. The measured Phase IP3 is
also plotted as a function of the reverse bias voltage and is
shown in Fig. 9. The phase IP3 of the device shows a peak at
a reverse bias voltage of 5.6 V. The peak value is ~2.8mt which
implies that the phase IP3 of a 3 mm long device is 8.4n. This

should support a link with an SFDR nearing 140 dB-Hz*".

The mechanism behind the sharp peak observed in the phase
IP3 as a function of reverse bias voltage is still unclear.
However, the results are repeatable for the MQW modulators
with the same quantum-well design.

IV. CONCLUSION

We have presented the design and experimental studies of
an InP-based MQW phase modulator designed for
implementing an ACP-OPLL PIC. The measurement shows
that the MQW InP phase modulator has a small optical loss
and a good phase IP3 value. Specifically, at a reverse bias
voltage of 5.6 V its phase IP3 and the optical loss are
2.8n/mm and 1.2 dB/mm, respectively. For a 3 mm long
device, the modulator design would show a phase IP3 of 8.4n
with a tolerable optical loss of 3.6 dB. This is significantly
better than the previous reported InP phase modulators [6,7].
This phase IP3 value should enable an RF/photonic link with
an SFDR nearing 140 dB-Hz**.
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Abstract—InP-based Photonic Integrated Circuits (PICs) have
found applications in the telecommunication and sensing arena
because they have offered improvements in cost and function as
well as size, weight and power. For microwave photonics
applications, it has been found that some analog functions such
as optical-phase locked loops (OPLLs) can be greatly improved
and enabled with PIC technology. Primary reasons are
significantly reduced path lengths that enable much higher loop
bandwidths and very stable optical paths enabling low noise
coherent summing of optical signals.

In this paper significant advances in PIC technology will be
summarized. Integrated PIC coherent receivers and phase-
locked transmitter arrays using OPLLs will be reviewed.
Progammable PIC microwave photonic filters will also be
briefly discussed.

I.  INTRODUCTION

Photonic integration provides a reduction in system
footprint, inter-element coupling losses, packaging cost, and
usually power dissipation, as a single cooler can be used for
multiple functions. Although yield issues must be addressed,
overall reliability appears to improve, once such issues have
been.

In the past decade the complexity of photonic integrated
circuits (PICs) has steadily increased. At the turn of the
century an integrated widely-tunable laser transmitter chip as
illustrated in Fig. 1 represented a fairly advanced PIC [1]. As
can be seen, it contained a widely tunable sampled-grating
distributed-Bragg-reflector (SGDBR) laser, a semiconductor-
optical-amplifier (SOA), and an electro-absorption modulator
(EAM) all along a common waveguide.

SG-DBR Laser
A

EA { Front Rear \

ModLAII:a}or Amplifier Mirror Gain Phase Mirror

Q waveguide MQW active regions

Fig. 1. SGDBR/SOA/EAM widely-tunable transmitter.
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PhASER, and other seed projects.

By the end of the current decade, PICs such as that shown
in Fig. 2 have been demonstrated. This chip contains over
200 functional elements. This is an 8x8 optical router chip
that uses 8 wavelength converters, which each contain an
SGDBR followed by an SOA, and an optically-controlled
modulator [2]. The wavelength converters then feed an
arrayed waveguide grating router (AWGR), which is a
dispersive element that directs different wavelengths to
different outputs, thus providing the desired space switching.

Surface Ridge

Deeply-Etched Ridge

Buried-Rib

Fig. 2. Monolithic Tunable Optical Router (MOTOR) photo together with
SEM cross sections of waveguides at various locations.

The MOTOR chip shown in Fig. 2 operates at 40Gb/s with
RZ data, and although all of its inner workings are analog, it
really is only intended to function with digital data. It has a
fairly limited dynamic range ~10 dB for inputs in the -10 dBm
range, a signal insertion loss ~10 dB, but it can switch digital
data error-free with these limitations.

Other PICs of similar complexity to that of Fig. 2 are being
manufactured and are carrying live telecom traffic. The most
significant player in the commercial arena is Infinera. They
are selling commercial systems that contain transmitter and
receiver PICs together with all of the drive, receive, and
control electronics [3]. Their PICs generally consist of a
number of parallel transmit or receive channels together with



an AWG multiplexer or de-multiplexer for the transmitter or
receiver, respectively [4]. 100 Gb/s systems containing 10
parallel transmit or receive channels of 10Gb/s each have been
in the market for several years.

II. OPTICAL-PHASE-LOCKED-LOOPS
A. Coherent Receiver

The first example microwave PIC to be discussed is a
coherent receiver for phase-modulated signals. The receiver
circuit is outlined in Fig. 3 [5]. Microwave photonic links
using intensity modulation tend to limited in dynamic range
by the transmitter [6]. For direct modulation of a laser the
modulation speed must be kept significantly lower than the
relaxation resonance frequency of the laser, or nonlinearities
result for any modest modulation depth as the carrier density
becomes unclamped.  For higher frequencies external
modulation must be used. Unfortunately, there are no
intensity modulators that inherently have a linear relationship
between drive voltage and the optical output.

If phase modulation is used, then linear modulators do
exist with the basic linear electro-optic effect. Also, an
effectively much deeper modulation can be imparted to the
optical signal because one is not limited to simple on/off,
which might be viewed as a 180° modulation, but one in
principle could modulate to many times this level to enhance
the potential signal/noise. However, now the problem of
linearity in the link has been switched to the receiver, and this
is the problem we address with the circuit of Fig. 3.
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Fig. 3. Coherent receiver for phase-modulated input.
balanced photodetector is directed to tracking modulator pair.

In Fig. 3 the negative feedback signal to the tracking
modulator pair reduces the level of the interference signal on
the detectors so that the output is reduced to the linear range.
The differential pair also suppresses even order distortions
that may exist in the semiconductor modulators as well as
amplitude modulation. This approach also enables the use of
>> gm-modulation depth since the signals leaving the
differential tracking modulators are made to be almost in-
phase even if hugely out of phase because of a large phase
modulation prior to them.

One major issue with this approach is that the tracking
phase modulators must nearly instantly track the phase
deviation detected in the diode pair. Thus, the delay must be
very small. In fact, for the circuit to work in the GHz range,

it has been found that delays > 10ps are unacceptable. This
not only calls for monolithic integration of both the
electronics and photonics, it also demands the elimination of
any unwanted signal paths between the two. Figure 4
illustrates the flip-chip bonding configuration that has been
implemented to eliminate all additional delays in the practical
implementation of the circuit of Fig. 3. The coupler has also
been implemented as a beam-splitter to further eliminate
propagation delay in a directional coupler embodiment,
which was first explored.

PIC

EIC

Fig. 4. Schematic of flip-chipping of electronic and photonic ICs together
with SEM of etched slot beam splitter.
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Initial results using this configuration will be reported in
other papers [7,8], but to summarize briefly, a link gain of — 2
dB and a spur-free dynamic range (SFDR) of 122dB.Hz**
was demonstrated with a transmitter V, = 4.4 V and only 2.8
mA on each photodetector. Also, a peak-to-peak phase
modulation depth of 1.62 m was used for these results,
demonstrating the ability to employ a significant modulation
depth.

B. Phase-locked tunable lasers

Loop delay is also important for phase locking lasers
together. Figure 5 shows a chart of initial laser linewidth vs.
loop delay for various levels of phase error. Explicitly shown
are lines that represent the phase error allowed for different
types of digital multilevel phase and amplitude coding. The
corresponding SNRs in the signal bandwidth are 9.5dB (PSK),
12.5dB (QPSK), 20dB (16 QAM), and 26.2dB (64 QAM).
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Fig. 5. Laser linewidth vs. OPLL loop delay to enable 10 error rate for
given modulation format.

Widely tunable lasers as the SGDBR shown in Fig. 1 tend
to have inherent linewidths in the 1- 3 MHz range. Fig. 5
would indicate a need for OPLL loop delay < 100ps for a



correctable error rate of 10 in a 64-QAM digital system.
But this would actually be a fairly distorted signal from a
microwave photonics perspective. Instead of an equivalent
spectral efficiency of 6 bits/symbol, we would like to see the
line for 10 or 12 bits/symbol, which would again require a
loop delay < 10ps in the OPLL if we started with the rather
noisy SGDBR. So, again very tight integration is called for.

Phase locking of semiconductor lasers is desired in order to
make inexpensive arrays of coherent sources for such
applications as phased-array LIDAR and other optical-
coherence-tomography (OCT) and imaging applications. It is
also desired to have temperature insensitive synthesized
sources that are locked to an offset from some stable
reference to allow much more efficient use of the spectrum as
in the rf domain. As a result, some initial experiments have
been done to demonstrate integrated OPLLs formed from a
pair of widely-tunable SGDBRs together with most of the
required optical elements.

Figure 6 describes a heterodyne experiment in which two
SGDBR lasers are offset-locked together [9]. The circuit
schematic shows that an integrated modulator is used to
generate sidebands on the mixed signal, so that the OPLL can
lock on one of these. In this case a 5GHz fundamental offset
locking is illustrated. With deep phase modulation of the on-
chip modulator it is possible to generate a number of side
bands and such modulators can be made with bandwidths up
to ~ 100GHz, so it is anticipated that such offset locking
might be possible up to the THz range without having to
generate rf higher than 100 GHz.
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Fig. 6. Circuit schematic; PIC schematic; heterodyne result; and SEM of InP-
based PIC.

Fundamental offset locking as high as 20 GHz was
demonstrated with the current set up. Although a balanced
detector pair was available on the chip, the electronics used
only had a single-input TIA, so only a single detector was
used, and this resulted in more AM and noise in the feedback
loop than necessary. Nevertheless, a respectable phase error

variance ~ 0.03 rad® was measured over the 2 GHz
measurement window.

C. Future OPLL Directions

Figure 7 illustrates a cartoon of a futuristic LIDAR system-
on-a-chip that will be one of the long-term research directions
of a newly formed ‘“Photonic Integration for Coherent
Optics” (PICO) Center that involves five US universities
[10]. As illustrated with OPLLs it is anticipated that both
chirping of the beam in frequency as well as sweeping it in
angle will be possible by rapid control of the offset locking as
outlined in Fig. 6. This will involve significant developments
in the control/feedback electronics as well as in the PICs
themselves. As also noted, it is anticipated that much of this
work may migrate to the hybrid-Si integration platform.

Angularly scanned,
frequency chirped
output

Fig. 7. Vision of future LIDAR system-on-a-chip [11].

1.  PROGRAMMABLE MICROWAVE PHOTONIC
FILTERS

Another area where photonic integration has potential to
impact microwave photonics is in programmable optical
filters. Particularly when the the rf information has already
been modulated onto a lightwave carrier, it may be wise to
perform some prefiltering in the optical domain prior to the
receiver, where both the fractional bandwidths and the
hardware are small.
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Fig. 8. Lattice filter schematic, SEM of unit cell/coupler, and combined
pole/zero response [12].

Figure 8 shows some initial work in this area. The results
are for a unit cell that could be an element of a more complex



lattice filter [12]. As shown, the unit cell has two forward
paths, and one contains a ring resonator. By selectively
biasing the various SOAs and phase modulators placed in the
arms of the unit cell, filters with a single pole, a single zero,
or a combination of a pole and zero (as illustrated) can be
programmed. All can be tuned in frequency by ~ 100 GHz.
As also illustrated, novel tapered multimode interference
couplers have been employed to save space in these designs.

More complex designs incorporating multiple unit cells as
well as ones with different unit cell designs are being
explored [13,14]. Figure 9 shows data taken from two
integrated third order filters that are cascaded to give a very
good extrapolated plot. 70 dB of rejection is predicted.
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Issues with such active filters are their noise and dynamic
range properties. Some competitive designs have gone to
great lengths to avoid the inclusion of SOAs because of
concerns over their noise contributions and limited saturation
levels. However, our simulations show, to the contrary, that
some sort of amplification appears to be necessary in any
realistic design because of the insertion loss that accumulates
when many filter stages are cascaded.

Also, we have found that the net noise added by additional
stages that contain SOAs after the first few is very small,
even though the power level is just being maintained at the
about same level through the cascade as at the input. This is
because in a system with SOAs, the noise floor is no longer
dominated by shot noise, but by added noise from the
amplifiers. As a result, the effective noise figure of SOAs
after a few stages in a cascade can be less than 0.5 dB, even
though the measured NF for the stand-alone SOA might be ~
4 dB.

As a result, the noise figure for a filter cascade with no
amplifiers quickly goes up, directly as the insertion loss, and
values of 30 or 40 dB are easily reached in a typical 8-10
stage filter. On the other hand, the cascade with SOAs,
which also may have zero insertion loss, has a noise figure
that saturates after a few stages, depending upon the details of
the design. Typical values are in the 10 dB range.

The SFDR concern can also be managed by using low-
confinement-factor designs. For confinement factors ~2%,
saturation powers ~20 dBm have been demonstrated [15],
which is sufficient for the current filter goals. Still higher

values are possible [16], but there is a tradeoff in power
dissipation, because high-saturation power designs are also
low-gain designs, so more input power is required for a given
gain.

IV. CONCLUSIONS

Photonic 1Cs are becoming important elements for
microwave photonics. Low size, weight and power is fairly
obvious, but additional advantages of low noise, low cost as
well as high stability for a number of applications is very
appealing. The possibility of simple, widely-tunable
semiconductor sources being able to take the place of some of
the very expensive narrow-linewidth sources of today is
especially interesting.
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Abstract—We demonstrate a novel photonic integrated
circuit(PIC) that combines an ultra compact trench beam
splitter with monolithically integrated photodetectors and
modulators. A coherent receiver is realized by flip chip bonding
of this PIC with an electronic integrated circuit (EIC).
Preliminary system results yield a third-order intermodulation
distortion suppression of 46 dB at a signal frequency of 300
MHz.

I.  INTRODUCTION

Analog optical links are commonly used in the
transmission of signals to and from remote antennas and
electrical sensors. Since these links are designed to convey a
wide range of signals, high-linearity and low-noise operation
are required to retain the fidelity of the input signal. The
emphasis of this work is on the receiver end of the link which
currently poses the greatest challenge in terms of system
linearity requirements [1].

In traditional intensity modulated direct detection (IMDD)
photonic links, the dominant limitation on dynamic range is
the relative intensity noise of the optical source, which is
proportional to the square of the average optical power [2].
Furthermore, the modulation depth of MZM-based IMDD
systems is limited to 100%. In contrast, phase modulated
(PM) optical links can employ LiNbO; phase modulators that
can be driven through many = phase shift, providing a clear
advantage in terms of link dynamic range. Use of balanced
detection in coherent systems diminishes relative intensity
noise (RIN), enabling systems that approach shot noise
limited performance [3].

Similar to an IMDD link, a coherent link still employs an
interferometer, with an inherently non-linear, sinusoidal
transfer function. To overcome this limitation, we have
previously proposed a coherent optical receiver that uses
negative feedback to suppress the nonlinearities inherent to
the phase demodulation process [4]. The receiver architecture
is shown in Figure 1. The phase modulated signal from the
transmitter is mixed with the signal output of the feedback
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Figure 1: Architecture of coherent receiver with feedback

reference phase modulator. Optical mixing is achieved by
using an interferometer followed by a balanced detector pair.
The balanced PD produces an error signal that is amplified,
filtered, and fed back to the reference phase modulator to
compensate the phase difference between the signal and local
oscillator. This effectively lowers the signal swing of the
demodulator thereby restricting the operation of the receiver
to the linear region of the response curve.

Il. DEVICE DESIGN AND FABRICATION

Because of bandwidth limitation due to latency in the loop,
the delay must be kept short for stable operation at high
frequencies. Monolithic integration of the receiver
components is necessary to limit the loop delay and maximize
the optical power coupled to the PDs by avoiding additional
coupling losses. We have designed several iterations of PICs
that monolithically integrate balanced photodetector pairs,
phase modulators and 2x2 combiners on an InP platform. To
realize a large loop bandwidth, the capacitances of
photodiodes and modulators are exploited as circuit elements
to perform the desired loop integrations in the feedback path
[5]. Uni-travelling-carrier photodiodes (UTC-PDs) are
employed for the balanced PDs because of their high
photocurrent operation made possible by reduced space
charge effects [6]. The device is designed in a push pull



Layer In (%) | As (%) | Thickness {nm) | Doping (cm™)
InP 100 0 150 1EI8
InGaAs 53.2 100 ksl P
InGaAs 532 100 8 U
InGaAsP 75.85 | 52.34 16 UID
InP 100 0 G U
InP 100 0 7 1E18
InP collector 100 0 200 N
InP field termination 100 0 25 2E18
InGaAsP stop etch 71.14 61.12 15 UID
InP regrowth 100 0 15 UID
InGaAsP waveguide 71.14 61.12 55 1E17
InGaAsP Barrier T1.54 58.86 25 U
14x InGaAsP Barrier | 71.54 | 5886 ki UID
15x InGaAsP QW T1.54 | 77.53 6.5 UID
InGaAsP Barrier T1.54 58.86 25 U
InGaAsP waveguide | 71.14 | 61.12 55 1E17
n-InP 100 0 600 1E18
n-InGadsP contact 85.47 31.72 100 3E18
n-InP 100 0 500 1E18
SI InP substrate 100 0 350,000 8E18 - 3E19

TABLE I. Device Epitaxial Structure

configuration with symmetric tracking phase modulators used
to cancel even order distortion terms [3]. In [4], a 2x2
multimode interference (MMI) coupler was used as the
mixing element. That PIC was wirebonded to an external EIC
that provided transconductance amplification of the feedback
signal. In the present iteration, we aim to reduce the loop
delay of the original design by utilizing an ultra compact
trench beam splitter to reduce the footprint of the PIC. This
condensed PIC is then flip chip bonded to the EIC, thereby
avoiding the delay of the wirebonds and reducing the delay of
the on-chip wiring.

The monolithic integration platform for the coherent
receiver is realized on a semi-insulating InP substrate and
requires a single regrowth step to form modulator,
photodetector, and passive regions. The epitaxial structure,
shown in Table 1, consists of the UTC-PD structure grown on
top of unintentionally doped (UID) InGaAsP modulator QWs
and barriers. The optical waveguide consists of a multiple
quantum well (MQW) stack of 15 compressively strained
wells and 16 tensile strained barriers [4]. The QW width is
65 A and the barrier width is 80 A.

Photodetection regions are formed by selectively
removing the UTC-PD layers. This is followed with a p-
cladding and p-contact regrowth. The optical waveguide uses
a dry-etched deep ridge architecture to allow the flexibility of
device geometry that the trench coupler requires.
Comparatively, in surface ridge architectures, any features
oriented significantly off the major plane suffer severe
crystallographic undercut in the wet-etching process [7].

Waveguides and modulators are defined using a dual mask
of 55 nm Cr and 500 nm SiO,, and are deeply etched using
Cly:H,:Ar chemistry in an ICP-RIE system. Very low passive
waveguide loss of 2.2 cm™ has been reported for this deep
etching process [8]. Next, mesas are etched to expose the
underlying n-contact layer. The InGaAs p+ contact layer is
selectively removed between contacts to provide electrical
isolation, and n- and p-contacts are deposited and annealed.
In order to minimize diode series resistance of the modulators
and the detectors, we first deposit a pre-metal layer which is a
very thin stack of Pt/Ti/Pt/Au. This liftoff is carried out in
such a way that the top p-side contact layer is not exposed

until just before the metal deposition. This method largely
avoids contamination of the metal-semiconductor interface,
which is an important factor in achieving low diode
resistance. Modulators of 500 um length are defined in the
metal deposition steps.

Pre-Etched Platform:

E-beam < [
resist : '
. -
1 10.4 |3
— --i'é%-".., -
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HnP
ncontact layer 2.59 pm
H 506 nm
substrate

Figure 2(a). Trench planarization process. (b) Cross-sectional SEM of

trench

The passive portions of the waveguide are proton
implanted to reduce optical loss. To realize the balanced PD
configuration, a series of high energy implants ranging from
40 keV to 1.275 MeV are used to electrically isolate the n-
contact layer. Transmission line model (TLM) measurements
yield an implanted sheet resistance of 4.8 MQ/square on the
n-material and 1.9 MQ/square on the p-material. The PDs can
then be connected in series with minimal electrical cross talk
between the diodes.

The trench coupler is designed to act as a frustrated total
internal reflection (FTIR) mirror, reflecting and transmitting
equal parts to the photodetectors. The input waveguide is
incident on the FTIR mirror at an angle greater than the
critical angle. Normally this should result in a fully reflected
wave, but designing a narrow enough trench allows
evanescent coupling of the incident wave across the trench
that can result in an ultra compact 50:50 beam splitter.
Benzocyclobutene(BCB) with a refractive index of 1.57 is
used to fill in the trench. With a calculated effective index of
3.265 for the waveguide, the critical angle is 28.5°. Crossing
angles in the range of 27°-32° were fabricated, correlating to
trench widths of 0.25-0.5 pm. Trenches were written using
electron beam lithography (EBL). Because ZEP-520 e-beam
resist is very thin (~3000 A), the topography of the sample
(which has waveguides over 3um high) makes it very
challenging to get the necessary sidewall coverage over a
large step and provide a robust trench etch mask.
Furthermore, the minimum thickness of the SiO, dielectric
mask is 6000 A, which is far too much to be etched using the
thin e-beam resist. Therefore, a planarization process, using
Polymethylglutarimide (PMGI) resist is employed. By
reflowing the PMGI at 275°C for 20 min, the step height is
reduced from 3.1 um to 1.2 pm, which is within the step
coverage tolerance of the e-beam resist. In order to reduce
the required etch depth to reach the waveguide, a wider
region around the trench is pre-etched down by ~1 um.
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Figure 3(a): Top View of PIC. (b) Side view of flip chip bonded PIC + EIC

Simulations show that the effective index of the waveguide
changes very little as a result of this pre-etching.This reduces
the target etch depth to about 2 um which is possible for the
designed trench widths. A diagram of the pre-etching,
planarization, and subsequent trench etch processes is shown
in Figure 2(a). A dual layer mask of Cr/SiO, is used as the
trench hard mask. Both the pre-etch and the trench etch itself
utilize the Cl,:H,:Ar chemistry used for the waveguide etch.
Gas flows, pressure, and ICP power were varied to optimize
the trench for depth, sidewall straightness and smoothness,
resulting in a high aspect-ratio trench coupler. A cross-
sectional SEM of the optimized trench etch is shown in
Figure 2(b). After the trench etch, thick pad metal is
deposited using an angled, rotating stage to ensure step
coverage of the metal. A top view of the completed PIC is
shown in Figure 3(a).

The last step of device fabrication is the integration of the
transconductance amplifier EIC to the coherent receiver PIC
by flip-chip bonding. After thick pad metal is deposited for
the contacts, flip chip vias are opened and 2 pm tall Indium
bumps are deposited to provide the contact points between
the diodes of the PIC and the EIC connections. The PIC and
the EIC are carefully aligned and bonded at a force of 1000 g
and a temperature of 200°C. An SEM of the final integrated
flip-chip bonded coherent receiver is shown in Figure 3(b).

1. INTEGRATED RECEIVER RESULTS

The total delay includes the delay incurred by the PIC, the
EIC and the interconnections between them. In the MMI-
based device reported in [4], the total loop delay was ~27 ps,
where a significant portion of the delay was caused by the
wirebond interconnects. In comparison, the ultra-compact
trench-based flip-chip bonded approach used in this work
reduces the loop delay to ~10 ps. This is expected to increase
the stable open loop gain by 20 dB at 1 GHz, the target
frequency of operation [9].

The pre-metal deposition process described in the previous
section decreases the forward diode resistance by a factor of
6. The measured diode resistance in forward bias is ~5 Q for
300 pm x 3 pm modulators and ~20 Q for 50 um x 7 pum
detectors. Using a test electronic chip with direct traces to
each diode contact, the PIC diode characteristics were
measured before and after flip- chip bonding. In most cases,

the diode series resistance improved after flip chip bonding,
perhaps because the In bumps make more stable contacts than
the pin probes used to test the diodes prior to bonding.

The efficiency and loss were measured for phase
modulators that were separately fabricated using the same
quantum well and waveguide structures used in this PIC [10].
For a 500 um long modulator, the V_was measured to be

3.9 V. The loss incurred between 0 V and V_was 5.5 dB.

The normalized PD response shows a 3dB bandwidth of ~5
GHz for a 7 um x 150 pm device at -4 V bias. This
bandwidth is more than satisfactory for our link experiments
carried out at 300 MHz. Saturation and linearity
measurements of the UTC-PDs were reported in [4].
Saturation current, defined as the photocurrent level where
the RF response is compressed by 1 dB, is reported to be
80 mA at a bias of -3 V. The third order output intercept
point(OIP3), which is a measure of PD linearity, was found to
be 46 dBm at 60 mA of DC photocurrent. The high
performance of these UTC-PDs indicates that we can achieve
high open loop gain without creating nonlinearities.

The trench coupler splitting ratio was tested under
illumination from a laser source emitting at 1548.51 nm.
Light was fiber coupled into a phase modulator, split into
reflected and transmitted waves at the trench, and detected at
the UTC-PDs. A polarization controller was utilized to
characterize the trench coupler for both TE and TM
polarizations. For many of the trench designs implemented,
the measured TE splitting ratio was very close to 50:50, with
about 1.2 mA into each detector at an input power of 10 dBm
at the device facet. The detected TM photocurrent for the
same device was 2 mA and 0.4 mA for the reflected and
transmitted waves, respectively.

To characterize the mixing efficiency, we send a local
oscillator signal to both phase modulator inputs and apply
phase modulation to one arm. The signal in the
photodetectors will swing as the two input signals drift in and
out of phase with each other. If we subtract the signals of the
series connected photodetectors, we get the balanced detector
signal. Following the derivation in [11], and assuming ideal
balanced detection, the maximum amount of coherent mixing
corresponds to a balanced detector signal swing of
4 x (average photocurrent in each detector). In the non-ideal
case, there will be a coherence penalty due to imbalance in
power coupled to each arm, imbalanced splitting ratio,
polarization mismatch and wavefront mode mismatch
between the reflected and the transmitted beam.

An oscilloscope trace of the balanced detector signal is
shown in Figure 4. The voltage swing of the individual
photodetector signals, V4(t) and V,(t) are shown in the top
and bottom traces. The middle trace is (V-V5), the balanced
photodetector signal. The maximum observed signal swing
for the device tested in Figure 4 was found to be 524 mV with
an average Ipc of 3.5 mA into each detector. Considering the
50 Q input impedance of the oscilloscope, the maximum
possible signal swing is 700 mV. Thus the coherence
efficiency of the mixer is ~75%.
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Figure 4: Measurement of Coherent Mixing in Balanced Photodetector

The suppression of the receiver nonlinearity is characterized
for the full flip-chip bonded PIC + EIC. Two-tone
measurements were carried out at signal frequencies of 298
MHz and 300 MHz. Output frequency spectra of the receiver
with and without the use of the feedback loop are shown in
Figure 5. The input power was 0 dBm per tone. The IMD3
term is suppressed by an additional 46 dB when the feedback
loop is in operation, showing that the system does indeed
suppress receiver nonlinearity. Assuming a shot-noise limited

optical  source, the calculated SFDR would be
122 dB-Hz*®. For detailed discussion of SFDR
characterization, see [9].
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Figure 5: Measured IMD3 suppression with and without feedback loop

IV. CONCLUSION

Design and fabrication of a coherent receiver with feedback
was presented. Flip chip bonding of the PIC to the EIC was
used to reduce feedback latency. Trench beam splitters were
developed to enable an ultra-compact PIC. We have
achieved a very low latency feedback loop. Suppression of
IMD3 by 46 dB was achieved.
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Programmable Photonic Lattice Filters in
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Abstract—A novel monolithic programmable optical lattice filter
consisting of unit cell building blocks is proposed. Single unit cells
incorporating a ring resonator in one arm of a Mach-Zehnder
are fabricated in an InGaAsP-InP material system. Programmable
poles and zeros are demonstrated and monolithically cascaded unit
cells are used to synthesize a flat passband.

Index Terms—Optical filter, photonic integrated circuits (PICs),
programmable filter.

1. INTRODUCTION

ROGRAMMABLE optical filters have the potential
P to improve latency in real-time signal processing ap-
plications compared to entirely electronic approaches. The
optical filter can be programmed to create a channelizing
prefilter, quickly tunable in bandwidth and frequency. Thus,
massive amounts of incoming analog data can be prefiltered
in nearly real time, identifying signal bands or signatures
worthy of more detailed digital signal processing. This and
other applications call for a general programmable filter. The
idea of programmable optical filters was suggested over two
decades ago, e.g., [1]; however, their complexity, control, and
stability have all been limited by the inability to integrate the
optical components on a single chip. More recently, channel
selection and add—drop multiplexer filters have been shown for
wavelength-division-multiplexing (WDM) applications using
microring resonators as well as larger ring geometries [2]-[6].
In comparison, the programmable analog filter application is
very challenging in that it requires much broader frequency
and bandwidth tunability than channel selection filters. We
propose a lattice-based filter, monolithically integrated using
the InGaAsP-InP material system. The filter architecture is an
array of identical unit cells that incorporate a ring resonator
within one branch of a Mach-Zehnder interferometer (MZI).
In this initial work, we have fabricated and characterized the
basic building blocks of these filters consisting of one and two
unit cells. Preliminary fabrication results have previously been
reported [7]. Here we demonstrate improved results along with
a more thorough characterization and discussion of these filters.
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Fig. 1. Schematic drawing of the lattice filter built from unit cells. Key com-
ponents in the single unit cell are highlighted: SOAs, PMs, MMISs, and Taps.

II. FILTER DESIGN

Fig. 1 shows the proposed lattice-based filter structure built
from cascaded unit cells. The single unit cell itself consists of an
asymmetrical MZI, in which one MZI-branch has an integrated
ring resonator. Looking from port 1 to port 2, a first-order zero
response is created by the MZI while a first-order pole response
is provided by the resonator; these are the fundamental building
blocks for both finite impulse response (FIR) and infinite im-
pulse response (IIR) filters. The response from each single unit
cell is tunable in amplitude and phase through active semicon-
ductor optical amplifiers (SOAs) and phase modulators (PMs)
incorporated in both the feed-forward MZI arm and the ring
resonator. The single unit cell filter response can be described
through the So; scattering parameters, given here in a simplified
form

Be—dlBL24La+Ly+Pring]
1 — CGiingeI1PLstLs+®ring]

ey

So1 :AGﬂe—jﬁLl-i-‘bff +

The A, B, and C coefficients include the loss from various el-
ements in the structure including waveguide, multimode inter-
ference (MMI) transmission, and MMI coupling loss. Gy, P
and Ging, Pring are the gain and phase provided by the SOA
and PM for the feed-forward and ring resonator, respectively.
By reverse biasing the feed-forward SOA (Gg ~ 0) a pole re-
sponse is isolated. Likewise a zero response is synthesized by
reverse biasing the ring SOA (Giing ~ 0). The PMs that operate
through carrier injection are used to tune the pole and zero re-
sponses in frequency. In addition to SOAs and PMs, a number
of low quantum efficiency detectors (taps) are incorporated to
provide real-time monitoring of the optical signal in the wave-
guide at many locations in the single unit cell, which, together
with analog feedback circuitry and digitally implemented adap-
tive algorithms, can be used for control and stabilization.

1041-1135/$26.00 © 2010 IEEE
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Fig. 2. (a) Scanning electron microscope (SEM) picture of the single ring unit
cell with the MMI coupler highlighted. (b) Two monolithically cascaded single
unit cells make up a three-ring coupled system.

The single unit cell is naturally cascaded by connecting ports
2 and 4 with ports 1 and 3 of the next cell to realize the lat-
tice filter. The programmability of this larger lattice filter is
based on the flexibility of each individual unit cell. SOAs can
“turn ON” and “turn OFF” rings by applying a forward bias and
reverse bias, respectively. For example, high bandwidth flat-
topped bandpass filters suitable for WDM add—drop applica-
tions [3] of any order can be synthesized by turning ON the SOAs
in each ring, and turning OFF the feed-forward SOAs. Coupling
rings in this fashion synthesizes bandpass filters without phase
tuning as the bandwidth is determined by the coupling strength
between rings. Filter rolloff and extinction are enhanced by the
coupling via higher order poles.

If a narrower bandwidth response is desired, rings can be cas-
caded without coupling by turning ON every other ring. With the
rings uncoupled, no higher order poles are synthesized, and each
pole location and amplitude is independently tunable. Poles can
then be located at the same frequency, decreasing full-width at
half-maximum (FWHM) and enhancing extinction. The MZIs
created by the unit cells can be used to eliminate neighboring
poles to effectively enhance the free spectral range (FSR) of
the filter. Furthermore, any filter configuration can be duplicated
and cascaded without back-coupling to enhance extinction and
roll-off and decrease the FWHM if desired.

We have fabricated single unit cells together with two
monolithically cascaded unit cells shown in Fig. 2. An offset
quantum well (OQW) InGaAsP-InP integration platform was
used (quantum wells placed right above the waveguide layer).
Low loss passive sections were realized by selectively wet
etching away quantum wells in passive regions, followed by a
single blanket InP regrowth of the p-cladding. An entirely deep
etched waveguide design was utilized; the specific details of
the fabrication have been described elsewhere [7].

III. EXPERIMENT AND DISCUSSION

Measurements of the filters were made by fiber coupling
broadband light from an amplified spontaneous emission
(ASE) source into the chip and fiber coupling the output into
an optical spectrum analyzer (OSA). All testing was performed
continuous wave (CW) at room temperature.
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An isolated MZI response is shown in Fig. 3(a), this was gen-
erated between ports 1 and 2 by reverse biasing the ring SOA
at —10 V, effectively shutting off the resonator. By varying the
bias on the feed-forward SOA and hence balancing the MZI
branches, the zero response is tuned in amplitude. However,
while changing the current on the SOA, a parasitic phase shift
is introduced (through current injection and heating) which un-
intentionally tunes the filter response in frequency. In our de-
vice, this is addressed by simultaneously utilizing the PMs, by
injecting current the zero-frequency can be fixed. Fig. 3(b) dis-
plays the isolated pole response of the single unit cell using
ports 3 and 4. The pole amplitude can be adjusted by varying the
ring SOA bias, again utilizing the resonator PM to fix the filter
in frequency. For the SOA biased at 33 mA (I;;, = 35 mA),
an extinction ratio of ~18 dB and a pole FWHM of 0.062 nm
(7.9 GHz) corresponding to a resonator (-value of 23 800 is ob-
tained. The pole response was also measured with a lightwave
component analyzer, and this verified the expected w-phase shift
across the passband of this single-pole filter. A good fit of the
experimental filter shapes with the S21 parameters in (1) are
demonstrated by setting AGg = 1, B = 0.68, CGing = 0 and
AGg = 0,B = 1,CGying = 0.75 in Fig. 3(a) and (b), respec-
tively.

If a further enhancement of the filter extinction ratio is de-
sired, both zeros and poles can be utilized simultaneously (i.e.,
forward biasing both the feed-forward and the resonator SOA).
In Fig. 3(c), a zero has been placed in between two resonator
poles, resulting in a total of 26.5-dB extinction.

The frequency tunability of the of the single unit cell is
demonstrated in Fig. 4; the So; MZI zero is continuously
tuned over a 270-GHz range by utilizing phase pads in the
feed-forward and the resonator arm. The FSR of the zero is
250 GHz, thus a zero can be placed anywhere in the C-band.
The resonator poles allow for a 0.4-nm continuous tuning range,
using the resonator phase pads. Wavelength tuning through
current injection is associated with parasitic loss through the
free-carrier-absorption effect; in our device design, the filter
shape is preserved by manually adjusting the SOA bias. Future
work includes using the passive taps as the input signal to
adaptive algorithms that automatically control SOA and PM
biases to maintain filter shapes while tuning or reprogramming
the filter.

Drawing on the demonstrated tunability of the single unit cell
it is predicted that by cascading several unit cells, higher order
and more complex filter shapes can easily be synthesized by in-
dividually controlling each single unit cell. As a proof of con-
cept, the fabricated cascaded unit cell filter is used to demon-
strate a second-order coupled pole response shown in Fig. 5.
This was created by turning OFF the feed-forward waveguides
and the third ring by reverse biasing their respective SOAs. The
remaining two rings were tuned using PMs to create a bandpass
filter with a 0.302-nm (37.7 GHz) FWHM. Given the strong
3-dB inter-ring coupling in this filter, a relatively wide-band-
width, low-extinction passband results.

In the current device configuration, we predict that the
number of unit cells that practically can be cascaded is limited
by the end to end loss of the individual unit cells; currently
estimated to be around 7 dB which includes the 3-dB loss in the
outer MZI-MMIs when operating the filter with cascaded poles.
Given a ~21-dB SNR in the first filter stage, a maximum of
three unit cells can be cascaded. In future work, we, therefore,

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on March 03,2010 at 18:09:35 EST from IEEE Xplore. Restrictions apply.



NORBERG et al.: PROGRAMMABLE PHOTONIC LATTICE FILTERS IN InGaAsP—InP

10

—— SOAff=6mA, PMring=6.2mA
— SOAff=3mA, PMring=3.1mA

5} H — SOAff=0mA, PMring=0V
- = S21sim, Eq.(1): AGff=0.68, B=1

S21 Normalized Intensity (dB)

~20" 15610 1562.0 1563.0 1564.0 1565.0 1566.0
Wavelength (nm)
(a)
15 r
— SOAring=13mA, PMring=0.8mA
~ 10 —— SOAring=23mA, PMring=0.0mA
Fg —— SOAring=33mA, PMring=1.0mA
e 5 == 521 sim, Eq.(1): CGring=0.8, B=1
é\ v
a 0
[
3
£ -5
?
N -10
©
E -15
2
m —20 i : N
<t Ve - v
B ast N N N
U0 15415 15420 15425  1543.0 15435
Wavelength (nm)
(b)
10

— SOAring=28mA, SOAff=0.51mA ]

S21 Normalized Intensity (dB)

78

1558.4

1558.0 1558.2 1558.6
Wavelength (nm)
©

Fig. 3. (a), (b) Isolated pole and zero responses tuned in amplitude by varying
bias on feed-forward SOA (SOAff) and ring SOA (SOAring), respectively, the
ring PM (PMring) is used to fix the filter in frequency. (c) Zero and pole are
utilizes simultaneously to enhance extinction ratio.

intend to achieve a zero insertion loss in every unit cell by
incorporating an additional SOA in the ring-MZI arm (on Ly or
L, in Fig. 1), thus allowing a large number of filter stages to be
cascaded. In addition, this also assists the balancing of the two
MZI arms when a zero response is desired.

IV. CONCLUSION

We have proposed a novel monolithic programmable filter
structure, constructed from cascaded unit cells. The single unit
cells have the form of an MZI with a ring resonator integrated
in one branch. Proposed programmability of the single unit cell
was experimentally demonstrated through isolated zero and pole
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Fig. 4. Frequency detuning of the MZI zero response as a function of PM cur-
rent; inset shows the actual filter response.
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Fig. 5. Filter response from two-coupled-ring bandpass filter tuned to ~0.1-dB
ripple with a 0.302-nm (37.7 GHz) FWHM.

responses with continuous amplitude and frequency tunability.
Extinction ratios of 14 and 18 dB was shown for the zero and
pole, respectively, simultaneously using the pole and zero the
extinction was enhanced to 26.5 dB. From cascaded unit cells,
a flat passband using a second-order coupled pole response was
demonstrated.
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filters with pass-band rejection exceeding 30 dB are demonstrated.
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1. Introduction

A programmable photonic filter is capable of synthesizing a variety of filter shapes and rapidly tune in both
bandwidth and center frequency. Such a filter can be used as a channelizing filter to prefilter massive amounts of
incoming analog data in nearly real time, thus having the potential to reduce latency in signal processing
applications compared to entirely electronic approaches. The idea of this kind of filter was suggested almost three
decades ago [1], however the complexity, control and stability have all been limited by the inability to integrate on
a chip. Compared to channel selection and add/drop filters for WDM applications which have been successfully
realized in recent years [2,3], the analog RF-filter application is more challenging as it requires much broader
tunability in bandwidth and frequency. Lattice type filter structures can provide theses necessary characteristics [4].
We have previously proposed a lattice building block capable of producing both IIR (infinite-impulse-response)
and FIR (finite-impulse response) filter shapes, and experimentally demonstrated it in the InP-InGaAsP material
system [5]. Similar work was done in parallel on a hybrid Si-111/V platform [6]. At this time, we focus on the
cascading of multiple filter stages and construction of more complex higher order filters. In order to improve the
stability and control of the overall filter structure, the single filter stage has been modified to an uncoupled filter
scheme.

2. Filter design and fabrication

Each filter stage consists of two nested rings of different lengths. Thus, the design also incorporates an asymmetric
Mach-Zehnder interferometer (MZI), figure 1. The single stage filter response has two poles and a zero; however,
the intention of the single stage design is to generate either a single pole or zero. This is achieved by utilizing the
SOAs as on-off switches for different paths through the filter. Eqg. (1a-c) gives the S21 scattering parameters for the
single stage in the different configurations, with G, ,3 and ¢, , representing gain and added phase from the SOAs
and the phase modulators (PM) respectively, and A,B,C representing propagation and coupling losses. By reverse
biasing either SOA; or SOA, one of the poles is isolated, Eq. (1a),(1b). If SOA, is reversed biased, a longer
resonator remains than if SOA, is reversed biased. A longer resonator translates into a narrower full width half max
(FWHM), so depending on which ring configuration is utilized a narrower or wider bandwidth filter is synthesized.
The MZI zero filter response is isolated by reverse biasing SOAs, Eq. (1c). In each bias configuration, the filter
response is tuned in amplitude by forward biasing the remaining two SOAs, providing ring gain or balancing the
MZI arms in the pole or zero configurations respectively. Frequency tunability of the filter is provided through the
PM.

AG e‘j(ﬂl—l‘*(/’l)
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821 — Aelefl(ﬂl-ﬁt/ﬁ) + BGzefJ(ﬂLsz) (1c)
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Fig.1 Schematic drawing of the filter structure highlighting the
single filter stage with functional components labeled, SOAs,
MMI couplers and PMs.



When designing cascaded filter structures, there are two main design schemes: coupled or uncoupled. In the
coupled case, there is feedback between filter stages. For resonators this means that the poles are coupled and higher
order poles are created. While this scheme has certain advantages in e.g. providing larger pass band rejection
through the higher order poles, the inter stage couplings becomes extremely critical in order to reach the desired
filter shape. In addition, a coupled system with active phase and gain controllers has more parameters and thus
becomes inherently harder to control and stabilize in a real system application. This is the main reason we have in
this work instead focused on a completely uncoupled approach, i.e. there is no feedback between filter stages. This
is most easily seen through the single waveguide connecting neighboring stages in figure 1. This linear system
approach implies that the overall transfer function of the filter is simply the product of the individual single stage
transfer functions; or in S-parameters, the magnitude and phase response multiplied and added respectively, Eq. (2).
With a pole or a zero synthesized by each filter stage, higher order filters are subsequently constructed by
programming the individual stages with the desired pole and zero magnitudes and phases. In contrast to the coupled
approach, the overall filter shape in the uncoupled scheme is completely independent of the coupler values, allowing
for more fabrication tolerance and flexibility in coupler choice.

In order to monolithically integrate this type of filter we utilize the InP-InGaAsP material system, which has the
advantage of providing on-chip optical gain and fast phase tuning through current injection. An offset quantum well
(OQW) integration platform was employed with low loss passive waveguides realized by selectively removing
quantum wells in passive regions followed by a blanket InP p-cladding regrowth. In order to avoid radiation loss
from bends while keeping the fabrication complexity to a minimum, deeply etched waveguides created with a single
ICP-dry etch step was used for the entire device design. For ring coupling, 3dB-2x2 restricted interference multi-
mode-interference (MMI) couplers were used throughout; the insertion loss was measured to be 0.5-1dB/coupler.
Specifics of the fabrication and the integration platform have been reported elsewhere [7]. In this work a total of five
single filter stages were monolithically cascaded; figure 2 shows a device with four filter stages which have been
wire bonded to a carrier.
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o i N Zero - MZI
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Fig.2 a) Optiéa"i imag'e' of wire bonded de t 4 cascaded filter stages. b) Experimental filter responses from a single stage filter, normalized
in frequency and intensity.

3. Single filter stage

In order to construct higher order filter shapes that are useful to an application, careful consideration needs to be
given to the design of the individual filter stages. The bandwidth and FSR of the overall filter is ultimately
determined by the individual ring length and difference in MZI path lengths. For microwave photonic applications
we are mainly interested in filters with bandwidths ~10 GHz and less, this translates into resonator lengths in the
mm to cm range. In this work the two resonators lengths are 1,750 and 3,500 mm. Thus, having a relative difference
in free spectral range (FSR) by a factor of two (45 and 22.5 GHz), the difference in MZI path length was designed to
be 1,750 mm (45 GHz) as well. Experimental filter responses of these filter configurations are presented in figure 2.
The single stage filter responses are tunable in both amplitude and frequency by tuning the SOA and PM currents.
All experimental data was measured by fiber coupling broadband light from an amplified spontaneous emission
(ASE) source into the chip and fiber coupling the output into an optical spectrum analyzer (OSA) with a 10 pm (1.25
GHz) resolution. All testing was performed continuous wave (CW) at room temperature.

4. Cascaded filter stages

When the single filter stages are cascaded, the transfer functions of the individual stages are multiplied together, Eqg.
(2). By controlling the individual filter stages separately, higher order filter shapes are easily synthesized. In order to
synthesize a band-pass filter, two or more stages are programmed as poles and offset in frequency using the phase
modulators. The bandwidth and ripple of the filter is set by the pole value (i.e. SOA gain) and the amount of



frequency offset between the stages. For a narrower bandwidth filter the long ring configuration is advantageous
(SOA; reversed biased, G,~0). In this configuration, by introducing zeros, the FSR of a band-pass filter response can
effectively be doubled since the FSR of the zero is twice that of the resonator, figure 2. For wider bandwidth filters,
the shorter ring configuration is utilized (SOA, reversed biased, G;~0). The zero can now be used to enhance the
pass-band rejection of the filter if placed half way between the pass-bands, see figure 2. In figure 3a) a 2" order
flat-top band-pass filter is experimentally demonstrated utilizing two cascaded filter stages in the short ring
configuration, with the flattop achieved by injecting 0.65 mA into the PM of one stage. The filter has a 0.4 dB
ripple, FWHM of 7.68 GHz and a maximum pass-band rejection of 25 dB. By adding one more filter stage, a 3"
order filter is demonstrated in figure 3b). Two poles are used to create a flat-top pass-band and a zero is placed half
way in between the pass-bands to further enhance the extinction ratio. Again, the flat-top was created by injecting
0.31 mA into the PM of one stage while 5.1 mA was injected in the MZI stage PM to position the zero. The
resulting filter has a 0.2 dB ripple and a FWHM of 5.5 GHz with 33 dB of maximum pass-band rejection. The
reduced bandwidth for this filter is due to a slightly higher pole value (0.775 in figure 3b) versus 0.75 in figure 3a))
together with the smaller ripple.

The center frequency of the filter can be tuned continuously over one FSR using the phase modulators in each
filter stage. This implies we can filter anywhere in the c-band as the filter response repeats every FSR over the gain
bandwidth (~1530-1575 nm).

B e e o -

‘ . Expe(injeﬁt + - Experiment
- 0 /_\ Simulation — ol Simulation
m =]
Rl
by -5 ‘ ] /
£ { A I=
2 -10 / A 2 -10/
] 3
£ -15 £ -15| /
o o
N -20 & _20|
2 i’ £
E =251 Semmman? £ —25! \ /
E 2
= 30 Z 30| an
~ .
¥ 35 W _35| b

-30.00 -20.00 -10.00 0.00 10.00 20.00 30.00 ~40"35.00 -20.00 -10.00 0.00 10.00 20.00 30.00
Frequency deviation [GHz] Frequency deviation [GHz]

a b)
Fig.3 Experimentally measured filter responses from cascaded filter stages, simulations using Eq.(1) and (2) are superimposed. a) 2™ order
flattop band-pass filter response and b) 3" order filter - 2" order flattop band-pass filter with a zero placed half way in between the pass-bands.
Data was normalized in frequency and intensity.

5. Conclusions

A programmable photonic filter was constructed from monolithically cascaded filter stages. The single filter stages
independently synthesize poles and zeros thus providing a versatile platform to create higher order filters. With
increasing number of filter stages, extinction, filter roll-off, tunability in bandwidth etc., naturally improves. Band-
pass filters with varied bandwidth and extinction were experimentally demonstrated utilizing two and three cascaded
filter stages.
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1. Introduction

The all-optical and redlme filtering of anoptical signapromises to reduce the power consumption, latesnoy
cost of electrical filteringpproaches. Much progress has been made recetitky theory of constructing su
optical filters [1-3], andesults have been shown for wavelel-division-multiplexing (WDM) channel selecti
and add-drop filtering, as well as Rignalfiltering with limited tunability [4-7].Specifically, RF channelizin
filters require wide tunabilityn frequenc, bandwidth, and extinctioiWe previously proposed a general integr:
programmable filter lattice in the INRGaAsP material system consisting of a cascadgeoticalbuilding blocks,
or “unit cells” [8]. Work was also done on this design in hybrid 111-V/Si system [9] By cascading unit cells,
general programmable filter architecture is possHere, we propose an improved unit cell desincorporating
tunable couplerfocused on the synthesis of -topped bandpass filters, which aredble in frequency ar
bandwidth, angbresent preliminary resul

I Tunable Coupler I T
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Fig. 1L a) Schematic representation of the unit showing SOAs, PMs, MZI Tunable Coupleasid input and output waveguides. b) Pictur
fabricated and wirdonded unit cell. c) Scanning electron microsc&@eM) image of an MZI tunable coupler without cors

2. Unit Cell Design and Operation
The unit cell (figure Lpaconsists of three rings, each connected by avlaé-Zehnder Interferometer (MZ
tunable coupler, and all bypassed by a secondavgguéde path. ThsymmetricMZI tunable coupler desi
consistof two 10Qum long 2x2 restricte interference multi-mode-interferem§MMI) couplers separated |
waveguides of equal lengtiihe full range of coupler tuning is accomplishie®ugh phase modulation of one
the 30Qum long MZI waveguides, demonstrated in fig3a. Tunable inter-ringauipling is crucial for filte
bandwidth tunabilitySemiconductor Optical Amplifiers (SOAs) acurrent injectiorPhase Modulators (PM
within the unit cell provide tunability in amplitedand wavelengttPhase modulation occurs via free car
absorptionThe unit cell can be operated in two modes: thimite-impulseresponse (IIR) mog, utilizing the rings,
or the finite-impulseesponse (FIR) mode, utilizing the bypass wavegt

As illustrated in figure 2ahe poles created by each of the three rings imiitecell provide the ability t
synthesize first order, second order coupled, stooder uncoupled, and third order couglIR filters of varying
bandwidth. The order of the filter determined by the number rings that are utilized, and the resulting respas:
periodically repeated every free spectral rangdRjFFhe FSR is determined by the ring lengths, tviaiee in this
case 3mmgiving an FSR of 0.22nm or 27.5 GFThe IR functionality of a unit cell is accomplished by agptya
forward bias to the ring SOAs to achieve the désindinction, and applying a forward bias to thegrPMs to tune



the poles to the desired wavelengitreverse bias is applied to the feedback :in any ring that is not to be use
preventing the signal from making a rortrip. A reverse bias is also applied to the bypesgeguide in order t
operate the unit cell strictly in the IR moBy tuning the center wavelength of the filtand by Lilizing the
periodically repeated response, filter syntt is achieved across the c-bahRdter responses were simulated wit
general 4port scattering matrix techniq

The bypass waveguide creates the ability to syithesfinie-impulse-respond@IR) filter with ¢ free-
spectralrange (FSR) twice that of the IIR filteiShown in figure 2, this zerfilter shape can be utilized to eliming
neighboring IR bandpaditers to essentially double the FSR of a synthegibandpass filter, or, placbetween
bandpass filters, to enhance their extinc. The FIR functionality of a unit cell is accomplishby applying ¢
forward bias to the SOA in the bypass waveguidetaad5OAs in the forward path through the ringerigher to
equalize theutput magnitudes of these tMZI arms. A forward bias iapplied to the PMs in each arm to tune
wavelength location of the zerA.reverse bias is applied to the feedback SOAs@hef the rings in order-
operate the unit cell strictly in the FiRode

Unit cells are cascaded togethe-chip to facilitate synthesis of a wide range agfilshapes. IIR Bandpa
filters can be cascaded in this way to increasimetan and sid-band rolloff, while the FIR functionality can kt
utilized as mentioad above to modify IIR filters synthesized in poas unit cells
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Fig. 2. a) Exampleisulation of 1 ring, 2 coupled rings, and 3 couplied)c with 15% inter-ring couplingThe poles in the-ring and 2-ring
filters have pole values of 0.65. In theig filter, the outer rings have pole values @&3).and the inner ring has a pole valu 0.85. b)
Simulation of 2 coupled rings with zeros placecheighboring filter orders to effectively double tlileer FSR and placein-between filter

orders to enhance extinction.

3. Fabrication

Individual unit cellswere fabricated on an I-InGaAsP offset quantum well platforavhich provides a simple ar
robust method for active and passive material natiign. The quantum wells, which are grown on tbp @.3Q
InGaAsP passive waveguide layer, are selectivet-etched to create loless passive wavegle sections. A
blanket InP regrowth acts as thelpdding.In order to avoid high radiation bend lods twaveguides are ¢
deeply-etched structures create@mlCP dry etch. Details of this fabrication tecjug and results are outlined
[10Q]. A fabricated unit cell is shown in figul.

4. Results

Successful operation of the MZI tunable couplerzigial to the synthesis of coup-pole filters. Figure3a shows
power splitting of a tunable coupler versus turgngent.Extinction of cross (inter-ringdoupling to under 1% c
total output power was achievati2.5mA tuning current, andrphasetuning was achieved at (5mA. Insertion
loss for this structure was estimated to .5dB.

To confirm operation of the unit cell™ order coupled pole bandpass filters of varying bédth were
synthesizedMeasurements were conducted with a lo-in tunable laser input and atip detection. The SOAs
the third ring were reverse biased and operatetbtextors. The SOAs in thast two rings werdorward biased
and the PM in one ring was tuned until the polesifeach ring were located at the same waveleThe
bandwidth of the filter was seyluning the coupler between the two rinwhich adjustghe inte-ring coupling
ratio, and the filter padsand ripple was optimized by adjusting the ring S@an. Figure3 shows the filte
transmission near 1550nm with 228tet-ring coupling ratio providing 15dB extinction and a bandwic of
0.048nm or 6.0GHz. As the coupling was decreasedhandwidth decreased and extinction increasgdré&4
shows the relationship between coupling value dtet bandwidth and extinctio
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Fig. 3. a) Measurement of an MZI tunable cou splitting valuesss. phase modulator tuning current. Values are atized to total outpt
power with zero tuning etent. Additional insertion loss is estimated tol.5dB. Cross coupling values of less than 1% of totéput powel
were obtained at a 2.4mA tuning currentM®asured response of " order coupled ring bandpass filter with intrg couplingratio set at

22% and gain optimized to obtain a ftapped filter. A bandwidth of 0.048nm or 6.0GHz vedmained with an extinction of 15.5¢ The filter
bandpass is normalized to 0dB.
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Fig. 4. Measured and simlulated @ndwidth and b) extinction froi2™ order coupled ring filters vs. inteing coupling rati with 1.5dB
insertion loss assumed for the tunable cou. The error in the extinction measurement is thotigle an artifact of the measurem

5. Conclusions

A highly programmable filter architecture foedon RF channelizing filters was proposed. The blasilding
block, or unit cell, was designed and fabricatConsisting of three coupled rings with tunableri-ring coupling,
the unit cell IR responsis tunable in bandwidth, frequency, and extinc. The unit cell is also capable
producing an FIR zero response in order to enhk&B8¢e ancextinction.MZI tunable couplers and unit cells we
evaluated angreliminary results were obtained 2" order coupled ring bandpass filters.
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Abstract—The design and operation of a coupled-ring
programmable photonic microwave filter architecture are
described. RF measurements of coupled-ring bandpass filters
tunable in bandwidth are presented.

l. INTRODUCTION

As microwave filter applications become more demanding,
the use of photonic approaches to improve latency, power
consumption, and cost of implementation has gained
increasing attention. A photonic filter subsystem within a
microwave link promises to provide a low loss, high
bandwidth, and highly tunable solution for applications such
as reconfigurable microwave channelizers, programmable
correlators, or dispersion compensation systems [1-2].
Furthermore, photonic integration offers to lower the cost,
reduce the size, and improve the stability of such subsystems
over bulk optics. Typically, photonic filters realized in bulk
optics are limited to the incoherent regime, where the
coherence time of the optical source is much smaller than the
filter delay (Teon << Tgelay). Such systems inherently have all-
positive filter coefficients, resulting in a variety of
performance drawbacks [1,2]. The stability improvement of
integrated systems is such that optically coherent filtering is
achievable, eliminating the need for more complex approaches
to attain negative filter coefficients.

Previously, we described the basic building block of a
programmable microwave channelizing filter integrated in
INP-InGaAsP termed a “unit cell” and demonstrated
preliminary results [3,4]. Similar designs have been
implemented in other material systems [5-7]. Each unit cell is
capable of synthesizing up to 3rd order infinite impulse
response (IIR) coupled-pole bandpass filters and first order
finite impulse response (FIR) zeros. By cascading unit cells,
filters with the extinction ratio and free spectral range (FSR)
suitable for microwave channelizing filter applications can be
obtained. Here, we review the design and operation of the unit
cell and present new RF measurements of 2" and 3™ order
coupled ring filters tunable in bandwidth and frequency.

This work was supported by DARPA through the PhASER project; a
portion of the work was done in the UCSB nanofabrication facility, part of
the NSF funded NNIN network.

Tunable Coupler

I Tunable Coupler | T om |

Tunable Coupler

Tunable Coupler

Phase Modulator (PM)
I semiconductor Optical Amplifier {SOA)

Figure 1. Schematic representation of the unit cell showing SOAs, PMs, MZI
Tunable Couplers, and input and output waveguides.

Figure 2. SEM image of a fabricated and wirebonded unit cell. The device
measures 1.5 x 2.0mm. Input and output waveguides are at the bottom of the
chip.

II.  DESIGN AND FABRICATION

A. Unit Cell Design

Shown in Fig. 1, the unit cell consists of three coupled
rings and a bypass waveguide, linked by tunable couplers. An
SEM image of a fabricated unit cell is shown in Fig. 2. The
rings provide IIR functionality while the bypass waveguide in
conjunction with the forward path through the rings supplies
the FIR response. The unit cell is capable of synthesizing first
order, second order coupled, second order uncoupled, and



third order coupled IIR filters. The tunable couplers consist of
a symmetric Mach-Zehnder interferometer (MZI) with phase
modulators (PMs) in each 300um long waveguide. Coupling
between waveguides is provided by 2x2 100um restricted
interference multi-mode interference (MMI) couplers [8]. The
fabricated tunable couplers show low loss and good tunability
with measured cross-coupling extinction down > 20dB from
total output power [4]. The ability to attain low coupling
values is crucial for synthesis of narrow bandwidth, high
extinction ratio filters. Ring loop gain (i.e. pole magnitude) is
set by the semiconductor optical amplifiers (SOAs), while the
center frequency of each pole is set by the current-injection
PMs. Filter bandwidth and pass-band ripple tunability is
therefore achieved through adjustment of the coupling values,
pole magnitude, and center frequency of each ring. Waveguide
paths can be turned off by operating the SOAs in reverse-bias
as detectors. This serves 2 purposes: to change the
configuration of the unit cell, and to act as on-chip sensors for
control feedback.

It is well known that in a coupled-ring system, first
order resonances display a splitting caused by higher order
poles. For example, in a 2-coupled-ring system, a third pole is
created by the “figure 8” path. When the two coupled rings are
tuned so that their independent resonances occur at the same
wavelength, a splitting will occur (see [9] for a description of
the transfer function of such systems). In this way, with the
appropriate tuning of SOA gain, a flat-top bandpass filter
response can be achieved. Alternatively, if the unit cell is
operated in the uncoupled regime, a similar response can be
created by tuning the individual pole locations until the
desired flat-top filter is synthesized. Each of these
configurations is simulated in Fig. 3. The higher order poles
created by a coupled system increase roll-off and extinction
compared to the uncoupled system.

5

=== 2nd order coupled rings
= = 2nd order uncoupled rings

Filter Transmission (dB)

—20F

123000 1550.05 1550.10 1550.15 1550.20 1550.25
Wavelength (nm)

Figure 3. Simulation of 2" order filters created with coupled and uncoupled
rings. Both filters have pole magnitudes of 0.65. Inter-ring coupling of 15%
creates the splitting for the coupled ring filter, while a filter displaying similar
pass-band ripple with uncoupled rings is synthesized using a phase offset of
0.95 radians. Higher order poles from the coupled ring geometry provide an
extra 3.5dB extinction.

The 3mm rings provide ~37ps of delay, resulting in a 27.3
GHz FSR. With reasonable pole magnitudes (0.8-0.9), this
ring delay can produce flat-topped filters with bandwidths
down to ~ 2GHz. The design can easily be scaled to narrower

bandwidths by increasing the ring lengths. The extinction ratio
of a filter can be enhanced by cascading multiple unit cells,
each producing a copy of the filter, or by cascading IIR
bandpass filters with FIR zeros placed in the stop-band. The
FSR can be widened by using subsequent unit cells to
synthesize FIR zeros, eliminating neighboring filter images

[4].
B. Material Structure

The InP/InGaAsP material system provides the phase
modulation and optical gain needed for a highly tunable filter
architecture.  Free-carrier  absorption  provides phase
modulation through current injection, and quantum wells
provide gain centered at 1550nm. While gain is crucial to
reduce end-to-end loss in large systems, the dynamic range is
an important consideration in system design. The system
spurious free dynamic range (SFDR) is related to the linearity,
and hence the saturation power of the SOAs [10]. To this end,
the unit cells were fabricated on a high saturation power offset
quantum well (OQW) platform. The quantum wells, which are
grown on top of a 1.3Q InGaAsP passive waveguide layer, are
selectively wet-etched to create low-loss passive waveguide
sections. A blanket InP regrowth acts as the p-cladding. Gain
and loss characteristics for this material design have been
reported [11]. While offering a high 8.4dBm 1-dB saturation
power, the OQW structure has reduced gain compared with a
centered quantum well design. The unit cell design, however,
requires much less than the 260dB/cm provided by this
structure, and further improvements in saturation power can
be obtained through the use of lower confinement factor
designs [12].

Figure 4. SEM image of the input waveguides to a deep-etched MMI coupler.

The restricted interference MMI coupler is 8.5um wide. Input waveguides are

1.8pum at the MMI coupler, tapering to 2.8um. All waveguides are etched to a
depth of approximately 5.0pum.

C. Fabrication

Fully functional unit cell devices were fabricated. All
structures were defined via optical lithography. In order to
avoid radiation loss from waveguide bends, high lateral
optical confinement waveguides were created with an ICP-
RIE “deep etch” process through the waveguide layer. The
propagation loss and surface recombination current in these
structures have been shown to be comparable to propagation
loss and diffusion current in similar width surface ridge



structures. These results and more detail about the fabrication
procedure are outlined in [11]. An SEM image of a fully
fabricated and wirebonded device is shown in Fig. 2. Fig. 4
shows a close-up SEM image of an MMI coupler.

I1l.  RESULTS
A. Measurement Setup

In order to record filter responses in the RF domain, a
single-sideband measurement was conducted using a
heterodyne technique with a band-limited noise input. All
measurements were conducted with continuous-wave inputs
and at room temperature. A schematic representation of the
measurement setup is shown in Fig. 5. A white-noise spectrum
is generated with an Erbium doped amplified spontaneous
emission (ASE) source, and amplified via an Erbium doped
fiber amplifier (EDFA). The reflectance spectrum of a fiber
grating is utilized to band-limit the input to 0.3nm (37.2GHz),
with an out of band rejection of 30dB. The filter response of
interest is placed within the band of the input signal, and after
propagation through the integrated device the signal is
combined with a local oscillator (LO) laser in a 3dB coupler
and impinged upon a detector. The wavelength of the laser is
chosen such that it falls at the edge of the signal band. In this
way, only the lower sideband (in frequency) of the LO is
occupied by the band-limited signal. With sufficient
suppression, the resultant heterodyned signal measured in an
electrical spectrum analyzer (ESA) is effectively single-
sideband.

Location of

Laser
FWHM 0.3nm - A Input signal
relege] | e
' A

EDFA DUT

ASE

Y

30dB

—_

ectona OO0 LESET
Directional

coupler Polarization
Controller

ESA

Figure 5. Schematic of the measurement setup.

B. Filter Results

IIR bandpass filters were measured on an ESA with high
resolution (L0MHz) using the technique outlined above. All
data is normalized in frequency and amplitude; however, all
filters are tunable across a full FSR — providing the ability to
synthesize filters across the entire gain bandwidth and optical
telecom band (~1530-1570nm). These filters were measured
with a center frequency of about 25GHz. Within the filter
pass-band, the signal typically sees on-chip gain of a few dB.
Additional gain can be set by the inter-stage SOAs located
before and after the unit cell. Maintaining zero to positive net
gain would be crucial in a system with many cascaded unit
cells where accumulated loss is damaging to the system
dynamic range and SNR. Fig. 6 and 7 display 2nd and 3rd
order coupled filter results, measured in the RF domain.

Bandwidths vary from 3GHz to 7.4GHz and single-stage
extinction is as high as 39.5dB. Passband ripple is on the order
of 0.5dB. By cascading two stages of the narrowest 3" order
IIR bandpass filter, extinction would be increased to 79dB. If
an FIR zero is cascaded with an IIR bandpass filter, the FSR
would effectively be doubled to 54.6GHz.
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6. Measured 2™ order coupled ring filters for various inter-ring coupling
ratios. Lower coupling ratios reduce the pole splitting and result in a filter with
lower bandwidth and higher extinction.
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Figure 7. Measured 3 order coupled ring filters for various inter-ring
coupling ratios. For a given inter-ring coupling value, 3 order filters have
wider bandwidth, but show higher extinction and improved rolloff.

IV. CONCLUSION

RF measurements of programmable microwave photonic
filters were presented. 2™ and 3 order coupled ring filters
were synthesized with varying inter-ring coupling to achieve
tunable bandwidth. With the ability to place these filters
across the full optical telecom band, the presented filter
architecture is a viable building block for applications such as
tunable microwave channelizing. More elaborate filter shapes,
improved FSR, and increased extinction can be attained by
cascading independently tunable unit cells.
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Abstract—A monolithic programmable optical filter suitable for
dynamic pre-filtering of wide bandwidth RF signal-bands is
presented. Bandpass filters have a passband tunable in
bandwidth (3-14GHz) and center frequency (0-40GHz).
Cascaded filter sections have stopband rejection exceeding
35dB.

l. INTRODUCTION

All-optical signal processing has the capabilities to reduce
latency, power consumption, cost and size, and overcome the
inherent bandwidth limitations of its electronic counterparts
[1,2]. By rapidly pre-filtering wide bandwidth analog signals
in the optical domain the demand on analog-to-digital
converstion (ADC) and subsequent digital signal processing
(DSP) can be significantly relieved. Such a filter should
ideally be highly versatile and synthesize both notch- and
bandpass type filters so RF signal bands or signatures quickly
can be rejected or isolated for more detailed investigation. It is
also desirable that the filter passband be tunable in both
bandwidth and center frequency to accommodate varying
signal widths and locations in the RF domain, as well as
enable tracking and sweeping abilities in the frequency
domain, properties that are crucial for electronic warfare (EW)
systems. A lattice type filter structure utilizing both Mach-
Zehnder interferometers and ring resonators together with
optical phase and amplitude control can provide these desired
filter characteristics [3]. We have previously demonstrated the
basic building block or unit cell of such a lattice filter,
integrated in the InGaAsP material system [4]. Similar unit
cells have in parallel been suggested and demonstrated on
other integration platforms: gain-less silicon-on-insulator
(SOI) [5,6] and SOI-IIIV hybrid [7]. More recently, we
verified the ability to monolithically cascade these lattice cells
to create higher order filters [8]. In this paper, we demonstrate
novel functionality of such cascaded lattice filters including
flat-topped bandpass filters with passbands tunable in both
bandwidth and center frequency.

This work was supported by DARPA through the PhASER project; a
portion of the work was done in the UCSB nanofabrication facility, part of
the NSF funded NNIN network.
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Figure 1. Schematic of the programmable lattice filter and the single unit
cell; functional components, SOAs, Phase modulators and couplers have
been highlighted.

Il.  FILTER DESIGN

A. Single Unit Cell

The fundamental filter structure is depicted in Figure 1. N
cascaded identical filter stages or unit cells make up a one
dimensional lattice structure. Every unit cell is designed to be
able to synthesize either a pole or a zero. This is achieved by
an asymmetrical Mach-Zendher interferometer (MZI) with a
feedback path connecting the output to the input, thus creating
two different resonator paths, Figure 1. Hence, the complete
unit cell response consists of two poles and one zero.
However, in favor of stability and control, only one pole or
one zero per unit cell is utilized at any one time. The
individual pole or zero is isolated by utilizing active
gain/absorption elements to shut off different waveguide
paths. If the top path of the unit cell is turned off, a single zero
results through the remaining MZI path. Alternatively, if one
of the MZI paths is shut off, one of the two poles is isolated.
By designing the lengths of the different waveguide paths,
desired free-spectral-range (FSR) and filter bandwidths are
achieved. In this work, the two resonators have a length of
1,750 or 3,500 mm, corresponding to time delays of 21 and 42
ps, or FSRs of 48 and 24 GHz respectively. The MZI was
designed with a path difference of 21 ps or FSR of 48 GHz.
The pole and zero magnitudes are controlled by balancing the
MZI arms or providing resonator gain respectively, while the
phase (frequency) is controlled by the phase modulators
located in both paths of the MZI.



B. Lattice Filter Operation

The single unit cells are cascaded in an uncoupled fashion
with a single waveguide connecting the cells; there is no
feedback between the unit cells and the individual unit cell
transfer functions are multiplied in a linear fashion. This
naturally aids in stability and control of these lattice filter
structures as well as simplifying the filter synthesis since the
unit cells can be controlled individually. Higher order filters
are constructed by programming the unit cells with desired
pole or zero magnitudes and phases. Bandpass filters are
constructed by utilizing two or more poles; the passband
bandwidth can be varied by changing the pole magnitude and
adjusting the pole location to maintain a flat passband. Since
the unit cell design incorporates two poles with different
FSRs, bandpass filters with inherently wider or narrower FSR
and bandwidths can be utilized for different bandwidth
applications. Zeros can be added to construct elliptical
bandpass designs with enhanced filter extinction and roll-off.
By using only zeros, notch filters are synthesized. In the
current design the FSR of the zero is twice that of the longer
ring, thus the zero can also be used to enhance the FSR of the
narrower bandwidth bandpass filter by canceling out the
neighboring filter order on either side.

In the current design, the device does not include any on-
chip modulator, laser source, or detectors. However, using the
InGaAsP integration platform, these components could all be
integrated together with the filter if an electrical RF-in and or
out was desired. However, for many applications, the RF
might already be on an optical carrier, where the filter would
work as a subsystem in the RF link, e.g. in remote antenna
fiber links.

C. Integration Platform

For monolithic integration of the filter structure we utilize
the InP-InGaAsP material system. This has the advantage of
on-chip gain through semiconductor amplifiers (SOAs) and
effective and quick phase control using current injected phase
modulators. Of course, utilizing on-chip gain, the impact on
the spur-free dynamic range (SFDR) through saturation effects
in the SOA must be considered. It can be shown that the ratio
of intermodulation distortion to signal power is proportional to
the inverse of the squared SOA saturation power [9]. Thus the
SFDR is proportional to the squared saturation power, which
in turn is proportional to the quantum well confinement factor.
For this reason, we utilize an offset quantum well (OQW)
integration platform which has a lower confinement factor
compared to centered multi quantum well (MQW) structures.
We measured the optical 3dB-saturation power of our SOAS
to be 11.4 dBm; this should be compared to 15 dBm which
has been calculated to have an SFDR number in the range
105-115 dB/Hz?* (lower end for low frequencies) for a
commercial InGaAsP QW SOA [10]. We do have the ability
to push the saturation power higher by further reducing the
confinement factor, 20 dBm having previously been
demonstrated [11]. This suggests SFDR numbers as high as
115-125 dB/Hz™®, which is sufficient for most radar
applications. The re-programming and tuning time of the filter
is ultimately limited by the response time of the gain and
phase controllers, which here are governed by the carrier
lifetime suggesting extremely fast tuning speeds in the nano-

second range [12]. This is crucial for fast tracking and
sweeping in the RF domain which is important to many
applications.

In order to avoid radiation loss from waveguide bends and
keep the fabrication complexity to a minimum, deeply etched
waveguides was used for the entire device. For coupling, 3dB
restrictive multi-mode-interference (MMI) couplers with a
measured total insertion loss of ~1.0 dB/coupler were used
everywhere. More details on the fabrication and integration
platform have been reported elsewhere [13]. Figure 2 shows a
fabricated lattice filter with four cascaded unit cells that have
been wire-bonded to a carrier; the device size measures 1.5 x
3.5 mm.

Figure 2. Scanning electron microscope image of a fabricated device
containing four unit cells; device has been wirebonded to a carrier.

I1l.  EXPERIMENT AND DISCUSSION

A.  Experiment

In this work we investigated a lattice filter structure
consisting of a four cascaded unit cells, Figure 2. In order to
demonstrate the filtering function of our device, we input a
band limited noise spectrum into the device and measure the
output in high resolution (10 MHz), utilizing a heterodyne
detection scheme. The band limited noise spectrum simulates
a wide bandwidth single sideband RF-signal band that has
been carrier suppressed. A schematic of the measurement is
shown in Figure 3. The noise spectrum is generated by an
amplified spontaneous emission (ASE) source and is
amplified by erbium doped fiber amplifiers (EDFASs) and sent
through a circulator connected to a fiber grating (FBG) that
has a 44 GHz wide reflection bandwidth. The filtered signal is
down converted using a tunable laser placed just to the side of
the initial noise spectrum at 1553.152nm, inset Figure 3. A 40
GHz photodiode (PD), with a 38 GHz broadband amplifier
and a 50 GHz electrum spectrum analyzer (ESA) is used to
image the device output in the electrical domain. All data was
normalized to the throughput (w/o device) in order to
eliminate ripples in the FBG spectrum. The added receiver
noise was subtracted from the measured data. An optical
spectrum analyzer (OSA) was used in parallel to monitor the
optical domain; however, the OSA does not have the
resolution necessary to truthfully resolve the filter shapes. All
measurements were done continuous wave (CW) in room-
temperature.
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Figure 3. Schematic of experimental setup. Inset spectrum shows the
generated signal and where the local oscillator laser is located in the
heterodyne detection.
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Figure 4. 2" order bandpass filter with variable passband bandwidth. Solid
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B. Results and Discussion

Utilizing two out of four unit cells, a variable bandwidth
2" order bandpass filter is demonstrated in Figure 4. For easy
comparison, the filters have been normalized in frequency
from the 20-25 GHz range down to zero. The bandwidth is
varied by changing the pole magnitudes from 0.55 to 0.75
(found by fitting data to simulations) while adjusting the phase
difference between the poles to maintain the flat passhand.
The ripple is kept less then 0.5dB for all filters. The tuning is
completely continuous but illustrated with a few discrete steps
for clarity. Since the pole magnitudes are varied, the filter
extinction and roll-off also change accordingly. Thus, it
becomes necessary to keep a lower bound on the pole
magnitude to maintain sufficient filtering efficiency. The
shorter resonator configuration with a FSR of 48 GHz is here
utilized for filtering in the 5-14 GHz bandwidth regime (solid
lines in figure 4), while the longer resonators with FSR of 24
GHz are utilized for 3-5 GHz (dashed lines in Figure 4). For
many RF-applications, filter bandwidths even narrower than
the 3 GHz demonstrated here are desired. This requires longer
resonator and MZI delays. However, the principle of the
demonstrated filter operation does not change. In this current
design we have considerable excess gain, so by keeping the
same SOA gain but moving to a lower loss InGaAsP
integration platform (basically reducing p-cladding overlap),
e.g. [14], 10 cm resonator delays with 100 MHz filter
bandwidths are feasible. The shorter resonator delays will
however still be crucial to achieve a broad operation range

(governed by the filter FSR) by removing the narrowly spaced
neighboring filter orders of the longer delays.

The second important functionality beside a variable filter
bandwidth is the ability to tune the center frequency of the
passband. This is demonstrated in Figure 5 using a 2" order
bandpass filter tuned from 9 to 37 GHz. The tuning can extend
further but above 40 GHz the receiver noise becomes too
large. In fact, all the poles and zeros have more then 2w of
phase tuning, effectively meaning that the filter can work
anywhere in the gain bandwidth (5 THz wide). Thus, the filter
operation range is limited by the FSR, here 48 GHz. The small
peaks showing in the stopband are not part of the filter but
rather an artifact of the measurement. These peaks are caused
by the laser beating with the neighboring filter order to the left
of the laser since the FBG extinction ratio is limited; see inset
Figure 3. Note that the added center frequencies of the filter
passband and the peak in the stopband always equal the filter
FSR, as would be expected for this phenomena.

For improved extinction and roll-off, higher order filters
can be utilized. Figure 6 shows the improvement in using four
instead of two unit cells. With four poles, a 2™ order bandpass
filter was cascaded twice, enhancing filter roll off and
stopband rejection to almost 40 dB. Again, the limitation of
the measurement setup is evident; at high extinctions many
low intensity peaks generated by the measurement are
revealed in the stopband, e.g. the peak at -12 GHz (at 10 GHz
before frequency normalization) is caused by an internal
interference in the tunable laser.

ed Intensity [dB]

Normali

~3066 10.00 15.00 20.00 25.00 30.00 35.00 40.00
f—f.|GHZ]

Figure 5. Frequency tunability of a 2" order bandpass filter.
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Figure 6. Comparison of bandpass filters constructed from 2 poles (dashed)
and 4 poles (solid).



For the four unit cell long lattice filter investigated here,
the end-to-end loss (not including fiber coupling losses) in the
passhband is generally zero or has slight gain. This suggests
that the number of lattice cells could be increased further. For
example, going of Figure 6, a lattice with only 8 unit cells
would produce a stopband rejection of ~75 dB. The only
limitation of longer lattices seems to lie in practical
interfacing and control, since additional bias parameters are
introduced with added unit cells. Thus it would be desirable
to interface the lattice filter with a field-programmable gate
array (FPGA) controller to ease the filter synthesis in the
future.

IV. CONCLUSION

We have presented a programmable optical filter
constructed as a lattice of identical unit cells. The uncoupled
unit cells give rise to independently programmable zeros and
poles which can freely be placed in the complex plane. We
have demonstrated a 2" order bandpass filter tunable in both
bandwidth and center frequency, and shown that longer
lattices can be used to enhance the filter roll-off and stopband
rejection. This kind of filter would be suitable for signal
processing of wide bandwidths RF signal-bands in the optical
domain.
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Abstract—We present the design, fabrication, and results from
the first monolithically integrated optical phase-locked loop
(OPLL) photonic integrated circuit (PIC) suitable for a variety of
homodyne and offset phase locking applications. This InP-based
PIC contains two sampled-grating distributed reflector (SG-DBR)
lasers, semiconductor optical amplifiers (SOAs), phase modu-
lators, balanced photodetectors, and multimode interference
(MMI)-couplers and splitters. The SG-DBR lasers have more than
5 THz of frequency tuning range and can generate a coherent
beat for a wide spectrum of frequencies. In addition, the SG-DBR
lasers have large tuning sensitivities and do not exhibit any phase
inversion over the frequency modulation bandwidths making
them ideal for use as current controlled oscillators in feedback
loops. These SG-DBR lasers have wide linewidths and require
high feedback loop bandwidths in order to be used in OPLLs.
This is made possible using photonic integration which provides
low cost, easy to package compact loops with low feedback laten-
cies. In this paper, we present two experiments to demonstrate
proof-of-concept operation of the OPLL-PIC: homodyne locking
and offset locking of the SG-DBR lasers.

Index Terms—Coherent optical communications, integrated op-
toelectronics, optical phase-locked loops (OPLLs), tunable semi-
conductor lasers.

I. INTRODUCTION

VER SINCE the first demonstration of an optical phase-

locked loop (OPLL) [1], a significant research effort has
been invested in developing the system for a wide range of ap-
plications, as shown in [2]-[4] and references therein. In op-
tical communications, the OPLL allows synchronous coherent
receivers where mixing the received signal with a high-power
local-oscillator (LO) laser provides high sensitivity and out-of-
band noise suppression [5]-[7]. For carrier-suppressed mod-
ulation schemes, a Costa’s loop can be used [8]. OPLLs are
commonly used for optical clock recovery in digital telecom-
munication systems [9]. They have also been developed for gen-
eration of stable channel offsets in dense wavelength-division
multiplexed (DWDM) systems [10]. In microwave photonics, an
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OPLL can form a microwave single-sideband optical source [2]
with the potential for endless microwave phase adjustment. This
is an attractive property for implementation of a phased array
microwave system. OPLLs also find applications in free-space
optical systems such as LIDAR systems, where they allow co-
herent combination of several coherent optical sources [3], po-
tentially to form large swept optical phase arrays.

Compared to fiber lasers and solid state lasers with narrow
linewidths, semiconductor lasers are generally favored because
of their small sizes, low costs, and high efficiencies [2], [11].
In addition, the phase and frequency tuning of a semiconductor
laser, which is necessary for the laser to be used in the nega-
tive feedback loop of an OPLL, is easily achieved by current
injection. So far, the central difficulty in realizing OPLLs using
semiconductor lasers has been the strict relation between laser
phase noise and feedback loop bandwidth. The wide linewidths
observed in semiconductor lasers, typically in the megahertz
range, require sufficiently wide loop bandwidths, i.e., small
loop delays. In the past, this has been addressed by using
low-linewidth external cavity lasers that allow longer feedback
loop delays [12], [13], or by construction of compact OPLLs
using miniaturized bulk optical components to meet the delay
restrictions arising from the use of standard semiconductor
lasers [2], [14]. Other efforts include relaxing this restriction
by combining an OPLL with optical injection locking, thereby
gaining the wide locking bandwidth of optical injection, while
a slow phase-locked loop with a long delay allows long-term
stability [15].

Recent progress in device design and fabrication has
enabled distributed-feedback (DFB) lasers to have sub-mega-
hertz linewidths, without external cavity linewidth reduction
schemes, [3], [8], [14], [16]-[18]. Consequently, the delay
in fiber-based OPLLs is not the bandwidth limiting factor in
locking the standard DFB lasers. Rather, the loop bandwidth
is limited by the phase reversal in the FM response, which is
characteristic for DFB lasers and occurs at frequencies between
0.1 and 10 MHz [2], [16], [19], [21], as explained in Section III.
While this lower loop bandwidth is sufficient for locking of
DFB lasers even in fiber-based OPLLs, it is still a limiting factor
in achieving high-performance OPLLs with very small phase
errors because the benefits of locking are constrained to the
narrow bandwidth determined by the phase reversal [2], [11],
[16]. In the applications such as the coherent beam combining
[16], where several lasers are locked, the cumulative phase
error increases with the number of lasers, and it is important to
minimize it.

In order to overcome the phase-inversion-limited FM band-
width of standard narrow-linewidth DFB lasers, new types
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of semiconductor lasers have been developed for their use in
OPLLs. Complex-coupled DFB lasers have been shown to
have flat FM responses without phase inversion between 10
kHz and over 20 GHz [22]. The requirement for precise control
of the lasers’ bias current and the fact that the FM-response
uniformity and sensitivity depend on the output power level
are disadvantageous for OPLL applications [19]. Multi-section
tunable semiconductor lasers have been very popular in the
past in OPLLs [2], [17], [19], [23], [25]. Here, the phase tuning
section is separated from the gain section and the Bragg section,
which minimizes the thermal tuning issues responsible for the
phase inversion in DFB lasers.

Integration of an OPLL is considered to be beneficial for a
wide range of applications by researchers in the field [2], [3],
[10], [13], [14], [17], [25]. Monolithic integration of the optical
components in an OPLL can improve its robustness to temper-
ature and environmental variations, which can be detrimental
in fiber-based systems [16]. These variations have smaller cu-
mulative effects on light when it propagates through a robust
and compact, monolithically integrated optical components. In
addition, the whole photonics integrated circuit (PIC) that in-
cludes the semiconductor lasers and the optical components of
the OPLL can be maintained at a constant temperature by the
same temperature controller. Typical integrated optical waveg-
uides and devices preserve the polarization of light, so that no
polarization alignment between the components is necessary in
order to maximize the interference between the integrated lasers
in the applications where multiple lasers are being locked. Fur-
thermore, integrated waveguides are immune to long term po-
larization drifts. Also, compared to the miniature bulk optics
OPLLs [2], no alignment between the components needs to be
performed. The compactness and ease of packaging of inte-
grated OPLLs can improve their cost effectiveness. This is espe-
cially true for the applications where multiple lasers are locked
together [3], [11], [26].

Monolithic integration of multi-section lasers is strongly mo-
tivated by two factors. First, in multi-section lasers the passive
phase and Bragg sections are already integrated with the ac-
tive gain section. In order to achieve this, a regrowth or some
other type of post-growth bandgap engineering technique, such
as quantum-well intermixing, is necessary [27], thereby facili-
tating integration of additional active devices, such as semicon-
ductor optical amplifiers (SOAs) and photodetectors, and pas-
sive devices, such as modulators and multimode interference
(MMI) couplers and splitters. Second, compared to DFB lasers,
multi-section lasers have larger linewidths, in the several-mega-
hertz range. Although, a state-of-the-art OPLL performance has
been achieved with multi-section lasers and miniature bulk op-
tics [2], monolithic integration can offer further performance
improvement by reduction of the loop delay. Monolithic inte-
gration can also enable a variety of other types of wide-linewidth
lasers to be used in OPLL applications, such as widely-tunable
sampled grating distributed feedback (SG-DBR) lasers.

So far, monolithic integration has focused on the receivers and
on the electronic components rather than the optical components
of an OPLL [10], [28], [29]. In this paper, we demonstrate for the
first time, an OPLL photonic integrated circuit (OPLL-PIC) in
which all required optical components are monolithically inte-

grated, including: lasers, passive optical waveguides, MMI cou-
plers/splitters, high-speed photodetectors, and high-speed op-
tical phase modulators. Moreover, the OPLL-PIC uses widely-
tunable SG-DBR lasers that have a wavelength tuning range
greater than 5 THz [30]. This is a key feature for several ap-
plications. First, it allows the development of homodyne co-
herent receivers in the form of Costa’s loop, with an optical
bandwidth exceeding the entire C-band. The relative simplicity
of the Costa’s loop also allows scaling to high data rates, ex-
ceeding 100 Gbps. Second, an OPLL with 5 THz wavelength
tuning range can be used for coherent beam forming for sub-mil-
limeter resolution LIDAR applications. Third, together with a
THz photodetector and electronics, it allows optical heterodyne
signal generation with a DC to 5 THz frequency range. Applying
optical phase or amplitude modulation to one optical line can be
used to generate a coherent phase or amplitude modulated THz
signal. The rest of the paper is organized as follows: the design
and fabrication of the OPLL-PIC is described in Section II, the
SG-DBR laser performance is described in Section I11, proof-of-
concept homodyne and offset locking OPLL demonstrations are
presented in Section IV, and the conclusion remarks are pre-
sented in Section V.

II. OPTICAL PHASE-LOCKED LOOP PHOTONIC
INTEGRATED CIRCUIT

A. OPLL Basics

An OPLL has both parallels and fundamental differences
when compared to its RF equivalents. In a microwave loop, it
is a voltage-controlled oscillator that typically tracks the input
signal. In an OPLL, wavelength tuning of a laser takes this role,
achieved typically by current injection [3]. An RF phase-locked
loop (PLL) can be built using spectrally pure oscillators, which
allow stable operation in a narrowband loop to enable filtering,
or it can be built using compact integrated circuits to have a
substantial fractional loop bandwidth compared to the carrier
frequency, allowing agile tracking of a frequency modulated
signal. In contrast, an OPLL is built using less compact optical
components, leading to a smaller loop bandwidth, and with
a carrier frequency of ~ 193 THz (1550 nm), which results
in low loop bandwidth to carrier frequency ratio. As a result,
acquiring locking is less straightforward in an OPLL as the
slave laser must be tuned to the master laser wavelength with
high accuracy.

Fig. 1 shows a simple schematic of the OPLL architecture
demonstrated in this paper. Two widely tunable SG-DBR lasers
are monolithically integrated on a single InP substrate along
with all of the other optical components needed to form the
OPLL. One laser takes the role of a master laser, while the other
takes the role of a slave laser. The outputs of the two lasers are
first combined using a 2 x 2 optical coupler. The combined beat
signal is then amplitude modulated for offset-locking using an
integrated optical modulator and envelope- detected using an
integrated photodetector. The current output from the photode-
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Fig. 1. Schematic of an OPLL heterodyne offset locking experiment.

tector is filtered and fed back into the salve laser. The resulting
slave laser frequency tuning is then given by

dys

p7ai hom xhax fLpxhs*(2R\/m Py, Ps sin(@m — ©s)) (1)

where the terms in the convolution: h,,, hq, fLF, and hs are the
impulse responses of modulator, detector, loop filter, and slave
laser frequency tuning, respectively. R is the detector respon-
sivity, P,, and Ps are the master and slave laser powers inci-
dent on the photodetector, and ¢,,, and @, are the phases of the
master and slave laser respectively. Also, m is the relative power
of the modulation sidebands used for offset locking after optical
modulation. For zero offset locking, i.e., homodyne locking, no
optical modulation needs to be applied and m = 1. Assuming
locked condition and small phase error (¢, =& ), the equa-
tion can be linearized (sin(z) = z) and the Laplace transform
applied

HmH(iFLFHs2RV umPg
Ps = s (‘Pm - (pe)
= G(5)(pm — ¥s)- 2)

Here, G(s) is the open-loop gain function from which stability
and operation of the loop can be evaluated. It is interesting to
note that offset locking of our OPLL could also be achieved
without the on-chip modulation of the two laser outputs, but
rather by mixing the photodetector current with an external RF
reference. In our method, the generated sidebands carry only a
fraction of power of the laser outputs and thus produce small in-
terference extinction ratios when mixed together, incurring ad-
ditional noise penalty. The advantage is that no RF electronics
is required.

B. OPLL-PIC Design

Fig. 2(a) and (b) show schematics of our two different
OPLL-PIC designs. The design shown in Fig. 2(a) is intended
for locking of an on-chip tunable laser to an external laser,
while the design shown in Fig. 2(b) is intended for offset
locking of two on-chip tunable lasers. Each OPLL-PIC design
comprises of three sections that are labeled in Fig. 2(a) and
(b) as: Laser Section, Middle Section, and Output Section.
We choose the SG-DBR laser because of its wide tuning
range, large frequency-modulation (FM) tuning sensitivity,
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Fig.2. Schematic of (a) an OPLL-PIC for locking to an external laser and (b) an
OPLL-PIC for offset locking of two on-chip lasers.

and absence of phase inversion in the frequency response, as
explained in Section III.

In Fig. 2(a) and (b), we explicitly show the constituent com-
ponents of the SG-DBR laser: front-side mirror (MF), gain sec-
tion, phase section (PH), back-side mirror (MB), and back-side
absorber/photodetector (D). Light from each laser is first split
using 1 x 2 MMIs into two half-power components. One of the
two half-power components from each laser is directed into a
2 x 2 MMI, which is a part of the feedback loop, and which is
located in the Middle Section of the OPLL-PIC. The remaining
half-power component from each laser is directed into a 2 x 2
MMI in the Output Section of the OPLL-PIC. Each of the four
half-power optical paths has an SOA to adjust the optical power
in each path. Each optical path at the output of the 2 x 2 MMI
coupler in the Middle Section of the OPLL-PIC contains a phase
modulator (M), followed by a photodetector (D), which can be
used in a balanced receiver configuration. Similarly, each optical
path at the two outputs of the 2 x 2 MMI in the Output Section
of the OPLL-PIC contains a phase modulator. One of these two
output waveguides ends upon a photodetector that can be used
for electrical-domain monitoring of the interference resulting
from the beating of the two lasers. The other output waveguide
extends to the edge of the OPLL-PIC to enable coupling into
an optical fiber and can be used for optical-domain beat mon-
itoring. The 2 x 2 MMI in the Output Section has phase mod-
ulators on its input waveguides as well, which can be used for
additional phase control.

Fig. 3(a) shows a scanning electron microscope (SEM) image
of an OPLL-PIC based on the schematic shown in Fig. 2(b),
which enables offset locking, after it has been mounted on a
carrier and wire-bonded. The distinct OPLL-PIC sections men-
tioned above are marked for identification. The OPLL-PIC is
6.6 mm long and 0.45 mm wide.

The Laser Section of the OPLL-PIC is shown in greater de-
tail in Fig. 3(b). The abbreviations used in labeling the various
components of this section are explained in Fig. 2. This section
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Total PIC Length: //

6.6 mm / //
/

PIC Width:

Gain: 540 pm
MEF: 280 um

M: 400 um
2x2 MMI: 340 pm

Fig. 3. SEM images of the OPLL-PIC and its various sections. (a) Whole
OPLL-PIC. (b) Laser Section of the OPLL-PIC. (c) Middle Section of the
OPLL-PIC. (d) Output Section of the OPLL-PIC.

also includes the two 1 x 2 MMI splitters and the four SOAs.
As shown in Fig. 2, there are four SOAs in the PIC, one on each
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output of both 1 x 2 MMI splitters. Some variations of the PIC,
approximately one third of the devices, were designed to have
only two SOAs, one for each laser, placed at inputs of the 1 x 2
MMI splitters. Although additional biasing is required, the ad-
vantage of having four SOAs at the outputs of the 1 x 2 MMI
splitters is that they can be used to equalize the lasers’ output
powers for better, more efficient interference. In this work, how-
ever, due to the test bench limitations, the SOAs were wire-
bonded together to the same pad on the carrier.

Fig. 3(c) shows the Middle Section of the OPLL-PIC. The
2 x 2 MMl in this section can be tuned by current injection [31],
[32], although we have not done it in this work. The modulator
and photodetector at the output of the 2 x 2 MMI connect to RF
pads that are arranged in a G-S-G-S-G-S-G configuration for di-
rect probing, with 150 pm pitch and 100 gm x 100 pm surface
area per pad. Two 200 pm long curved (7°) active sections with
grounded pads, absorb light that is not absorbed in the two pho-
todetectors.

Fig. 3(d) shows the Output Section of the OPLL-PIC. The
two modulators and the photodetector at the outputs of the 2 x 2
MMI connect to RF pads that are arranged in the same way
as those in the Middle Section of the OPLL-PIC, except that
here there are three unused pads. The output waveguides that
enable coupling into an optical fiber are angled at 7° with respect
to the direction normal to the cleaved facet, and anti-reflection
coatings are applied in order to minimize facet reflections.

C. OPLL-PIC Fabrication

For monolithic integration of the SG-DBR lasers with the
other components of the OPLL-PIC, an integration platform that
is often referred to as “Offset Quantum Well (OQW)” Platform
[27] is used. In this platform, light is guided by a “passive” 1.4Q
bulk layer that forms a basis for waveguiding, as well as modula-
tion through current injection [33] or the Franz-Keldysh effect if
reverse biased [34]. Above this layer, light couples evanescently
to an “active” multiple-quantum-well (MQW) layered structure
that is present only in the regions that form SOAs, gain sections
of SG-DBR lasers, and photodetectors [27].

Fig. 4 shows details of the base epitaxial layer structure used
in the OQW platform that is grown on a 2-inch S-doped InP
wafer by metal-organic chemical vapor deposition (MOCVD).
A 2 pm thick Si-graded-doped InP buffer is grown on the sub-
strate to reduce the overlap of the optical mode confined to the
1.4Q waveguiding layer with the heavily doped substrate and
minimize the free-carrier-induced optical propagation loss in
the waveguide. The buffer doping is graded from ~1e19 cm~3,
close to the substrate, to ~1e18 cm™3, close to the 1.4Q wave-
guide core layer. A 300 nm thick, unintentionally doped (UID),
1.4Q waveguiding layer is epitaxially grown over the graded InP
buffer, followed by a 20 nm thick 1.2Q separate confinement
heterostructure (SCH) layer, a 10 nm thick InP etch-stop layer,
an active region comprised of multiple quantum wells (MQW)
layers with a total thickness of 119 nm, another 30 nm thick
1.2Q SCH layer, a 60 nm thick UID InP spacer, and a 150 nm
thick Zn-doped (1e18 cm~2) InP cap. The thin InP spacer un-
derneath the Zn-doped InP cap helps prevent diffusion of Zn
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Fig. 4. “OQW?” base epitaxial structure.

dopant into the active MQW layer, and the Zn doping in the InP
cap helps in controlling the position of the p-i-n junction formed
after regrowth. The photoluminescence peak of the active MQW
layers was measured to be ~ 1560 nm.

The 2-in wafer is cleaved into four different quarters and
each quarter is processed separately. In Fig. 5(a)—(e), we illus-
trate the processing steps used in the fabrication of the OPLL-
PIC. Starting from the base epitaxial structure shown again in
Fig. 5(a), Fig. 5(b) illustrates the active/passive wet etch step,
where the “active” regions are etched away everywhere on the
wafer except in the areas that define the SOAs, gain sections of
the SG-DBR lasers and the photodetectors. A 100 nm thick Sil-
icon Nitride (SiNy) layer is deposited using Plasma Enhanced
Chemical Vapor Deposition (PECVD), and 5 x Stepper Lithog-
raphy is used to define the active regions by patterning photore-
sist that is spun on top of the SiNy layer. All SiNy depositions
in this work are done at 250 °C. The pattern is transferred to
SiNy by CF4/O2-based Reactive Ion Etching (RIE). The SiNy
hard mask protects the InP cap, spacer layers at the top of the
wafer, and the active MQW and SCH regions during wet etching
steps that selectively remove these layers elsewhere. The SiNy
mask is subsequently removed using buffered hydrofluoric acid
(BHF).

The gratings in the SG-DBR sections are defined in
the passive 1.4Q layer using a Methane/Hydrogen/Argon
(MHA)-based RIE, as shown in Fig. 5(c). The targeted grating
depth is around 100 nm and duty cycle is 50%. The gratings
are patterned onto a high-resolution photoresist using elec-
tron-beam lithography. The grating pattern is transferred to a
50 nm thick SiO» layer using CHF3-based RIE, which, in turn,
is used as a hard-mask for the MHA RIE step that etches the
grating into the 1.4Q layer. The grating period is targeted to be
~ 240 nm so that the center wavelength of the SG-DBR laser
is close to 1550 nm. The sampled gratings are used in both the
front-side and back-side mirrors of the SG-DBR lasers. The
front-side mirror consists of 5 grating bursts, each burst being
6 pm long, that repeat periodically with an interval of 61.5 pm.
The back-side mirror consists of 12 grating bursts, each burst
being 4 pum long, that repeat periodically with an interval of
68.5 pm. More details about the wide wavelength tuning using
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Fig.5. “OQW Platform”: schematics of the main processing steps starting with
the base epitaxial structure. (a) Base epitaxial structure. (b) Active/passive wet
etch. (c) Gratings etch. (d) P cladding regrowth. (e) Surface-ridge waveguide
etch.

the Vernier effect achievable with SG-DBR lasers can be found
in [35]. The SiO9 layer is subsequently removed using BHF,
and the sample is thoroughly cleaned in UV-ozone prior to the
regrowth step.

The following step is the regrowth step, as shown in Fig. 5(d).
The regrowth layers comprise of a 50 nm thick UID InP spacer
that helps prevent diffusion of Zn from p-doped cladding into
the underlying MQW layers in the active regions and the 1.4Q
layer in the passive regions of the OPLL-PIC, a 2000 nm of
Zn-doped InP cladding, where the doping is 7e17 cm~2 in the
lower half of the cladding and 1e18 cm~3 in the upper half of
the cladding, a 100 nm thick Zn-doped (1e19 cm3) InGaAs
contact layer followed by a 200 nm thick Zn-doped (1e18 cm™2)
sacrificial InP cap layer, on the top of the wafer, which is used to
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Fig. 6. Schematics showing cross sections of various components of the fully
processed OPLL-PIC.

protect the thin InGaAs contact layer during the processing steps
prior to metallization. The p-doping in the InP cladding layer is
decreased closer to the waveguide core in order to reduce the
free-carrier-induced optical loss.

Following the regrowth, surface-ridge waveguides are etched,
as shown in Fig. 5(e). First, an MHA-based RIE using a 100
nm thick SiNy hard mask is used to etch the waveguides to a
depth of ~1.5 um below the regrown InGaAs layer. Following
the dry etch, the surface ridge waveguide is further etched by a
HCIL:H3PO,4 wet etch cleanup so that the rest of the p-doped InP
cladding is removed. The 1.2Q layers directly above the MQW
layer in the active regions and directly above the 1.4Q layer in
the passive regions act as etch-stops for the selective wet-etch.
All waveguides deviate less than 7° from the normal to the major
plane, so that minimal undercutting of waveguide walls is ob-
served. In one quarter of the fabricated PICs, including the PIC
presented in this paper, waveguides widths are adiabatically ta-
pered from 3 pm, starting at the outputs of the 1 x 2 MMI split-
ters to 2.3 pm at the input of the feedback loop 2 x 2 MMI cou-
pler. This is done over a distance longer than 300 xm in order
to minimize the radiation losses. Similar tapering is done for
the waveguide sections entering the output 2 x 2 MMI coupler.
Since our passive waveguides are weakly multimoding when
they are 3 um wide, the tapering is used to diminish the negative
effect that multimoding has on the extinction ratio of interfer-
ence of the two lasers’ outputs in the 2 x 2 MMI coupler. As the
wider waveguide sections have lower loss, outputs of the 2 x 2
MMI couplers are tapered back to 3 pm in a similar manner.
Passive waveguide widths in the rest three quarters of the PICs
are maintained at 3 ym. By comparing PICs with tapered waveg-
uides to those with non-tapered waveguides, the effect of weak
multimoding on the extinction ratio can be studied. Waveguide
sections for input and output coupling of light are curved by
7° and their widths are tapered to 5.5 pm in order to minimize
facet reflections. In addition, anti-reflection coatings are applied
to the facets after the processing steps are completed. Together
with the 7° waveguide curves and the 5.5-um tapers, total facet

reflectivity of less than 10~ is expected, which has been shown
to be necessary for similar PICs [36], [37].

The processing steps that follow the ridge waveguide etching
are fairly common and not necessarily characteristic of our in-
tegration platform. Here, we summarize the remaining steps.
Fig. 6, shows various sections of the OPLL-PIC after these pro-
cessing steps have been completed.

First, a thick photoresist is pattered so that it covers the entire
sample except ~12 pm on each side of the ridge waveguides
sections that form the high-speed modulators and high-speed
photodetectors. The waveguides are still protected by SiNy hard
mask that was used to etch the surface ridges in the previous
step. MHA-based RIE is used to remove the top 20 nm thick
1.2Q SCH layer and approximately 80 nm of the underlying
1.4Q layer. Both of these layers contain Zn atoms that diffuse
from the p-doped InP cladding during regrowth. These Zn atoms
can considerably increase the capacitance for the detectors and
modulators, necessating the dry etching of the top 100 nm of the
quaternary semiconductor.

An additional 100 nm thick SiNy layer is deposited and pat-
terned to provide a hard mask for MHA-based RIE that is used
to etch windows for top N-contact metallization. The etch is per-
formed until it penetrates ~0.5 pm below the Si-graded-doped
InP buffer into the heavily doped substrate. A thick photoresist
covers the wafer everywhere except the N-contact metallization
window regions. An electron-beam evaporator is used to deposit
a Ni/AuGe/Ni/Au contact, which is patterned using the liftoff
technique. The thickness of gold deposited during this step is
only ~0.5 um as more gold is added during the P-contact met-
allization step. As illustrated in Fig. 6, the top N-contact is made
only for fast devices, i.e., photodetectors and modulators. Top
N-contacts are typically required for the PICs that are fabricated
on semi-insulating substrates to provide low-loss connection to
the ground plane [32], [36]. The main reason for having the top
N-contacts in our proof-of-concept demonstration is the ease of
direct RF probing, as discussed in Section II-B. N-contact for
the remaining devices is achieved by backside metallization at
the end of processing. The N-contacts are annealed at 430 °C for
30 s. After the top N-contact metallization, a thin SiNy layer is
deposit and photo-sensitive BCB is spun, developed, and cured
at 250 °C. This leaves BCB in places that will be underneath
the P-contact metal pads and traces running along the lengths of
the high-speed photodetectors and modulators and covering the
surface ridges in these regions. Along with the capacitance re-
duction etch, the BCB further reduces the capacitance of these
devices to the extent that should enable their operation at fre-
quencies far exceeding 10 GHz. The P-metal pads without BCB
are separated from the top surface of the wafer (1.2Q stop-etch
layer) by sub-micron-thick SiNy. BCB is used to elevate the
P-metal pads farther from this surface, and thus farther from
the N-doped substrate, so that this increased separation com-
bined with the small dielectric constant of BCB (2.65), provide
lower capacitance compared to the P-metal pads without BCB
[36]. An additional thin SiNy layer is deposit after BCB pat-
terning. Thus, the BCB is sandwiched between thin layers of
SiNy, shown as thin lines in Fig. 6, for better adhesion to the
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semiconductor surface below as well as the P-contact metal on
top.

Three different types of P-contact metal vias need to be
opened in the top SiNy layer prior to the P-contact metal-
lization. First, vias are formed by removing the SiNy layer
above N-contact metal. This is accomplished by patterning
photoresist to cover the sample everywhere except over the
N-contact metal and dry etching the SiNy layer above the
N-contact metal using CF4/Os-based RIE. The next via is
formed by removing the SiNy layer on top of all the ridge
waveguide sections except those covered with BCB. To open
this via, photoresist is partly developed around the waveguides
and partially etched back using Oz-based RIE until the ridge
tops are exposed. CF4/Os-based RIE is then used to etch the
SiNy layer and expose the InP cap layer that is on top of the
ridge waveguides. The remaining SiNy over the rest of the
wafer is protected by photoresist during this step. Finally, vias
through the BCB layers are opened using a two-step process.
A 5-pm-wide via is etched using CF4/O,-based RIE to expose
the ridge top buried underneath 3.7-pm-thick BCB and the
SiNy layers. This etch needs to be timed in order to minimize
the difference in height between the ridge top and the BCB,
and, consequently, minimize the P-contact capacitance. SiNy is
then re-deposited to fill in any openings that typically develop
between the waveguide sidewalls and BCB, and a new via that
is narrower than the waveguide is dry etched until the BCB and
SiNy layers are completely removed thereby exposing the InP
on the top of the ridge.

At this point the sacrificial InP cap layer is removed using
HCIL:H3PO,-based wet etch everywhere along the ridge wave-
guides, thus exposing the InGaAs contact layer.

Standard Ti/Pt/Au 8-pm-wide P-contact metal is deposited
by electron-beam evaporation, where gold thickness is over 2
pm. During the deposition, the sample is mounted on a rotation
stage tilted at ~30°for maximum sidewall coverage. The P-con-
tact metal is patterned using the liftoff technique. The thermal
annealing is done at 400 °C for 30 s.

After the P-contact metallization is completed, the passive
waveguide sections that are not covered by metal are further
processed. At this point, the SiNy layers and the sacrificial InP
cap layer are missing from the top surfaces of these waveguide
sections, and the InGaAs contact layer is exposed. A thick pho-
toresist is first patterned so that it covers the entire sample, in-
cluding the metalized waveguide sections, except ~12 pm on
each side of the passive waveguide sections. The top InGaAs
contact layer is then removed from the ridge tops in these sec-
tions using a H3PO4:H202:H2O-based selective wet etch. SiNy
layers protect the top 1.4Q layer on each side of the ridge during
this etch step. The same photoresist mask is subsequently re-pat-
terned, and the wafer quarter is subjected to proton implanta-
tion. Proton implantation along with the removal of the InGaAs
contact layer increase the electrical isolation between neigh-
boring devices and reduces the free-carrier-induced optical loss.
The use of proton implantation for neutralizing Zn acceptors,
which dominate the carrier-induced loss, is described in [38].
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Fig. 7. Optical spectra obtained by heterodyning two integrated, unlocked
widely tunable SG-DBR Ilasers.

Typical passive waveguide loss for this integration platform is
~ 2.5 dB/mm [37].

The wafer quarter is then thinned to a thickness of ~130 pm,
for the ease of cleaving. Back-side Ti/Pt/Au metallization is per-
formed using electron-beam evaporation, where the thickness
of gold is around 0.3 pgm. The thermal annealing is done at
380 °C for 30 s. The sample is cleaved into bars along facets
that have the waveguides for input or output coupling to an op-
tical fiber. Anti-reflection coatings are applied to these facets to
further reduce reflections. Individual devices are then cleaved
and mounted on carriers and wire-bonded.

III. SG-DBR LASER PERFORMANCE

Besides the fact that it is a well established technology, there
are at least four important characteristics of the SG-DBR laser
that make it a very attractive choice for its use in an OPLL.

First, SG-DBR lasers have in excess of 40 nm of quasi-con-
tinuous wavelength tuning range, as shown in the optical spec-
trum analyzer spectra plotted in Fig. 7. In this figure, one of two
on-chip SG-DBR lasers is tuned to a constant wavelength, while
the wavelength of the other on-chip SG-DBR laser is detuned
away from that wavelength in increments of ~ 5 nm. This wide
wavelength tuning range enables the OPLL-PIC to generate a
heterodyne beat frequency that spans from DC to over 5 THz.

Second, the FM tuning mechanism of the SG-DBR laser is
very efficient. Unlike Distributed Feedback (DFB) lasers, which
are tuned by current injection into the laser gain section, in
SG-DBR lasers, the tuning is achieved by current injection into
a small, separate, passive phase section. The DC FM sensitivity
can be as high as 20 GHz/mA for this tuning mechanism, which
is over an order of magnitude greater than the 1-3 GHz/mA DC
FM sensitivity reported for a three-section laser optimized for
use in OPLL applications [2]. The large FM sensitivity directly
translates into a large feedback loop gain and thus helps improve
OPLL stability.

Third, an important advantage of the SG-DBR laser is that,
unlike in a typical DFB laser, there is no sign change in its FM
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Fig. 8. Composite linewidth measured from the heterodyne beat of the two in-
tegrated, unlocked SG-DBR lasers. Resolution and video bandwidths are 2 MHz
and 3 kHz, respectively.

phase response. The FM response has a 3 dB bandwidth of ~ 70
MHz, and no phase inversion is observed below this frequency.
The phase inversion in a DFB laser occurs within its bandwidth
at a frequency where the thermal effect becomes too slow to
dominate frequency tuning with the corresponding red shift in
the FM response so that frequency tuning becomes dominated
by the carrier-injection effect and the corresponding blue shift in
the FM response. It is very challenging to implement an OPLL
feedback electronic circuit that can compensate for this phase
inversion. The absence of phase inversion in the FM phase re-
sponse of an SG-DBR laser is due to the fact that: 1) the small
and efficient phase tuning pads require small currents for tuning,
thereby reducing the thermal effects and 2) the phase section is
composed of the passive material that has a band gap larger than
that of the active material so that the accumulation of carriers is
very efficient as they cannot be depleted by stimulated emission.

Fourth, the linewidth of an SG-DBR laser is dominated by
low-frequency jitter [39], which is not very difficult to compen-
sate with the large bandwidth of an integrated OPLL, which as
we will show below is at least 300 MHz.

We note that the Shawlow—Townes linewidth limit for a typ-
ical SG-DBR laser is below 1 MHz [39]. However, the linewidth
that we measure with a 30-us-delay self-homodyne technique
is in the range between 10 and 50 MHz, varying with mirror
setting, which is dominated by low-frequency jitter noise. This
linewidth would be hard to compensate with an OPLL that is
not integrated. Fig. 8 shows the linewidth from the heterodyne
beat of two unlocked, integrated SG-DBR lasers obtained by
combining their outputs at an offset frequency. The combined
linewidth of ~ 300 MHz is measured using an external 20 GHz
photodetector and a 20 GHz electrical spectrum analyzer. This
wide linewidth is associated with low frequency current noise
on the tuning port, and this is normally removed with a large
capacitive load in cases where rapid tuning is not required.
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Fig. 10. Optical image of the homodyne locking experimental setup.

IV. PROOF-OF-CONCEPT EXPERIMENTAL RESULTS

We perform two experiments in order to demonstrate
proof-of-concept operation of the OPLL: homodyne locking
and offset locking of the two monolithically integrated
SG-DBR-lasers, as presented in Sections IV-B and IV-C.
Before presenting the details of these two experiments, we first
present the basics of the electronics used in the feedback loop
in Section IV-A.

A. Feedback Loop

Fig. 9 shows the schematic of OPLL-PIC including the feed-
back electronic circuit when used in the homodyne locking ex-
periment, and Fig. 10 shows the corresponding optical image.
The electronic circuit is built around a field effect transistor
(FET). One of the two photodetectors in the Middle Section of
the OPLL-PIC is used to detect a phase error signal between the
two lasers, which is converted to an amplitude error signal in
the 2 x 2 MMI. The reverse-biased current signal generated by
this photodetector is amplified by the FET and converted into a
forward-biased current signal needed to control the injection of
carriers into the phase section of the slave SG-DBR laser.

We design the detector load to provide a second order loop
transfer function with lag compensation. The FM response of
the SG-DBR laser has a 3-dB point around 70 MHz. The LR
circuit that loads the laser phase section is designed to have a
zero close to the laser’s pole, compensating its FM response and
making it a more controllable device. The RC circuit that loads
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the photodetector is designed to provide the following function.
The larger of the two resistors dominates at frequencies closer to
DC and ensures a large locking range. The other resistor dom-
inates at frequencies closer to the 3-dB point and provides the
desired zero needed to improve the stability of the loop for the
higher frequencies where the gain becomes unity. The resulting
loop bandwidth that we measure is ~ 300 MHz. Similar to a
voltage-controlled oscillator in an RF PLL, the laser itself acts
as an integrator, which means that the rest of the electronics is
required to provide a single pole to realize a second-order loop.
More details on the issues pertaining to the feedback loop de-
sign can be found in [40].

B. Homodyne Locking

As mentioned above, the schematic and optical image cor-
responding to the homodyne locking experiment are shown in
Figs. 9 and 10, respectively. No current is applied to the back-
side or the front-side mirror of the two SG-DBR lasers, so that
they lase at their untuned wavelengths, which are close to 1542
nm. The random phase variation between the two lasers trans-
lates into an intensity modulated error signal at the output of the
2 x 2 MMI in the Middle Section of the OPLL-PIC and finally
into a current error signal at the output of one of the photodetec-
tors that is connected to the feedback loop. The error signal then
passes through the electronic circuit and tunes the frequency of
the slave laser so that it is matched to that of the master laser,
where the slave laser effectively plays a role of a current-con-
trolled oscillator.

In order to bring the OPLL from an unlocked state into a
locked state, we inject appropriate bias currents into the phase
section of the one of the SG-DBR laser until its frequency is
within the feedback loop bandwidth, i.e., ~ 300 MHz, to that of
the second SG-DBR laser. The bias current is adjusted until the
noise spectrum measured at the optical output of the OPLL-PIC
changes as shown in Fig. 11, which indicates that the OPLL-PIC
has become locked. Fig. 11 also reveals the expected presence
of the 300 MHz resonance frequency peak, above which the
OPLL provides a positive rather than negative feedback and be-
comes unstable. The data is acquired using an external 20 GHz
photodetector and a 20 GHz electrical spectrum analyzer. The
uncompensated low-frequency noise below the resonance fre-
quency peak is mainly due to OPLL-PIC’s AM noise that can be
effectively cancelled using feedback from a balanced photode-
tector pair (implemented on the PIC, but not used here) rather
than a single photodetector.

To further confirm the homodyne locking, we inject current
into one of the modulators and continuously adjust the phase of
the light from one of the SG-DBR lasers. This modulator is part
of the waveguide that directs light toward the 2 x 2 MMI in the
Output Section of the OPLL-PIC and is not the feedback-loop.
This phase modulator allows us to independently modulate the
phase of one SG-DBR laser output while leaving the phase of
the second SG-DBR laser unchanged. When the OPLL is in the
locked state, the two lasers are coherent with respect to each
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and 10 kHz, respectively.
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Fig. 12. Phase-to-amplitude modulation conversion observed for the locked
and unlocked states of the OPLL for homodyne locking of the two SG-DBR
lasers.

other. By changing the phase on one of the lasers, the interfer-
ence between the two lasers in the 2 x 2 MMI in the Output Sec-
tion of the OPLL-PIC shows the characteristic interference that
is observed from a Mach—Zehnder Interferometer (MZI), which
converts phase modulation to amplitude modulation. When the
OPLL is not locked, the two lasers are not coherent with respect
to each other and their interference in the 2 x 2 MMI does not
exhibit the phase to amplitude modulation response that is char-
acteristic of an MZI.

Fig. 12 illustrates this behavior for both locked and unlocked
states of the OPLL. In both cases, we see a small intensity
modulation characteristic for our modulators when operated in
the forward bias. Also, the half-wave current (I;) needed for
switching the interference between “on” and “off” states is ~
4 mA, which is consistent with other measurements performed
on similar phase modulators. The extinction ratio (~ 8 dB)
observed for the constructive versus destructive interference
is limited by unequal optical powers reaching the 2 x 2 MMI,
phase noise of the lasers, weak multimoding in the wave-
guides, and polarization mismatch. Because the SG-DBR lasers
emit quasi-TE-polarized light and all of the integrated optical
components are designed to be polarization maintaining, the
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polarization mismatch is expected to have a small effect on the
extinction ratio. Due to the present probing station limitations,
i.e., limited number of bias controls, in this proof-of-concept
study, we did not bias the SOAs independently nor did we tune
the MMI splitters in order to overcome the possible optical
power mismatch. This issue will be addressed more systemati-
cally in a future study.

C. Offset Locking

The same PIC and electronic circuit that were used in the ho-
modyne experiment are also used in the offset locking experi-
ment. To demonstrate offset-locking of the two monolithically
integrated SG-DBR lasers, we apply a reverse bias phase mod-
ulation to one of the modulators that is connected to the output
of the 2 x 2 MMI in the Middle Section of the OPLL-PIC and
is a part of the feedback loop, as shown in Fig. 1. As this phase
modulator output is only connected to the integrated detector
pair used for the feedback circuit, the OPLL-PIC output signal
does not contain any modulation sidebands. In this case, we
use the reverse bias modulation based on the Franz—Keldysh
effect because the gigahertz-range modulation frequency that
we need far exceeds the bandwidth (~ 100 MHz) of the modu-
lator in the forward-biased current-injection mode. In our offset-
locking scheme, the carrier frequencies from both lasers are si-
multaneously modulated, which generates two modulation side-
bands corresponding to either laser’s carrier frequency. When
the frequency separation between the two SG-DBR lasers equals
the modulation frequency, the detected photocurrent will con-
tain a phase-dependent DC component, and sideband locking
of the two lasers becomes possible. Mixing of the two laser fre-
quencies and their sidebands occurs in the photodetector, which
generates a corresponding current error signal to the feedback
electronics and the phase section of the slave laser whenever
there is a random phase walk-off between a center frequency of
one laser and a sideband of the other laser. The power in the
sidebands is smaller in comparison to the power at the center
frequencies of the laser. Consequently, the extinction ratio of
the corresponding interference is smaller than for the homo-
dyne OPLL, producing a weaker error signal. To compensate
for this, to generate as strong modulation sidebands as possible,
the power applied to the modulator used in offset locking is be-
tween 10 and 15 dBm.

Fig. 13(a) and (b) show an oscilloscope trace of the OPLL-
PIC’s optical output before and after 5 GHz offset locking of the
two SG-DBR lasers, respectively. The oscilloscope is triggered
by the 5 GHz modulating signal. Before locking, the phase of
the beat varies randomly and only an envelope of the beat is ob-
served in Fig. 13(a). After phase-locking, a coherent beat signal
is generated, as observed by the oscilloscope trace in Fig. 13(b).

In addition to the time domain representation of the locked
beat shown in Fig. 13(b), in Fig. 14, we plot the corresponding
frequency spectrum obtained using an external 20 GHz pho-
todetector and a 20 GHz electrical spectrum analyzer. As ex-
pected, the spectrum is centered at the 5 GHz modulation fre-
quency, surrounded by two peaks that are offset by ~ 300 MHz,
corresponding to the bandwidth of the feedback loop. From
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Fig. 13. Oscilloscope traces observed at the optical output of the OPLL-PIC
in the heterodyne locking experiment when the OPLL is (a) unlocked and
(b) locked.

Relative Noise Power (dBc)

-80

4 4.5 5 5.5 6
Frequency (GHz)

Fig. 14. Noise spectrum measured at the optical output of the OPLL-PIC in the
heterodyne locking experiment. Resolution and video bandwidths are 2 MHz
and 10 kHz, respectively.

the spectrum in Fig. 14, we calculated the phase error vari-
ance to be 0.03 rad? by dividing the noise power within the
2 GHz span by the signal power [3]. Our result is comparable to
the state-of-the-art result in [2], where phase error radiance of
0.05 rad? in a 1 GHz bandwidth has been reported for an OPLL
based on miniature bulk optics designed for use in a microwave
photonic transmitter. We obtained similar results for different
offset frequencies up to 15 GHz.
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V. CONCLUSION

In this work, we have successfully demonstrated the first
monolithically integrated optical phase-locked loop photonic
integrated circuit in which all of the optical components are
integrated on the same InP platform, including: master and
slave SG-DBR lasers, high-speed modulators, high-speed
photo detectors, multimode interference couples/splitters, as
well as interconnecting optical waveguides. Compared to the
alternatives, monolithic integration of an optical phase-locked
loop is expected not only to provide a competitive performance,
but also to make the technology more easily packaged and less
expensive.

We have shown that, via monolithic integration, the phase-
locked loop can be made sufficiently compact, and thus have a
sufficiently wide bandwidth (300 MHz), to allow use of wide
linewidth semiconductor lasers. We have further demonstrated
suitability of SG-DBR lasers to be used as the master laser and
the slave laser, i.e., current-controlled oscillator, in this applica-
tion. Most importantly, unlike the DFB laser, the slave SG-DBR
laser does not suffer from a phase inversion in the FM frequency
response, which is not easily compensated by the loop filter
electronics. In addition, the slave SG-DBR laser offers a large
phase tuning sensitivity, improving the gain and stability of the
phase-locked loop. We have also shown that the detuning range
of the master and slave SG-DBR lasers exceeds 5 THz, which
enables the phase-locked loop to generate phase-stable optical
beats at very high frequencies. This beat can be modulated with
on-chip high-speed modulators and also converted into an elec-
trical signal with on-chip high-speed photodetectors.

We have performed two experiments to demonstrate the
proof-of-concept operation of the monolithically integrated
PLL: homodyne locking and offset (5 GHz offset) locking
of the master and slave SG-DBR lasers. We have shown that
a simple electronic filter is sufficient to enable locking. The
future versions of optical phased-locked loop will utilize both
feedback photodetectors as a balanced pair in order to reduce
laser amplitude noise. In addition, integrated feedback elec-
tronics will be implemented to further increase the bandwidth
of the loop. Both of the changes are expected to significantly
reduce the phase noise of the PLL.
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Direct modulation bandwidth enhancement
of strongly injection-locked SG-DBR laser

A. Bhardwaj, S. Ristic, L.A. Johansson, C. Althouse and
L.A. Coldren

Significant enhancement in the direct amplitude modulation bandwidth
of an SG-DBR laser has been demonstrated under strong injection-
locking conditions, where the wavelength detuning between the
master and the free-running SG-DBR slave laser is varied from
—8.58 to 13.6 nm. It is demonstrated that the relaxation resonance
frequency of a strongly injection-locked SG-DBR laser increases
from 1.05 GHz for the free-running case to over 20 GHz.

Introduction: 1t is well known that the direct modulation bandwidth of a
semiconductor laser is limited by the relaxation oscillations arising from
the coupled rate equations that describe the dynamics of the carrier and
photon densities inside the laser cavity. It has been shown that the relax-
ation resonance frequency of a laser can be increased using injection-
locking, resulting in an enhancement of its direct modulation bandwidth.
Strong optical injection-locking has attracted attention recently for its
potential for providing high-speed laser transmitters, as it improves the
dynamic response of directly modulated semiconductor lasers, as well
as for enhancing the relaxation oscillation frequencies, suppressing non-
linear distortions and relative intensity noise, and reducing chirp [1-3].
In the strong injection-locking regime, the optical power of the light
injected from the master laser into the slave cavity is much larger than
the optical power of the free-running slave laser. Recent demonstrations
include enhancement of the resonance frequency beyond 100 GHz in a
directly modulated strongly injection-locked vertical-cavity surface-
emitting laser (VCSEL) [4].

In this Letter, we consider the injection-locking of a widely tunable
sampled grating distributed Bragg reflector (SG-DBR) laser that is
designed with high-speed gain and phase modulator sections. We
study the direct amplitude modulation response of the SG-DBR laser
when it acts as a slave laser and is strongly injection-locked to an
external master laser. We demonstrate that a strongly injection-locked
SG-DBR laser shows significant enhancement in its direct modulation
bandwidth, even when the wavelength detuning between the master
and the free-running SG-DBR slave laser is varied between —8.58
and 13.6 nm (corresponding to a frequency detuning of 1.072 and
—1.68 THz, respectively). To the best of our knowledge, this is the
first demonstration of direct modulation bandwidth enhancement of a
strong injection-locked SG-DBR laser over a large wavelength detuning
range from its free-running state.

cleaved facet ‘I—

SG-DBR front mirror

{
{

gain (540 um) ———&5&

phase (250 um) ———=3

D 0O 0 o

SG-DBR back mirror

absorber

a b
Fig. 1 Mask layout of SG-DBR laser with high-speed gain and phase modu-

lator sections; and photograph of SG-DBR laser probed using G-S-G-S-G
probe with lensed-fibre coupled to its output

a Mask layout of SG-DBR laser
b Photograph of SG-DBR laser

Device design and fabrication: A widely tunable SG-DBR laser [5] was
designed and fabricated using a standard offset quantum well material
platform on an indium phosphide (InP) substrate [6] that allows

ELECTRONICS LETTERS 4th March 2010 Vol. 46

monolithic integration of active and passive waveguide sections. In this
platform, light is guided by a 300 nm-thick passive In,Ga;_,As,P;_,
based quaternary 1.4Q bulk layer (with a bandgap corresponding to the
energy of a photon at 1.4 wm) that forms a basis for waveguiding, as
well as modulation through current injection, or the Franz-Keldysh
effect if reverse biased. Above this layer, light couples evanescently to
an ‘active’ compressively strained In,Ga,_,As P, based quaternary
multiple-quantum-well (MQW) layered structure that is present only in
the regions that form the active sections of the SG-DBR laser.

The sampled gratings define the front-side and back-side mirrors of
the SG-DBR laser. The targeted grating depth is around 100 nm into
the 1.4Q layer and the duty cycle is 50%. The front-side mirror consists
of five grating bursts, each 6 pm long and repeats periodically with an
interval of 61.5 um. The back-side mirror consists of 12 grating
bursts, each 4 um long and repeats periodically with an interval of
68.5 wm. The width of the surface ridge waveguide is 3.5 pm. The
gain section is 540 wm long and the phase section is 125 pum long.
The high-speed gain and phase sections have top-side N-metal pads
on either side of the corresponding P-metal pad so that they can be
probed with a high-speed G-S-G-S-G RF probe. The pitch between
the G-S-G-S-G pads is 150 um. The waveguide beyond the back-
mirror is flared and fed into an active region, which acts as an absorber.
The access waveguide at the front facet is flared to 5 pm and angled by
7° to suppress reflections. No anti-reflection coating was applied to the
front facet of the SG-DBR laser. The layout of the SG-DBR laser is
shown in Fig. la.

Experiment and results: A G-S-G-S-G RF probe was used to apply bias
currents to the gain and phase sections of the SG-DBR laser, as shown in
Fig. 1b. To study the direct amplitude modulation response of the SG-
DBR laser, a DC forward-bias current was combined with an RF modu-
lation generated from a vector network analyser (VNA) using a high-
speed bias-tee and applied to the gain section of the SG-DBR laser.
To characterise the small-signal RF modulation response, the VNA
(Agilent 8703A) was calibrated from 130 MHz to 20 GHz to normalise
the RF response arising from the electrical front-end of the VNA, the RF
cables and the photodetector at the optical front-end of the VNA. The
response of the G-S-G-S-G probe was not calibrated and it is embedded
in the measured RF response from the VNA. The output from the SG-
DBR laser passed through the circulator and was sent to an optical spec-
trum analyser and the high-speed photodetector at the optical front-end
of the VNA. The experimental setup is shown in Fig. 2.

polarisation
controller circulator

tunable
master laser

SG-DBR ? RF out optical in
slave laser “TTTTTTTTTTTTTTTmeS bias-tee|-~——0 O

Fig. 2 Experimental setup to study strong external injection-locking of SG-
DBR laser
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Fig. 3 Optical spectra

a Free-running SG-DBR laser
b SG-DBR slave laser strongly injection-locked at different wavelengths

The DC forward bias current applied to the gain section of the SG-

DBR laser was 41 mA, just above its lasing threshold. In this study,
no bias currents were applied to the front mirror, back mirror or the

No. 5
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phase section. The free-running wavelength of the SG-DBR laser was
1543.34 nm and its optical spectrum is shown in Fig. 3a. The output
from the free-running SG-DBR laser was coupled into a lensed-fibre
and the total optical power was measured to be —9.5 dBm.

To study injection-locking of the SG-DBR laser, light from a tunable
external cavity laser (which acts as the master laser) was amplified using
a high-power erbium-doped fibre amplifier (EDFA) and injected into the
SG-DBR laser using the lensed-fibre after passing through a variable
optical attenuator, a polarisation controller and the circulator, as
shown in Fig. 2. The optical power of the amplified light from the
master laser was increased until the SG-DBR laser could be injection-
locked to the master laser for large wavelength detunings between the
master and the free-running slave lasers. To get an estimate of the
optical power injected into the SG-DBR laser, a reverse bias was
applied to its gain section. The photocurrent resulting from the absorp-
tion of the injected light was measured to be ~8.8 mA, which corre-
sponds to ~+8.65 dBm of injected light into the slave cavity. Fig. 3b
shows the optical spectrum of the SG-DBR laser under strong injec-
tion-locking where the wavelength of the master laser is set at different
wavelengths varying from 1534.76 to 1556.79 nm (corresponding to a
wavelength detuning of —8.58 and 13.6 nm, respectively). It should
be noted that the ability to amplify light from the master laser to
achieve strong injection-locking outside the 1530—1560 nm range was
limited by the gain bandwidth of the EDFA.

The direct amplitude modulation response (S,;) of the SG-DBR laser
was characterised using an RF electrical power of —10 dBm from the
output of the VNA. As shown in Fig. 44, the direct modulation band-
width of the free-running SG-DBR laser biased at 41 mA is limited
by its relaxation resonance frequency of 1.05 GHz. Enhancement of
the direct amplitude modulation bandwidth of the SG-DBR laser was
observed under strong injection-locking over the entire locking range.
Fig. 4b shows the direct amplitude modulation response of the SG-
DBR laser that is injection-locked at different wavelengths. In each
case, the relaxation resonance frequency of the injection-locked SG-
DBR laser is larger than 20 GHz, which is the highest frequency that
can be measured with the VNA.
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Fig. 4 Direct amplitude modulation response

a Free-running SG-DBR laser
b SG-DBR laser strongly injection-locked at different wavelengths

Conclusions: We have demonstrated a significant enhancement of the
direct amplitude modulation bandwidth of a strongly injection-locked
SG-DBR laser as the wavelength detuning between the master laser
and the free-running SG-DBR slave laser is varied from —8.58 to
13.6 nm. The relaxation resonance frequency of the strongly injection-
locked SG-DBR laser increases from 1.05 GHz from its free-running
state to greater than 20 GHz over this wavelength detuning range.
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I ntegrated 30GHz passive ring mode-locked laser with gain

flattening filter
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Abstract: We demonstrated a 30GHz integrated In®dAP ring mode-locked laser with a gain flattening
filter that doubles the locking bandwidth and deses the pulse width from 840fs to 620fs.

1. Introduction

InGaAsP/InP mode-locked lasers (MLLs) operating.&6um wavelength are compact and stable pulsedemwith typically
10-100GHz repetition rates, which makes them attraacomponents for optical time division multipleg (OTDM) [1], multi-
wavelength sources [2], low-noise microwave ositlia[3], clock distribution systems [4], and optisamplers for electro-optic
analog-to-digital conversion [5-6]. Ring MLLs based low-cost photolithography can be integratechvétwide variety of
functional elements on the InGaAsP/InP platforrbudd photonic integrated circuits (PICs).

Shorter pulses require wider locking bandwidth, atholw faster data rates for fiber communicatioighler peak powers for
clock distribution, and higher sampling rates ftacgo-optic analog-to-digital converters. For tagsasons, there have been a
multitude of studies focused on cavity design aradenial selection to shorten the pulse width; haveve are not aware of any
previous work on integrated mode-locked lasers watim flattening filters. Gain flattening filterabed on thin film dielectrics or
fiber gratings are commonly used for EDFAs to ccirr@onuniform gain across the C-band. For thisaeathere have been
several studies on the use of gain flattened EDRAiber mode-locked laser [7].

For mode-locked lasers with a saturable absorlggomemultiple wavelengths lase simultaneously Miiited phase creating
high peak-power pulses necessary to saturate Swelady. For a given material, the locked bandwadtthe mode-locked laser is
limited by dispersion and gain competition duetie parabolic gain profile. By applying a filter,etmet cavity gain can be
flattened allowing more modes to lase. These §iltean be made by standard processing on a vafiehaterial platforms for
bulk, quantum well, and quantum dot semiconductdssdispersion is typically low for semiconductoaterials and can be
compensated for with an AWG [8-9], integrated dhattening is a vital tool for dramatically increabsmode-locking bandwidth.
2. Passive mode-locking at 30GHz
100um long restricted multimode interference (MMduplers in a Mach-Zender interferometer (MZI) d¢gafation were used
to create an intra-cavity tunable filter as showfigure 1. The couplers have nearly 50/50 coupdiagss the C-band with <1dB
insertion loss, and tapered entry and exit pathsitomize reflections. A standard offset quantumiy@QWw) InGaAsP/InP
integrated platform is used with 7 QWs positionédwe a 300nm tall 1.3Q waveguide with a confinenfaotor of 7.1%. A
wet-etch removes the QWs for low loss passive waideg followed by a single blanket p-cladding regio[10]. The total
cavity length is 2600um, the waveguide width ispt8 and the total etch depth is 5um. The deviceduisut waveguides
flared to 5um and angled at % minimize back-reflection into the cavity. ThezMfilter has one 450um gain arm with a
semiconductor optical amplifier (SOA) and one 464pimase tuning arm based on current injection twigeoa ~40nm free
spectral range (FSR) with a tunable extinctiororatid pole placement across the C-band. The laseshiold current was 80mA
and the typical lasing power at mode-locking was¥bmeasured from the reversed biased MZI gain path.

MZ| Phase

MZI-Gain

Figure 1: SEM image of mode-locked laser with an
integrated MZI filter for gain flattening.

The MZI filter was turned off by applying a -5V kido the MZI gain path which absorbed >30dB of light propagating
through it. The ring SOA drive currents and theusstile absorber (SA) bias were varied to find thestoptimal pulse. The
output pulse train goes through a polarization rdietr and erbium doped fiber amplifier (EDFA) befadetection in a second
harmonic generation (SHG) based Inrad autocorneldiah the filter off, the ring SOA drive curreist 158mA for -4V SA bias.
The pulses are best fit by a Lorentzian distributiath 840fs FWHM shown in figure 2, along with aptical spectrum FWHM
of 2nm. The filter is turned on by forward biasithg MZI gain path and adjusting the phase paddoeph zero near the previous
lasing wavelength with ~1.5dB extinction ratio. WMZI SOA current of 39mA and ring SOA current df0inA for -4.4V SA
bias, the Lorentzian pulses have 620fs FWHM anaical spectrum FWHM of 4nm, shown in figure 3.eTldeal mode-
locked pulses have been calculated from the medsyectral data and show good matching to a Lonthape. These pulses
represent the time-bandwidth limit for the lockqatical spectrum. The measured pulses are 27% a¥dfetin this limit with
the filter off and on respectively; cavity dispersieffects are likely responsible for limiting tmeeasured pulse width, as
indicated by the wider locking bandwidth producmgses farther from ideal. The RF spectra of theledocked laser with the
filter on is shown in figure 4 with the RF peak ppw50dB above the noise floor and a -20dB linelwimft~600kHz.



, Measured: Filter Off , Calculated |deal Pulse , Measured: Filter On , Calculated Ideal Pulse

fiMeasured pulse O Calculated pulse O
L Lorentzian fit— Lorentzian fit =

Normalized Amplitude

Normalized Ampitude
Normalized Amplitude

RF Power (dBm)

29.60 29.62

29.61
Frequency (GHz)
Figure 4: RF Electrical Spectrum with the
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The MZI filter was characterized by injecting 3m\pitical power from an external broadband ASE soimtthe cavity.
The cavity SOAs were reversed biased to prevenhexe and nearby SOAs were turned on to providiesilevels of heating
to the filter as would be experienced from the I8@As at lasing. The results matched well to sitiwia as shown in figure 5.
The simulation accounted for the separate blzse andain arms along with a nonuniform gain profile be SOAs. The filter
increases losses near the lasing peak; this camgethe gain competition and effectively broadimslasing spectra allowing
more modes to lock together.

0~

-~ Simulated

-1

Power (dB)

L
S

1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Figure 5: Measured and simulated MZI
filter (39mMA MZI SOA, OmA phase pad).

An integrated ring mode-locked lasing with an irtevity MZI filter for gain flattening has been fadated. The filter doubles
the mode-locking bandwidth from 2nm to 4nm whilem&sing the pulse width from 840fs to 620fs. TA&I3z repetition rate,
wide locking bandwidth, and narrow pulses make dieigice attractive for OTDM, sensing, and multi-ekngth generation,
while the ring design makes it highly suitable ifttegration with other components in PICs.
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The authors report the design and performance of a versatile carbon doping system for solid-source
molecular beam epitaxy using carbon tetrabromide (CBr,). This system is capable to achieve three
orders of magnitude in doping by changing the CBr, temperature along with varying the CBr, leak
rate into the growth chamber. The CBr, temperature is controlled using thermoelectric coolers and
thus can be adjusted easily and quickly. The CBr, vapor pressure increases more than 1 decade when
its temperature increases from —5 to 20 °C. The CBr, leak rate is controlled using six different
diameter orifices connected in parallel, and the flow to each orifice can be switched on and off
independently using a pneumatic valve. The fast response time of these pneumatic valves enables us
to change the doping abruptly. This system is suitable for growing sophisticated structures, which
require wide doping range and fast changes in doping. © 2010 American Vacuum Society.

[DOL: 10.1116/1.3357305]

I. INTRODUCTION

Compared to other p-type dopants in (Al)GaAs materials,
such as beryllium and zinc, carbon has a very low diffusion
coefficient' and is less dependent on the composition,2 which
make it attractive in the growths of some electronic and op-
toelectronic devices. Since the first successful report in
1993, carbon tetrabromide (CBry) has become widely used
as a carbon source in conventional molecular beam epitaxy
(MBE). This is because high doping efficiency and high-
quality films can be achieved using CBr,. Since no carrier
gas is needed for transporting CBr, gas, a CBr, doping sys-
tem can be easily incorporated into MBE without modifying
the existing pumping system.

For most growths, currently available CBr, doping sys-
tems can usually meet their growth requirements. However,
these systems are not ideal for growing complicated struc-
tures which require a wide doping range and fast doping
change such as vertical-cavity surface-emitting lasers (VC-
SELs). In order to simultaneously minimize the optical
losses and electrical resistance, the distributed Bragg reflec-
tors (DBRs) in VCSELs have to be band gap engineered.
This is especially important for the p-DBR due to higher free
carrier absorption loss and lower mobility of holes. These
band-gap-engineering schemes usually involve several dop-
ing levels in the range of 10'7-10'"® cm™ within a DBR
period, which is ~150 nm for 980 nm VCSELs.* Therefore,
the CBr, doping system must be capable of changing the

“Electronic mail: yuchia@engineering.ucsb.edu
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doping quickly to minimize the growth time. In addition, a
high carrier concentration in the 10*° ¢cm™ is desirable for
the p-contact layer to reduce the contact resistance. This
means that the CBr, doping system must be operated over
three orders of magnitude in doping for a single growth.

In this article, we report the design and performance of a
versatile CBr, doping system for MBE, which addresses the
requirements of wide doping range and fast doping change.
Wide dynamic range is realized by changing the CBr, vapor
pressure through a closed-loop temperature control as well as
changing the CBr, leak rate into the growth chamber. The
CBry leak rate is controlled digitally by switching on and off
six pneumatic valves and thus can be varied quickly.

Il. SYSTEM DESIGN

Most of the CBr, doping systems for MBE operate simi-
larly in principle by performing at least two main functions.
One is to regulate the CBr, base vapor pressure, which is
typically in the tens and hundreds of millitorr during opera-
tion. The other is to reduce the amount of CBr, injecting into
the growth chamber using constrictions such as (variable)
leak valves or orifices. This is necessary because the CBry
beam equivalent pressure less than 107 Torr is usually suf-
ficient for most growths. Different systems use different ap-
proaches to achieve these two functions. For example, the
CBr, base vapor pressure can be regulated directly using
closed-loop pressure control or indirectly using closed-loop
temperature control. The doping concentration can be ad-

1071-1023/2010/28(3)/C3F10/6/$30.00 ©2010 American Vacuum Society C3F10
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FIG. 1. (Color online) Schematic of the CBr, doping system.

justed by changing the CBr, vapor pressure or varying the
leak rate, i.e., the conductance of the constrictions.

Figure 1 shows the schematic of our CBr, doping system,
which is divided into the thermoelectric cooler (TEC) system
and the parallel orifice valve (POV) system according to
their functions. The TEC system is used to control the CBry
base vapor pressure and the POV system is used to variably
reduce the amount of CBr, injecting to the growth chamber.
In the following, we will describe these two systems in de-
tails.

A. Thermoelectric cooler system

Basically, the TEC system is a temperature-controlled
CBr, container with the accessory electronics and plumbing
as illustrated in the lower box in Fig. 1. Instead of using a
water bath, the temperature of the container is controlled
using TECs.” The core of this system is a custom-designed
module shown in Fig. 2. A valved stainless steel canister,
which is 25 X 25X 50 mm? in size, contains solid CBry crys-
tals. The canister is fairly small so that its temperature can be
changed quickly. Two 25X 25 mm? TECs are sandwiched
between one side of the canister and a copper block which
has cooling water running through to maintain it roughly at
room temperature. There is a of total four TECs for two sides
of the canister. These TECs, which have a V,, of 3.6 V and
an [, of 147 A at 27 °C, are electrically connected in
series to have a manageable operating current. The module is
wrapped with thermally insulating foam to reduce heat ex-
change from the environment. In addition, the whole module
is enclosed in a sealed acrylic box. When the CBr, canister is
operated below the dew point, the box has to be purged with
dry nitrogen to prevent water condensation, which can ther-
mally shorten the cold and hot sides of the TECs and signifi-
cantly reduce the cooling power.

The temperature of the canister is monitored using a
type-K thermocouple, which is spot welded on the canister
and feeds into a Veeco dc power supply with a Eurotherm
temperature controller. It should be noted that there are tem-
perature gradients from the sides that the TECs touch and the
monitored spot due to nonuniform cooling. In the following,
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FIG. 2. (Color online) Photograph of the TEC module.

the “CBr, temperature” is referred to the temperature at the
monitored spot unless otherwise specified. With a closed-
loop control, the CBr, temperature can be accurately main-
tained within =0.2 °C of the set point.

One of the advantages of using TECs is that heat transfer
is bidirectional, which means that the TECs can either cool
down or heat up the CBry canister actively by reversing the
direction of the current flow. However, because the power
supply currently being used is unipolar, the TECs can only
cool down the canister, which leads to a slower response
time when warming up the canister as will be shown later.

A capacitance manometer, Baratron, was installed to
monitor the CBr, vapor pressure when the system is in use.
However, it was soon discovered that the Baratron constantly
outgases hydrogen. Without any pumping, the hydrogen va-
por pressure, which increases with time, contributes to the
total vapor pressure read by the Baratron. Therefore, an
UHYV manual valve was installed to prevent hydrogen from
entering the gas manifold during growth.

B. Parallel orifice valve system

Figure 3 shows a photograph of the POV system. To
avoid potential inconsistency with variable leak valves at
small openings, our system uses fixed orifices to achieve
small conductance. As shown in the schematic in Fig. 1, the
gas line from the TEC system is first split into six lines and
each line has a pneumatic valve followed by an orifice with
different diameters. After the orifices, these six gas lines
merge together and then connect to the gas inlet on the
source port through a flexible bellows. Since these air-
operated pneumatic valves have a switching time in the order
of hundreds of milliseconds, fast doping switching is pos-
sible.
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FIG. 3. (Color online) Photograph of the POV system.

The idea of the POV system is quite straightforward. If
these six orifices ideally have conductance of 1/2/4/8/16/32
at the given CBr, vapor pressure, then a total of 2°=64 dop-
ing levels can be achieved by permutation, provided the dop-
ing does add up. Currently, the nominal diameters of the
orifices associated with pneumatic valves C1, C2, C3, C4,
C5, and C6 are 250, 200, 150, 100, 75, and 50 wm, respec-
tively. To prevent CBr, from condensing on the tubing, all
the lines are constantly baked between 60 and 70 °C. This
temperature should be low enough to avoid thermally crack-
ing CBry, which should happen on the substrate.

In our system, pumps can be eliminated except through
the growth chamber. This makes the system compact and
also reduces the wasted source materials. This is possible
because the CBr, vapor pressure is controlled by its tempera-
ture and can be reduced without pumping. Also, the CBry
flow can be completely turned off and thus does not need a
pump when not in use.

lll. RESULTS AND DISCUSSION

The CBr, doping system was characterized on a Veeco
Gen III solid-source MBE system. All the calibration
samples were grown at 580 °C and a growth rate of
~1 pm/h with a V/II ratio of ~30 on semi-insulating
GaAs (100) substrates.

A. Thermoelectric cooler system results

For the TEC system, it is desirable that at a given CBry
temperature, the CBr, vapor pressure is stable, reproducible,
and independent of the amount of CBr, being depleted into
the growth chamber. In addition, the transient time for
changing the CBr, vapor pressure is ideally to be short.

To evaluate the stability and transient response of the TEC
system, the following experiment was performed. The CBry
was cooled down from room temperature to —5 °C half an
hour earlier. At t=0, valve C5 was opened so that most of the
undesired hydrogen from the Baratron can escape into the
growth chamber. After 1 h, the temperature was raised to
20 °C, and finally, the temperature was lowered back to
=5 °C after another 1 h. The CBr, temperature and vapor
pressure were recorded every 10 s over the course of 3 h.
The result is plotted in Fig. 4. The initial drop in the vapor
pressure is due to the accumulated hydrogen being pumped
out when the valve was first opened.
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FIG. 4. (Color online) CBr, temperature and vapor pressure measured for 3
h. At =60 m and =120 m, the temperature set point was changed from -5
to 20 °C and back to =5 °C, respectively.

The CBr, temperatures averaged over 40 m in regions II,
IV, and VI are the same as the set points and the temperature
variations are within *=0.2 °C. The averaged CBr, vapor
pressures in regions II, IV, and VI are 0.0328, 0.3920, and
0.0330 Torr, respectively. The vapor pressure increases more
than ten times when the temperature increases from —5 to
20 °C. In addition, the vapor pressure variations are within
*2.5% of their averaged values, which indicates that the
system is quite stable.

To see how consistent this system is, the same experiment
was repeated five times at different times. Table I summa-
rizes the averaged CBr, vapor pressure for three different
regions over five runs. It is evident that the vapor pressure is
indeed consistent at the same temperature. Although the va-
por pressure in region VI is always slightly higher than that
in region II, the difference is quite small and within 1%.

For a given CBr, temperature, its vapor pressure should
ideally be maintained constant and is independent of the
amount of CBr, being depleted into the growth chamber.
Since the CBr, base vapor pressure is several orders of mag-
nitude higher than the pressure after the orifices, this should
be the case. To verify it, the vapor pressure at a CBr, tem-
perature of —5 °C was recorded while different combina-
tions of valves were being opened. The result is shown in
Fig. 5. The difference between the worse case, i.e., all valves

TABLE I. Summary of the averaged CBr, vapor pressure in three 40 m
periods at different CBr, temperatures repeated for five times.

CBry vapor pressure averaged over the region

(Torr)

Region II Region IV Region VI

(20-60 m) (80-120 m) (140-180 m)
Run 1 0.0329 0.3920 0.0331
Run 2 0.0329 0.3916 0.0331
Run 3 0.0327 0.3914 0.0330
Run 4 0.0326 0.3917 0.0329
Run 5 0.0328 0.3920 0.0330
Five runs averaged 0.0328 0.3917 0.0330
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FiG. 5. CBr, vapor pressure with different valves being opened at a CBr,
temperature of —5 °C. The valves that were opened for each period are
labeled.

were opened (first region), and the best case, i.e., only the
smallest valve was opened (last region), is indeed fairly
small. The vapor pressure is slightly smaller than the previ-
ous value, possibly due to a lower partial pressure of hydro-
gen because all the valves were opened at the beginning.

To evaluate how fast the system responds to a change in
the temperature set point, we analyzed the transient in re-
gions III and V in Fig. 4. The rise time (10%-90%) and fall
time (90%-10%) for the temperature changing between —5
and 20 °C are approximately 2 and 1.5 m, respectively. It
should be noted that the temperature controller was opti-
mized to provide better stability at the expense of a slower
response. The rise and fall times for the vapor pressure are
approximately 4 and 2 m, respectively. The reason for a
slower rise time can be explained as follows. Since the equi-
librium vapor pressure is determined by the lowest tempera-
ture in the canister, we need to consider how the coldest spot
reaches its steady-state temperature. For active cooling, the
coldest spot in the canister should be where it touches the
TECs and thus, the vapor pressure drops faster. A close look
at the figure reveals that the measured CBr, vapor pressure
actually dropped faster than the vapor pressure estimated
from the steady-state CBr4 temperature (the relation between
the vapor pressure and temperature will be discussed
shortly). On the other hand, when the temperature set point is
higher than the CBr, temperature, no power is provided to
the TECs and the canister warms up passively. Because the
heat needed to warm up the canister is transferred from the
environment, the coldest spot is where the heat transfer is the
least efficient and is likely not the monitored spot. When the
CBr, temperature overshoots, the TECs start to cool down
while the coldest spot has yet reached its steady-state tem-
perature. Therefore, it takes longer time to settle due to the
undesired cooling. This is why the rate of the vapor pressure
increasing slowed down right after the overshoot. This spa-
tially nonuniformity in cooling and warming up results in the
asymmetry in the rise and fall times. Active heating using the
TECs should improve the rise time and can be done with a
bipolar power supply.
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FIG. 6. (Color online) CBr, vapor pressure and carbon concentration mea-
sured by SIMS as a function of the CBr, temperature.

The relationship between the CBr, temperature and its
vapor pressure is also of interest. The vapor pressure at tem-
peratures between —5 and 20 °C in a 2.5 °C step was mea-
sured, and the result is plotted (squares) in Fig. 6. The data
can be well fitted by the following equation:

log,o(P) = 11.189 — 3398.96/T,

where P is the vapor pressure in Torr and 7 is the tempera-
ture in Kelvin. The vapor pressure at a given CBr, tempera-
ture is lower than what has been reported previously.3 This
can partially result from the temperature difference at the
monitored and the coldest spots.

B. Parallel orifice valve system results

The POV system controls the CBr, leak rate into the
growth chamber at a given CBr, vapor pressure. To predict
the amount of CBr, leaking into the chamber, it is helpful to
know the gas flow regime for the CBr, molecules under the
operating conditions. Its mean free path is estimated to be in
the order of hundreds of micron, which is close to the diam-
eter of the orifices. Therefore, this system is operated in ei-
ther the molecular flow regime or the transition flow regime,
depending on the orifice sizes and vapor pres.sure.6 When in
the molecular flow regime, gas-wall collisions dominate. The
conductance simply depends on the size of the orifices and is
independent of the vapor pressure. On the other hand, the
conductance in the transition flow regime also depends on
the vapor pressure, and higher vapor pressure gives higher
conductance.

To see how the carbon concentration varies with the CBry
vapor pressure, a secondary ion mass spectroscopy (SIMS)
calibration sample was grown. The sample has six 200 nm
GaAs:C layers grown at different CBry temperatures, from
20to =5 °Cin a 5 °C step, and one 20 nm undoped GaAs
layers after each GaAs:C layer. The valve that opened during
the growth is C5. The SIMS result is plotted in Fig. 7. The
carbon spikes at the surface and the epi-substrate interface
are due to carbon contaminations from the environment. In
each plateau, the concentration is fairly flat, which means
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F1G. 7. SIMS profile for a structure with six GaAs:C layers grown at differ-
ent CBr, temperatures. Only valve C5 was switched on and off during the
growth. The CBr, temperature for each layer is labeled on the top of each
plateau.

this system is quite stable. The averaged carbon concentra-
tion for each plateau is also shown as circles in Fig. 6. As the
temperature increases, the carbon concentration increases
faster than predicted from the vapor pressure assuming con-
stant conductance. This can be seen in Fig. 6 that the dis-
tance between the square and circle increases at higher CBry
temperatures. This is because the mean free path is reduced
at higher temperatures, and gas-gas collisions start to play a
role in the gas flow, i.e., deviating from the molecular flow
regime. The deviation should be more profound with larger
orifices and higher vapor pressure.

Another SIMS calibration sample to determine the carbon
concentration for different valve openings at a CBr, tempera-
ture of =5 °C was also grown. The result is shown in Fig. 8.
The valves that were opened during each plateau are labeled
on the top. The averaged carbon concentration for all the
valve combinations in the sample is listed in Table II.
Clearly, the CBr, flux from the individual valve does add up
as expected since the total conductance should be the sum of
the individual conductance when connected in parallel.

To see how consistent the doping concentration is, three
1-um-thick GaAs:C calibration samples were grown on dif-
ferent days. The CBr, temperature was maintained at —5 °C
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FiG. 8. SIMS profile for a structure with nine GaAs:C layers with different

valves being opened. The CBr, temperature was kept at =5 °C. The shutters
that were opened for each layer are labeled on the top of each plateau.
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TaBLE II. Carbon concentration for different valve openings at a CBr, tem-
perature of =5 °C measured by SIMS.

Concentration Sum of individual valves

Valves opened (10" cm™) (10" cm™)
C6 0.3 0.3

C5 0.42 0.42
Cc4 0.69 0.69
C5, C6 0.73 0.72
C4, C5, Co6 1.42 1.41

C3 2.56 2.56

C2 2.80 2.80
C3, C4, C5, Co6 3.98 3.97

Cl 5.66 5.66

and valve C3 was open. The carrier densities at room tem-
perature measured by Hall are 2.41 X 10'8, 2.41 X 108, and
2.47Xx 10" cm™. These values are indeed reasonably close.
According to the SIMS result, the carbon concentration at
the same growth condition is 2.56 X 10'® ¢m™, which means
the electrical activation is around 95%, close to what was
reported by other groups.3

Two more samples were grown to make sure three orders
of magnitude in doping can be achieved. One was grown at a
CBr, temperature of -5 °C with C6 open and the other was
grown at a CBry temperature of 10 °C with all the valves
open. The carrier densities, measured by Hall, are 2.73
X 10" and 1.14X 10?° cm™, respectively. Almost three or-
ders of magnitude in doping have been achieved. Lower car-
rier density should be possible with lower CBr, tempera-
tures.

IV. CONCLUSION

A versatile CBr, doping system for MBE was designed,
built, and characterized. By using thermoelectric coolers to
control the CBr, temperature, accurate and stable CBr, vapor
pressure can be achieved reproducibly. Furthermore, the va-
por pressure can be changed over ten times in only 4 m. Fast
switching doping is realized by independently turning on and
off the flow to six orifices with different diameters using
pneumatic valves. The capability to change both the CBry
vapor pressure and conductance to the chamber enables us to
achieve three orders of magnitude in the doping concentra-
tion, making this CBr, doping system suitable for growing
structures with sophisticated doping profiles and wide doping
range.
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Abstract
Vertical-cavity lasers with strained active regions show increased modulation rates and reliability at lower

power dissipation. However, their longer wavelength (980-1100 nm) than the standard 850 nm has inhibited
their widespread adoption. Given the huge emerging markets for high-speed, high-efficiency data links, should

this inhibition be overcome?

l. Introduction

Although most of the first low-threshold quantum-well
Vertical-Cavity Surface-Emitting Lasers (VCSELS) were
formed with strained-layer active regions having an emission
wavelength in the 980 nm range [1-3], standards bodies
charged with adopting them for use with multimode fiber
data links, previously illuminated by 850 nm LEDs, opted to
establish a standard at 850 nm where more data existed for
the fibers. As the industry has grown this wavelength has
become more ingrained, even as the application space has
expanded well beyond the original basis for the standard.

Some, including the authors of this paper, have continued

to argue for a return to the longer wavelengths due to the
inherent merits of the compressively strained active regions
as well as important advantages in packaging due to the
transparency of the GaAs substrate. The transparent substrate
enables flip-chip mounting and back-side emission, possibly
with integrated micro lenses
for columnated emission (i.e.,
Fig. 1). The key inherent
advantages with compressive
strain, in  particular  the
addition of Indium to GaAs
quantum-well active regions,
are thgt one sees a reduction in Fig. 1 SEM of flip-chipped
material transparency current,  vCSEL array with
an increase in differential gain, integrated 200 pm diameter
and a decrease in defect  microlenes
formation and propagation.
These together lead to much more efficient devices that can
operate at higher data rates and temperatures more reliably.
Again, many of these advantages were clearly demonstrated
in the 1990s [4-6], but as the industry was mainly focused on
relatively low frequency data links, and relatively inefficient
receivers were being employed, the efficiency and speed of
the VCSELSs were not such big issues for the mass markets.

More recently, the industry has begun to focus on
efficiency and speed as well as requiring very low cost. Low
cost tends to equate to simple packaging, which again has

Transmitter array Receiver array

Drivers Decision circuits

Fig. 2. Chip-to-chip optical interconnect.

been shown to be facilitated by a transparent substrate,
whether in a module for chip-to-chip (e.g., Fig. 2)
applications or in a package for more global interconnects.
In either case, efficiency is king in a data center application.
Efficiency translates to minimizing data communication
power, which generally accounts for about half of the power
used up in a data center.

Figure 3 summarizes some of the recent work with high-
data rate modulation. It supports the fact that the 980 — 1100
nm VCSELs have superior temperature/speed performance.
This table was contained in a paper actually focused on
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Fig. 3 High-speed direct modulation of VCSELs
assembled by Hatakeyama, et al of NEC. [7]

reliability. The older results labeled #2 and #3 in Fig. 3
suffered from relatively high series resistance, but #2 had
claimed the prior record modulation efficiency of 286 fJ/bit
[8] in spite of this. On the other hand, the 850 nm result of
#6 represents a very well engineered device, so one would
not expect much more improvement over it. We do expect
still better results to be possible in the 980 — 1060 nm range
as we shall discuss below.



Il. Recent Work

Since our initial publication of a high-efficiency and high-
speed VCSEL in 2007, as included in Fig. 3 as #2 [8], a
detailed description of that VCSEL design and results has
been presented in several poontet
forums [9,10]. Its schematic focp idaion
is shown in Fig. 4. The
limiting factor in that case,
besides a relatively large
series resistance of 150 Q
was the appearance of
additional lateral modes at a
bias of approximately 1 mA,
where the bandwidth Was Fig. 4. Schematic of tapered
alrea_dy 16 GHz. OtherWI.Se, oxide VCSEL that achieved
considerably better operation  5gg fyhit @ 35 Gb/s[8].
would have resulted.

In order to improve upon this design several efforts have
been under way. First, we have been exploring techniques to
maintain single-mode operation; second, we have been
working to reduce the series resistance; third, we have
investigated p-modulation doping of the quantum-wells; and
fourth, we have been exploring higher In content. The first
two efforts are being satisfied by a change in cavity design,
mostly by reducing the overall mesa diameter, but also by
some other more subtle tweaks.

The effect of the p-modulation doping and increased
indium content is summarized by the gain and differential
gain plots of Figs. 5 & 6. Both show a remarkable
improvement in all relevant parameters with indium addition.
Less current is required for a given gain, and the differential
gain is higher. The resonance frequency (and potential
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nm QWSs together with that of modulation-doped 980 nm QWs.
Well established undoped 980 & 850nm plots from theory[11].

bandwidth) is proportional to the square root of the
differential gain, dg/dJ. As can be seen there is a significant
improvement in going from 850 to 980 to 1060 hm without
doping. The p-doping also helps the 980 case significantly,
but there is some concern that the increase in optical loss may
compromise the overall performance rendering the p-doping
benefit marginal.

The potential improvement in reliability with the addition
of indium is one of the most important benefits that are being
sought by some researchers. Accordingly there have been
some recent studies [7,12] to verify what has been assumed

Effect on Differential Gain with
p-Modulation Doping and Indium composition
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Fig. 6. Differential gains for undoped 850, 980 and 1060 nm QWs
together with that of modulation-doped 980 nm QWs.

for many years based upon data from edge-emitting lasers
and basic materials studies. The push to 1060 nm by NEC
and Furukawa appears to be driven mostly by an interest in
improved reliability [13]. The Furukawa study by Takaki, et
al under highly accelerated conditions of T = 120°C and J >
40 kA/cm?, concluded that 800 years of median life at 40°C
and 6 mA could be predicted for their 1060 nm devices after
some burn-in [12]. Moreover these same devices gave a new
record modulation efficiency of 5.5 Gbps/mW or 182 fJ/bit.

I11. Conclusion

The urgent need for reliable interconnects with improved
efficiency demands that the industry revisit the use of
VCSELs with highly-strained active regions having
wavelengths ~1060nm.
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Abstract — Novel three-terminal field-induced charge-separation lasers (FICSLs) in
VCSEL form were designed and fabricated. The new gain modulation mechanism of
hole-electron separation was demonstrated for the first time by applying a variable gate
voltage with a constant injection current to the active region.

l. Introduction

High-speed, high-efficiency diode VCSELSs are the cornerstones for short-haul fiber links and free-space boar-
to-board optical interconnects due to their small footprints, low power dissipation, low cost, and capability of being
fabricated into 2D arrays. State-of-the-art diode VCSELSs lasing at different wavelengths have been reported to
demonstrate above 35 Gbit/s operation and above 20 GHz bandwidth [1-3]. However, the modulation bandwidth of
conventional current-modulated diode lasers is limited by double-pole roll-off of the relaxation resonance response
as well as carrier transport effects [4].

In this paper, we propose a novel three-terminal field-induced charge-separation laser (FICSL). Beginning with
the basic structure of a dual-intracavity-contacted diode VCSEL, a third terminal (gate) is added to the top n-doped
DBR mirror to apply a modulation field to the active region, while the top intracavity contact is directly connected
to the quantum wells of the active-n (channel) region for electron injection. The bottom intracavity contacted p-
layer is grown beneath the active region for hole injection. A cross-sectional schematic is shown in Fig. 1. A
forward DC-bias is applied between the bottom-p (injector) and the active-n (channel).

The modulation mechanism is outlined in Fig. 2a. When no bias voltage is applied on the gate, electrons and
holes overlap well and the modal gain is maximized. On the other hand, when a negative bias is applied on the gate,
holes are pulled toward the gate while electrons are pushed away from the gate. Consequently, the overlap between
two types of carriers decreases, causing a reduction in modal gain, an increase in threshold current, and a reduction
in output power for a given DC bias current.

Modeling has illustrated that this sort of modulation of the photon rate equation, rather than the carrier rate
equation, results in the addition of a zero in the numerator of the small-signal response, which compensates for the
dual-pole roll-off in the denominator. Also, carrier transport effects are suppressed. The net result is a vast increase
in the modulation bandwidth. Additional bandgap engineering is SN sidewall gate pad
necessary to reduce the carrier lifetime when the carriers are separated in
order to flatten the small signal response as illustrated by the band
diagram in Fig. 2b. Fig. 3c compares the small-signal response of a
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conventional diode laser using experimentally verified parameters from  esor | | active | channel
ref. [1] with a FICSL that has the same parameters, but takes on the pad - i pad
design of Fig. 1. From the modeling results, one can clearly see that DR

FICSLs benefit from the additional zero ®, in the modulation transfer AR coating somi-nsulating Gaks substate
function that is lower than the relaxation resonance frequency, wg. As a s

result, FICSLs have much higher 3dB cutoff frequency than conventional Fig. 1. Cross-sectional schematic of FICSL
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diode lasers and slower roll-off at high frequencies (20 dB/decade vs. 40 dB/decade), making this novel field-
induced charge-separation modulation extremely promising for future high-speed laser applications.

I1. Device structure

The p-i-n-i-n base structure was grown on a semi-insulating GaAs (100) substrate by molecular beam epitaxy.
The bottom emission design enables easy testing and flip-chip bonding to electronic ICs. The PN junction consists
of a carbon-doped intracavity contact layer for p-injector, five period of p-type GaAs/AlGaAs DBR, a tapered oxide
aperture layer, and three InGaAs/GaAs quantum wells with 6-doped Si in barriers as the active-n(channel) layer. The
n-gate for voltage control consists of a bandgap engineered quantum barrier, Si-doped GaAs/AlGaAs DBRs and a
highly-doped n-contact layer. The wafer was fabricated into double-mesa devices with high-frequency ground-
source-ground (GSG) contact pads for on-wafer probing, as shown in Fig. 2c. Benzocyclobutene (BCB) was used to
reduce parasitic capacitance. An anti-reflection coating was applied to reduce the reflection from the backside of the
wafer.

I11. Results

DC testing was done with the configuration shown by Fig. 2a. The experimental results for a 5 um device are
shown in Fig. 3a. When no bias voltage V. Was applied, the FICSL demonstrated a threshold current around 1mA
and output powers up to 0.8mW at an injection current I,s of 4 mA. As we increased the negative bias Vg, the
threshold current increased while the differential quantum efficiency ng and the output power decreased. When the
bias current I;,s was fixed, the output power could be modulated by Vgu; as Fig. 3b demonstrated, with a bias
current I, fixed at 3 mA, a -2£2 V swing on Vg, provides a 0.310.23 mW swing on the output. The voltage
required for modulation is higher than expected due to a highly-resistive n-gate.

RF small-signal measurements were also performed to verify the modulation response. The results from a 5 pm
device are shown in Fig. 3d. Due to the low output power available, performance above 15 GHz is hard to measure
and the high-frequency roll-off is hard to be compared with the theoretical model. The highly-resistive n-gate also
limited the RF performance and a 3dB cutoff frequency of 11 GHz was observed.

IV. Conclusion

We have demonstrated novel direct modulation mechanism via field-induced charge-separation in FICSLs that
take on the form of VCSELs. By applying a field to separate the charges injected into the active region via
intracavity contacts, we were able to directly modulate the gain, which promises to provide operation at higher-
speeds than conventional current modulation. Experimental results verified the expected DC and RF characteristics.
The highly-resistive n-gate increased the voltage required for direction modulation and decreased the RF bandwidth
compared to the expected values.
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The first compact VCSEL with polarisation control
shows promise for enhancing the performance of
imaging and sensing systems
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contacted
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VCSELs take control

ABOVE: The VCSEL contains
circular mesas that

were created using a dry
two-etch process, and four
equally spaced vias are
opened around the mesas
for metal contacts

RIGHT: The epitaxial
structure of the VCSEL and
the orientation of the
contact pads and VCSEL
rotation relative to <110>

A vertical-cavity surface-emitting laser
(VCSEL) that is capable of controlled
switching between different polarisation
states has been demonstrated by researchers
at the University of California Santa Barbara
(UCSB). The US-based team showed that,
by changing the direction of the current
injection in a specially designed dual
intra-cavity contacted VCSEL, the output
polarisation can be switched between two
states. They also achieved a record low
threshold current of 0.19 mA and a record
high extinction ratio of >21 dB for a
polarisation modulation device.

Unrealised potential

VCSELSs are integral components in many
applications for high-speed internet and
computer communications, and they are the
sources for fibre links widely used in data
centres. Their small mode volume allows them
to be directly modulated at very high speeds
while using very little energy, and together
with their small size, this makes them ideal for
very-high data-rate density communication
from the chip. In the near future, home-based
fibre optic systems will use VCSELS to send
data at high speeds between computers and
home entertainment systems.

VCSELs also have great potential in many
other applications that require polarisation
controlled laser sources. For example, the
imaging and detection of hidden objects in

Pl

"

<0TT>

light detection and ranging (LiDAR) could
be enhanced; and certain aerosols that show
unique markers to polarised light could be
easily tracked for environmental studies. In
addition, by splitting the output states, data
can potentially be encoded into two separate
layers which increases the number of bits/
symbol in next-generation optical transmis-
sion systems. Solutions to control the output
polarisation have included surface gratings,
asymmetric geometries or growing on
off-axis wafers to force the polarisation to
favour one direction over the other. However,
whilst these methods have shown that
polarisation stabilisation is possible, they do
not offer the ability to switch to another
polarisation state using the same device.

The (-1ual intracavity contacted VCSEL
designed by the UCSB researchers promotes
asymmetric current injection along specific
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crystalline directions to switch the
polarisation state. To improve current
directionality and lower the resistance, they
developed a two-etch process to fabricate the
dual-intracavity contacts. The n-contact
layers were electrically isolated from each
other via a contact removal etch outside the
mesa. The p-contact metal pads were also
electrically isolated until the point of
meeting the p-contact layer at the mesa.
Modulation doping was used in the p-contact
layer to help reduce the optical loss and this,
along with the use of the intracavity contact
scheme, resulted in the record low threshold
current of 0.19 mA, making the VCSEL
suitable for low-power applications. The
large extinction ratio of >21 dB is also an
advantage as it translates to a higher
signal-to-noise ratio when detecting
polarisation specific signatures. “These
devices could conceivably be driven by a
single current source whilst providing two
separate polarisations,” said Yan Zheng, one
of the researchers in the team. “A similar
system would need two separate lasers,
polarising optics and drivers. The reduced
size and complexity would be a great asset
in densely packed data servers or in remote
sensing applications where space and energy
consumption is an issue.”

Future directions

In their future development work, the
researchers will be incorporating new
designs to further electrically isolate the
orthogonal current paths. They may also
look at devices that incorporate both ACI
and electro-optic effects. “The need for
faster, more efficient optical interconnects
in data centres will require new
innovative lasers and this demand for
high-speed data communications will spill
over to the consumer market as well,” said
Zheng. “Streaming music, HD video and
data will require reliable, low-cost and
high-volume solutions. New trends in
VCSEL design, such as highly strained active
regions (1.1 um), will help push high-speed
operation even further while also increasing
device reliability. Other advances in
modulation techniques and polarisation
control can help push VCSELSs into new
emerging markets or foster new innovative
applications.”

The UCSB team are also developing
highly strained ultra-high-modulation-speed
VCSELSs and three-terminal gain-modulated
VCSELs using a carrier-depletion effect.
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Large extinction ratio and low threshold
dual intra-cavity contacted polarisation
switching VCSELs

Y. Zheng, C.-H. Lin and L.A. Coldren

A novel dual intra-cavity contacted VCSEL capable of switching
between two orthogonal polarisation states is presented. Polarisation
switching is controlled by changing the current injection direction. A
record-low threshold current of 0.19 mA and an extinction ratio
>21dB from fit are achieved.

Introduction: Many applications ranging from consumer electronics to
enterprise technologies now utilise laser sources. Vertical-cavity
surface-emitting lasers (VCSELs), specifically, have shown many
advantages over conventional edge-emitting lasers such as higher
reliability, yield, and their ability to be put into 2D arrays. These advan-
tages have opened up opportunities in areas such as medical imaging [1]
and LIDAR [2] but polarisation controlled laser sources are required.
Because the output polarisation of VCSELSs does not exhibit fundamen-
tal selection rules [3], several groups have investigated asymmetric
current injection (ACI) as a way to introduce gain anisotropy to
control output polarisation [4—6]. That is, above threshold where there
is sufficient state filling, current direction is used to provide a significant
lateral carrier momentum component to control output polarisation. In
this Letter we demonstrate switching between two orthogonal polaris-
ation states via asymmetric current injection utilising a novel dual
intra-cavity contacted circular mesa design. A record threshold current
of 0.19 mA was achieved which is the lowest reported for a polarisation
switching ACI VCSEL.

Growth and fabrication: To increase current directionality, the p- and
n-contact layers were grown close together in a dual intra-cavity
VCSEL structure, grown using molecular beam epitaxy (MBE),
shown in Fig. 1. The device structure starts with 18 periods of uninten-
tionally doped (UID) GaAs/AlAs on undoped (001) GaAs to form the
bottom distributed Bragg reflector (DBR) mirror followed by 420 nm of
Si doped GaAs for the n-contact layer. The active region consists of three
8 nm-thick Ing ,Gaj gAs quantum wells separated by 8 nm GaAs barriers
surrounded by a Aly3Gag;As separate confinement heterostructure
(SCH). A linearly graded AlGaAs region then forms the oxide aperture.
A modulation carbon-doped GaAs p-contact layer is grown followed by
32 periods of UIDAIj gsGag 15As/GaAs to form the top mirror.

P1
A
P2 @{ N2 |5
SIN =g v
N1
aperture
active region
metal pad

metal pad

Fig. 1 Schematic of VCSEL epitaxial structure
Inset: Orientation of contact pads and VCSEL rotation relative to <110 >

Circular mesas were created in a two-step dry-etch process that stops
in the intra-cavity contact layers using a laser etch-monitor. The devices
are then placed in a wet oxidation furnace to form the oxide aperture. A
third etch removes the n-contact layer except from where the n-metal
pads will be to help isolate orthogonal electron paths. A blanket SiN
layer is deposited and four equally spaced vias are opened around the
mesa for metal contacts. The pad layout is shown in the inset of
Fig. 1. Completed devices have an inner mesa diameter of 13 pm and
aperture of 6 pm.

Experimental results: Light output (LI) first passes through a rotating
polarising lens and is then measured by a Si photodetector. The polariser
transmission axis is aligned to the 0° marker on the rotational mount
which is then aligned, by eye, to the (110) axis of the wafer. LI
curves were taken for every 20° rotation of the polariser with either

the P1-N1 or P2-N2 configuration probed. Light output of the device
at a bias of 2mA is plotted against the polariser rotation angle to generate
the polarisation resolved output shown in Fig. 2. The measured data for
the two orthogonal current injection configurations fit very well to a sine
wave with a R? value >0.999 and both show a polarisation rotational
frequency of 2rad”'. Most importantly, the polarised outputs show a
phase offset of approximately 90°, demonstrating true switching
between orthogonal polarisation states.
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Fig. 2 Output power at 2.0 mA showing sinusoidal dependence to polariser
angle
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Fig. 3 LI curves for labelled current directions with polariser transmission
axis

a 40° to (110) axis

b 120° to (110) axis

Fig. 3 shows continuous-wave (CW) light-out against current (LI)
curves for two polarisation states under asymmetric current injection
conditions. The threshold current is 0.19 mA for both current configur-
ations. When injecting current between the P1-N1 pads, light output was
found to be polarised close to 40° from the axis. Keeping the polariser
fixed in this position and probing the orthogonal P2-N2 pads resulted in
almost completely extinguishing the output. At a polariser angle of 120°,
LI curves taken for both the P1-N1 and P2-N2 current injection direc-
tions are mirror opposites of that seen at 40°, shown in Fig. 35. The
intensity and frequency of ripples in light output increase with decreas-
ing device size. A few devices exhibit polarisation switching at the oscil-
lation peak or null but under 1 s pulsed conditions these oscillations
disappear. This leads us to believe that the flucuations are a result of
polarisation instability from carrier heating. Maximum output power is
roughly the same for both polarisations. At 2 mA bias, record extinction
ratios >21dB were achieved from the fit. The near-field pattern
uniformly filled the aperture and showed a diameter of roughly 13um.
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Conclusion: We have demonstrated a VCSEL capable of controlled
switching between polarisation states by changing the direction of
current injection. The measured threshold current of 0.19 mA is the
lowest reported for an asymmetric current injection polarisation
switching VCSEL. A record high extinction ratio of >21dB from the
fit was also achieved between orthogonal polarisation states.
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Abstract: Tapered silicon photonic crystals (PhCs) with smooth sidewalls
are realized using a novel single-step deep reactive ion etching. The PhCs
can significantly reduce the surface reflection over the wavelength range
between the ultra-violet and near-infrared regions. From the measurements
using a spectrophotometer and an angle-variable spectroscopic
ellipsometer, the sub-wavelength periodic structure can provide a broad
and angular-independent antireflective window in the visible region for the
TE-polarized light. The PhCs with tapered rods can further reduce the
reflection due to a gradually changed effective index. On the other hand,
strong optical resonances for TM-mode can be found in this structure,
which is mainly due to the existence of full photonic bandgaps inside the
material. Such resonance can enhance the optical absorption inside the
silicon PhCs due to its increased optical paths. With the help of both
antireflective and absorption-enhanced characteristics in this structure, the
PhCs can be used for various applications.

©2010 Optical Society of America

OCIS codes: (050.5298) Photonic crystals; (160.4760) Optical properties ; (220.4241)
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1. Introduction

Two-dimensional photonic crystals (2D PhCs) have been extensively studied as the building
blocks to realize functional devices for optical networking [1], image display [2], bio-medical
sensing [3], and photovoltaic applications [4]. The artificial periodic structures can be used to
control the behavior of photons for its photonic bandgap (PBG) and/or light diffraction
properties. Recently, as an emerging field, disordered nanopillar arrays are used to improve
the efficiency of solar cells through its reduced optical reflection, enhanced absorption and
enhanced carrier collection efficiency [5,6]. Tapering of nanopillars could further improve
the antireflection and enhanced absorption properties [6,7]. With the help of ordered
nanopillars, optical absorption can also be enhanced through multiple excitation resonances
[4]. However, to develop a rapid, large-area and high-resolution fabrication scheme for
realizing tapered and highly-ordered 2D nanopillars is a challenge.

In this work, we develop a simple technique for directly transferring holographically
generated photoresist (PR) patterns into silicon by using a novel single-step deep reactive ion
etching (SDRIE) technique. This technique can realize 2D silicon photonic crystals with a
high aspect ratio, good uniformity and a tapered sidewall profile without scalloping. The
resultant PhC samples are then characterized by using a spectrophotometer and an angle-
variable spectroscopic ellipsometer [8—12]. Reflection spectra of this PhC structure under
different incident angles and polarizations are measured for observing its antireflection and
optical resonant effect. Optical resonance is mainly due to the existence of PBG inside this
material. A spectroscopic ellipsometer is also used for further verifying this unique PBG
phenomenon. Analysis of the PhC structure with rigorous coupled-wave analysis (RCWA)
method, taking the dispersion and absorption of materials into account, is used for verifying
the experimental data. It is found that such resonance will enhance the absorption inside the
pillars, thus can be potentially used for PhC-based photovoltaic devices.
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2. Sample preparation

Synthesis of silicon nanopillar arrays has been investigated in the literatures using various
patterning and etching techniques [13—15]. Fabrication of sub-wavelength antireflective
structures with tapered sidewall profile was also studied [16]. However, most of them require
a metal hard mask formed mostly by lift-off process for the following deep etching. This
additional lift-off step will degrade the resolution of the patterned profile and increase
process complexity. Deep reactive ion etching (DRIE) can be used for micro-electro
mechanical systems (MEMS) and micro-fluidic device fabrication. Multiple-cycles of the
cyclic Bosch process enable anisotropic etching of silicon with high mask selectivity (>200:1
for silicon oxide and >75:1 for photoresist) and high etching rate (several um per min) [17].
However, this technique is not suitable for etching nanostructures due to its scalloping of the
sidewalls (the peak-to-valley height is typically the scale of around several hundred
nanometers). Recently, with the development of this technology, X. Wang et al. have applied
Bosch etching to realize submicron trenches [18] while C.-H. Choi et al. have shown the
possibility to control the sidewall profile of nanostructure array by tuning the parameters of
Bosch process [19]. More recently K. J. Morton et al. have demonstrated high-aspect-ratio
pillar arrays with optimized Bosch conditions and the scalloping of the sidewalls has been
minimized to around 10 nm [20]. Nevertheless, due to the cyclic etching/deposition nature of
Bosch process, we can still see the periodic “ripples” on the sidewalls of the best pillars. The
scalloping effect will become serious for deeper pillar arrays. To prepare a photonic crystal
sample for anti-reflection and/or enhanced absorption, it is desired to avoid the scalloping
effect during DRIE process.

In this work, 2D periodic templates with a hexagonal lattice of elliptical geometry are
realized using the holographic lithography with a double exposure and a 60-degree sample
rotation over a large area [21]. The purpose of using the hexagonal lattice is to obtain a
broader PBG area; even though its geometry is elliptical [22]. With an optimized process
procedure, the width of the resultant patterns can be adjusted and fine tuned by controlling
the total exposure energy and development time [21]. A Plamsa-Therm 770 SLR series
system with a loadlock is used to transfer PhC patterns directly from the PR mask into
silicon. The system allows to independently controlling the plasma density and ion energy. It
is dedicated to deep etching in silicon by using the cyclic Bosch process. However, due to the
alternative passivation and etching nature of the Bosch process, scalloping of the sidewalls
appears in the etched patterns. We developed a SDRIE process with a controlled mixture of
Ar/SF¢/C,Fg gas to attain smooth and controllable sidewalls while simultaneously keeping
the advantages of high etching rate (~222 nm/min) and high mask selectivity (~85:1).
Figure 1(a) shows the comparison of process flow between standard Bosch process and
SDRIE process. Polymer deposition for protecting lateral sidewalls and deep silicon etching
proceed simultaneously in SDRIE process. The slope of etched sidewall profile can be easily
controlled by engineering the composition of gas mixture.

Figure 1(b) shows the overall process for fabricating silicon photonic crystals. A silicon
substrate is cleaned and an antireflection coating (ARC) layer (XHRiC-11 ARC from Brewer
Science) is deposited by spin-coating at 3000 rpm for 30 seconds. After pre-baking ARC
layer on a hot plate at 165 degrees for 60 seconds, a positive PR layer is deposited at 3000
rpm for 30 seconds and soft baked at 90 degrees for 90 seconds. The sample is then
transferred to the laser holography system and exposed twice with a dose of 30.24 mJ/cm® for
each exposure. Following the double-exposure, a post-exposure bake is performed on a hot
plate at 115 degrees for 120 seconds to further reduce the standing-wave effect in the resist
sidewalls. The sample is then developed to attain a periodic template. Transferring the PR
patterns into bottom ARC layer is then carried out by anisotropic O, plasma using a
conventional reactive ion etching machine with an O, flow of 10 sccm, a pressure of 10
mTorr, and a RF voltage of 250V. Figure 2(a) shows the SEM photos of the 2D PR/ARC
templates. The height, lattice constant, and ellipticity (ratio between major- and minor-axis of
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ellipse) of the resultant patterns are around 250 nm, 375 nm and 1.41, respectively. Samples
with a hexagonal lattice and high uniformity are demonstrated over a large area.
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Fig. 1. (a) comparison of process flow between conventional Bosch process and SDRIE
process (b) fabrication procedures of silicon photonic crystals by holographic lithography and
SDRIE
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Fig. 2. SEM photos of (a) resultant 2D PR/ARC templates and (b) resultant 2D silicon
photonic crystals

The substrate is then etched by SDRIE using the PR/ARC pattern as a hard mask. For the
mechanism of this reactive gas mixture, isotropic etching of the silicon is carried out by
SF¢/Ar plasma while sidewall protection is carried out by plasma deposition of C4Fg. Balance
between etching and deposition is the key to attain patterns with vertical sidewalls. However,
in this work, less SFg (26 sccm) and more C4Fg (54 sccm) is used to obtain tapered
nanostructures. For comparison, a non-tapered silicon photonic crystal sample is fabricated
by using similar process conditions but with 28-sccm SFg and 52-sccm C,4Fg flow rate. For
both etching recipes, the pressure in the chamber is set to be 19 mTorr. The power of the RIE
generator and ICP are fixed at 9 W and 850 W, respectively. Selectivity between silicon and
PR/ARC mask is about 85:1 for both etching recipes. After dry etching, the remaining
PR/ARC is removed by isotropic O, plasma with an O, flow of 20 sccm, a pressure of 80
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mTorr, and a RF voltage of 250V. Finally, the substrate is cleaned with a Piranha solution
(H,SO4:H,0, = 3.75:1 by volume with a lifted temperature of 100 degree Celsius).

The tapered silicon photonic crystal is 800 nm tall with a slope (the tangent of o, the
angle of slope) of 15.4, an average ellipticity of 1.6228, and a filling factor (averaged radius-
to-period ratio) of 0.146, as shown in Fig. 2(b). The non-tapered reference sample is 850 nm
tall with vertical sidewalls of which the slope is about 143, corresponding to an angle ¢ of
about 89.6°. It has an average ellipticity of 1.63 and a filling factor of 0.167. The resultant
PhC sample is highly uniform over the entire sample area, around 1 cm’ as shown in
Fig. 4(a). The size of the PhC patterns will be limited by the exposed area of the holographic
setup.

3. Optical characterization

The optical properties of the etched samples are characterized by a spectrophotometer and an
angle-variable spectroscopic ellipsometer. Figure 3(b) shows the photograph of the angle-
adjustable (30° to 90°) spectroscopic ellipsometer which consists of a xenon lamp light
source, a monochrometor, a beam chopper, a sample stage with a goniometer base, and a
detector with a rotating analyzer. All components are connected to a control module which
can be controlled via a computer. In this setup, reflection spectra under different incident
angles can be measured by changing the angle 0 of this system. Reflection spectra along the
symmetric points of hexagonal silicon PhCs can also be obtained by adjusting the sample
orientation ¢. In this experiment, the light beam that is polarized parallel (perpendicular) to
the plane of incidence, is named TM (TE) polarization, as indicated in Fig. 2(b). In contrast,
TE . (TMyy) refers to the direction of optical resonance of the PhCs that is parallel to the
pillars (silicon substrate).

(a) (b)

Fig. 3. (a) photo of the resultant PhC sample (b) photograph of the testing setup

Figure 4(a) shows the close-to-normal (8-degree) incident optical reflection spectrum of
bare silicon, 2D PR/ARC templates on silicon, and tapered and non-tapered silicon photonic
crystals that are measured by using a spectrophotometer with an un-polarized light source.
Lower reflectivity of 2D PR/ARC templates is due to its lower effective index which serves
as a buffer layer between air and silicon substrate. Dips at around 365 nm of wavelength as
well as in the ultraviolet (UV) region are due to the absorption characteristic of the ARC. The
tapered silicon photonic crystals has a much lower reflectivity than the bare silicon over a
wide wavelength range due to its deeper sub-wavelength structure and gradually changed
effective index between air and silicon. Slight optical resonant effect can be seen at the
wavelengths of 1200 nm, 550 nm and UV region in Fig. 4(a). By combining those effects, the
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overall reflectivity of this tapered nanostructure under 8-degree incidence is below 10% in
the entire UV-to-visible region and is only around 2% in the wavelengths between 500 nm
and 600 nm. On the contrary, a narrower AR window and higher minimum reflectivity (~5%)
is observed for the non-tapered nanostructure. This verifies that the use of tapered rods can
reduce the reflection and enlarge the bandwidth of AR window due to its gradually changed
effective index. The reflection spectrum of non-tapered PhCs is slightly red-shifted because
of its taller and wider pillar structure.

Figure 4(b) shows the PBG diagram of the silicon PhC structure, calculated by using the
2D plane wave expansion method (2D-PWE) [23]. Due to the noncircular geometry of the
silicon photonic crystals, the use of new directions to represent one quarter of the Brillouin
zone (I'-K-M-T'-K-M’-T-K’-M’-T") is necessary for PBG calculation as well as for its
characterization [22]. The broad TEy,.-mode PBG area shown in Fig. 4(b) indicates the
existence of full PBGs in this structure. To investigate the optical resonance in this silicon
PhC structure, angular dependent zeroth-order reflection spectra along these symmetry points
are measured by using the testing setup shown in Fig. 3(b).
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Fig. 4. (a) Measured optical reflection spectrum of bare silicon, 2D PR/ARC templates on
silicon, tapered and non-tapered silicon PhCs with close-to-normal (8-degree) incidence (b)
Calculated TE,.-mode PBG diagram of our silicon photonic crystals

Figure 5 shows the measured angled-incident reflection spectra along symmetry points of
the hexagonal silicon PhCs for the TM- and TE-polarizations. Reflection spectra of bare
silicon under the same experimental conditions are also measured for comparison. Noise in
the reflection spectra at the wavelength ranges between 900 nm and 1000 nm is due to the
turnover of the monochrometor. The reflection of bare silicon for TE-polarization increases
as the incident angle rises, while the reflection for the TM-polarized light reaches minimum
at the Brewster angle (about 70 degrees). Once a tapered PhC sample is employed, the
incident light will couple into the local resonance modes (TE,. and TM,y,) of PhCs. For
oblique incidence with TE-polarized light, the light will be only coupled into the TMpy
resonance of PhCs. Only slight resonance is found from the corresponding reflection spectra.
This is partly due to the lack of full PBG for TM,. mode in the nanopillar structure.
Furthermore, the tapered silicon PhC has a gradually changed effective index and serves as a
good buffer layer between air and silicon substrate for the TE-polarized light. This results in
a broad and angular-independent antireflective window between 400 and 700 nm of
wavelength. The measured reflectivity at 40- and 70-degree of incident angles in this
antireflective window is below 1% and 3%, respectively. By comparing to the large
reflectivity of bare silicon (around 45% and 70% at 40- and 70-degree of incident angle) for
the same polarization, the tapered PhC can transmit more TE-polarized light into the silicon
in both normal and angled incidence.

For TM-polarized light, the oblique incidence of light will be coupled into both TE,. and
TM,;,. resonance of PhCs. The coupling efficiency of each mode depends on the incident
angle. At a small incident angle, more light is coupled to the TM,;,. mode, so the reflection
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spectrum is somewhat similar to that of a TE-polarized light. In contrast, more light is
coupled into the TE,. mode as the incident angle is larger. From Fig. 5(a), resonances at the
wavelengths around 1100 nm and 650 nm as well as in the UV region are observed in the
TM-mode reflection spectra for an incident angle of 40 degrees. The resonance becomes
stronger with an incident angle of 70 degree because more light is coupled into the TEy;
mode. Similar resonance phenomenon is found along all symmetric points of this PhC
structure. The resonance will help to trap the light inside the PhC structure and thus enhance
the absorption.
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Fig. 5. Measured 40- and 70-degree angled-incident reflection spectra along symmetry points
of hexagonal silicon PhCs for (a) TM- and (b) TE-polarization

Figure 6 shows the 2D contour maps of the measured reflection spectra of tapered silicon
photonic crystals along I'M-direction under different incident angles. At small incident angle,
weaker resonance and low reflection is observed for both the TE- and TM-modes over the
shorter-wavelength range.
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Fig. 6. 2D contour maps of measured reflection spectra of tapered silicon photonic crystals
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Fig. 7. Measured and calculated reflection spectra at different incident angles along the T'M-
direction of hexagonal silicon PhCs for (a) TM- and (b) TE- polarization. For clarify, the
offset of curves are shown inside the plots.

The TM resonance in this structure is mainly due to the existence of PBG which causes
dips in the angular reflection spectra [10]. In order to verify this effect, the PBG location is
calculated by solving the Maxwell equation with rigorous coupled-wave analysis (RCWA)
method. This method can account for both dispersion and absorption of materials as well as
the finite-height of the fabricated silicon PhCs. The geometry of the silicon PhCs for RCWA
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simulation is set according to the real structure parameters described in Section 2 except that
vertical sidewalls are assumed in the simulation model.

Figure 7 compares the measured and calculated reflection spectra under different incident
angles and polarizations along the I'M-direction of the hexagonal silicon PhCs. For clarity,
the curves are offset with the value shown inside the plots. Similar behavior is found along
the other symmetric points of this structure. From the dips in the measured angular reflection
spectra, as shown in Fig. 7(a), the PBGs locate at the wavelengths around 650 nm and 1100
nm [10]. There is a good agreement between the experimental and calculated spectra,
although measured reflection spectra show weaker resonances, especially for the TE-
polarization. This is due to the tapered sidewall of the real structure which reduces the
resonant effect. According to the calculated distribution of electric field in the reflection
plane of this structure, the electric field for the TE,. resonance confines inside the pillars
while that for the TMy;,. resonance falls between the pillars. The TM,;,. resonance will be
greatly reduced in a tapered structure. Thus for oblique TE-mode incidence, optical
resonance effect is greatly reduced since all of the light will couple into TM,, resonance. On
the other hand, the antireflective effect due to the gradually changed effective index of this
structure is dominant for the TE incidence and provides a broad and relatively angular-
independent antireflective window in the visible region.
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Fig. 8. Measured spectra of PBG ellipsometry parameters (a) tan(y) and (b) cos(A) along
symmetry points of the hexagonal silicon PhCs. Arrows shown in the plots indicate the PBG
positions.

We also use the spectral ellipsometry for characterizing the PBG of PhCs [11,12]. The
ellipsometry measures two of the four Stokes parameters, which are denoted by y and A. The
polarization state of the light incident upon the sample can be decomposed into a TE and a
TM component. The reflection of the TE and TM components are denoted by Rrg and Ry,
respectively.  The  ellipsometry measures the ratio of Rpg and Ry,

p =Ry, Ry =tan(¥)e™ . Here, tan(y) is the amplitude ratio and cos(A) is the phase

difference through the material-light interaction. The measured ellipsometry parameters
along the symmetry points of hexagonal silicon PhCs are shown in Fig. 8. For oblique
incidence, the reflection of different polarized light would manifest differently in their
corresponding spectra. The TE,,. bandgap leads to higher out-of-plane diffraction for the
TM-polarized light [10], resulting in lower reflection and thus lower tan(y) value.
Meanwhile, the TM-polarized light would increase its optical paths and corresponding lower
cos(A) value [11]. The reflection caused by the TE,,.-mode PBG would then appear as a dip
and a steep slope in the tan(y) and cos(A) spectra, respectively [11,12]. We indeed find
similar phenomenon at the wavelengths of 650 nm and 1100 nm along the symmetry points,
as indicated by the arrows in Fig. 8, verifying the existence of full TM PBGs inside the PhCs.
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One of the potential applications for tapered PhC materials is the photovoltaic devices.
The angle dependence of the reflectivity can affect the energy conversion of fixed outdoor
solar-cell panels, because the angle of solar irradiation varies during a day. The use of surface
random textures or AR coatings can also reduce the reflectivity of the Si surface, but their
AR effects have strong angle dependence, which may result in a large variation of the output
power for solar cells irradiated at oblique angles. With the proposed tapered PhCs,
antireflection can be obtained for both TE- and TM-polarized light with relative small-angled
incidence (0-45 degree) since most of light will couple into the TM,,. mode of PhC. The
broadband and angular-independent AR window is beneficial for coupling the input energy
to solar cells. Absorption enhancement will become dominant for TM-polarized light with a
large incident angle (> 45 degree) since more light will couple into TE,. mode of PhC and
cause optical resonance. The optical resonance, which increases the total optical paths, is
vital for increasing light absorption at longer wavelengths where the absorption coefficient is
small, especially for thin Si-film substrates. Meanwhile, the AR effect can still be attained for
the TE-polarized light with a large incident angle. One of the possible device architectures
that utilize both the antireflection and absorption effects of PhCs is to employ P-N junction
inside the pillars such that the light will always touch the active layer and contribute to the
photocurrent. Though the dry-etched surface may have higher surface recombination
velocities and plasma-induced damage, surface passivation and/or controlled wet-chemical
damage removal etches can be used to reduce the defects [24].
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Fig. 9. Calculated 70-degree angled-incident (a) reflection and (b) absorption spectra of
silicon PhCs in the TM polarization for different pillar heights. The lattice constant of PhC
pillars is set to 375 nm.

4. Discussion

We further investigate the effects of pillar height on the resonance phenomenon of this
silicon PhCs by using the RCWA method. The pillars are still assumed to have vertical
sidewalls. Figure 9 shows the calculated reflection and absorption spectra versus pillar height
for the TM polarization at an incident angle of 70 degrees. There is a dip at around 640 nm of
wavelength throughout all reflection spectra in Fig. 9(a), thus enhancing the absorption as
shown in Fig. 9(b). This is probably due to the multiple excitation resonance which was
reported recently [4]. There are several dips in the reflection spectra that strongly depend on
the pillar height. These are caused by the existence of PBG. The dash line shown in Fig. 9(a)
indicates the case for the fabricated 800-nm tall PhC structures. The overlap of dips that are
caused by the multiple excitation resonance and PBGs are found in Fig. 9(a). The
enhancement on the optical absorption is stronger for taller pillars, especially for the
wavelengths within the PBGs. Arrows shown in Fig. 9(b) indicate the locations of PBGs. For
the case of 0.8 um tall PhC pillars, optical absorption at 500-600 nm wavelength bands is
enhanced. Since the location of dips in the measured reflection spectra shown in Fig. 7(a) are
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similar to the calculated ones, we can expect that the enhanced absorption in the fabricated
PhC pillars also follows the calculated curve shown in Fig. 9(b).

Figure 10 shows the calculated reflection and absorption spectra against the lattice
constant for the TM polarization at an incident angle of 70 degrees. It can be found from
Fig. 10(a) that the multiple excitation resonance depends strongly on the lattice constant of
the PhC structure. On the contrary, the PBG position can be fine tuned by simply changing
the lattice constant of the PhCs. The PBG moves toward longer wavelength as we increase
the lattice constant of the PhCs, thus red-shifting the enhanced absorption, as shown in
Fig. 10(b). Arrows shown in Fig. 10(b) indicate the location of PBGs. However, the PBGs
disappear in the UV-to-visible region as the lattice constant of PhCs is larger than 500 nm.
Therefore, PhCs with a lattice constant of less than 450 nm are considered to be a better
choice for enhancing the optical absorption over the visible wavelengths.
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Fig. 10. The variation of the calculated (a) reflection and (b) absorption spectra of silicon
PhCs with the lattice constant (P), along the TM polarization at 70-degree incident angle. The
height of PhC pillars is set to 800 nm.

5. Conclusion

We fabricated deep and tapered silicon photonic crystals and demonstrated their anti-
reflection and enhanced absorption characteristics. To realize such structures with high
resolution and fast process time, we developed a technique to directly transfer the
holographic generated PR/ARC patterns into silicon by using a novel SDRIE scheme with a
controlled mixture of Ar/SF¢/C,Fg gas. Tapered and tall (800-nm high) silicon photonic
crystals with smooth sidewall surface (no scalloping), an averaged ellipticity of 1.6228, and a
filling factor of 0.146 is realized with high uniformity over the entire sample area.

Reflection spectra of this PhC structure under different incident angles and polarizations
are measured for observing its optical characteristics. For small incident angles, the PhCs has
low reflectivity over the visible wavelengths for both TE and TM modes. The tapered PhC
structure that has a gradually changed effective index serves as a good buffer layer between
air and silicon, resulting in a broad antireflective window. This effect is especially beneficial
for the TE-polarized light, and the antireflective window can be obtained over a large
incident angle. On the other hand, strong optical resonances for TM-mode are found in this
structure, which is mainly due to the existence of full PBGs inside the material. This PBG
phenomenon is further verified by the spectroscopic ellipsometry. Such strong resonance will
greatly enhance the optical absorption inside silicon PhCs. According to the RCWA
simulation results, enhanced optical absorption is found for taller silicon PhC pillars,
especially for the wavelengths within the PBGs, and can be fine tuned by changing the lattice
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constant of the PhCs. PhCs with a lattice constant of less than 450 nm are considered to be a
better choice for enhancing the optical absorption over the visible wavelengths. With the help
of both antireflective and absorption-enhanced characteristics in this structure, this PhC
material can be used for various applications.
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ABSTRACT

A simple and efficient approach for fabricating silicon nanopillar arrays with a high
aspect ratio and controllable sidewall profiles has been developed by using holographic
lithography and a novel single-step deep reactive ion etching. During the etching process,
scalloping of the sidewalls can be avoided while reserving the high mask selectivity and high
etching rate. Besides, the sidewall angle of resultant patterns can be adjusted by tuning the
composition of the gas mixture of single-step DRIE process. We further fabricate a tapered
silicon nanopillar array and observe its photonic bandgap property. We believe that the good
optical performance of this tapered silicon nanopillar array realized by the proposed approach
shows the promising of this process for various applications.

INTRODUCTION

Silicon nanopillar arrays have been extensively used in many emerging technologies
including bio-medical sensing [1], chemical sensing [2], and electronic field emission [3] via a
large surface-to-volume ratio, optical wave-guiding [4, 5] via photonic bandgap properties, field
effect transistors [6] via sub-100-nm single-crystalline silicon features, and antireflection coating
on silicon [7, 8] via a lower effective index. Except for bottom-growth techniques, a sequence of
patterning and etching processes is usually required to realize nanostructures in semiconductors.
For patterning, most of nanostructures are realized using electron-beam lithography, covering
only a small area. The disadvantages of being time consuming and with very low throughput are
also the shortcomings for this technique. Nanoimprint lithography shows potential to replicate
patterns with high throughput. But the key concerns of overlay, defects, and template patterning
will distort the profile of the resultant patterns and degrade its uniformity. On the other hand,
holographic lithography is an attractive method for periodic pattern generation with high
regularity over a large area. Holographic system only requires easy-attainable and relatively
inexpensive optical components to generate uniform interference patterns without using any
mask. For etching, numerous methods have been reported for attaining high-aspect-ratio
nanostructures. However, most of them require a metal hard mask formed mostly by lift-off
process for the following deep etching [9-12]. This addition lift-off step will degrade the
resolution of the profile and increase process complexity. Recently, self-masked dry etching
technique is proposed by depositing nanosized clusters formed by reactive gas mixtures [13, 14].
However, the resultant nanostructure arrays are lack of regularity. Deep reactive ion etching
(DRIE) is mainly used for micro-electro mechanical systems (MEMS) and microfluidic device



fabrication. Multiple-cycles of the two-step Bosch process enable anisotropic etching of silicon
with high mask selectivity (>200:1 for silicon oxide and >75:1 for photoresist) and high etching
rate (several um per min) [15]. However, this technique is not suitable for etching nanostructures
due to its scalloping of the sidewalls (the peak-to-valley height is typically the scale of around
several hundred nanometers). Recently, with the development of this technology, X. Wang et al.
have applied Bosch etching to realize submicron trenches [16] while C.-H. Choi et al. have
shown the possibility to control the sidewall profile of nanostructure array by tuning the
parameters of Bosch process [17]. More recently K. J. Morton et al. have demonstrated high-
aspect-ratio pillar arrays with optimized Bosch conditions and the scalloping of the sidewalls
have been minimized to around 10 nm [18]. Nevertheless, due to the alternative
etching/deposition nature of Bosch process, we can still see the periodic “ripples” on the
sidewalls of the best pillars to date. The scalloping effect will become serious with increased
etching depths of patterns.

In this work, we have realized two-dimensional (2D) resist templates by using
holography lithography with a double exposure and a rotation of samples before the second
exposure. An analysis model is developed and an antireflection layer is used for eliminating the
back-reflection from the substrate. To keep the advantages of high mask selectivity and high
etching rate in the Bosch process but avoiding its scalloping effect, we have developed a mean of
directly transferring photoresist patterns into silicon by using a single-step deep reactive ion
etching (SDRIE) with a controlled mixture of Ar/SF¢/CsFg gases. The influence of the
composition of gas mixture to the resultant profile is also investigated. Optical characterization
of SDRIE-realized silicon nanopillar array is also performed.

FABRICATION APPROACHES

Holographic realization of resist template

For 2D resist template realization, a holography setup based on a two-beam interference
principle shows much attractive due to its simplicity and flexibility. A hexagonal array with a
circular shape can be realized by triply exposing the same interference pattern with the sample
rotated by 0°, 60° and 120°, respectively. Unfortunately, this method suffers from the alignment
issue for realizing hexagonal structures in large area [19]. On the contrary, if a double exposure
of two-beam interference is executed at 0° and 60°, one can fabricate 2D periodic structure with
a hexagonal lattice of elliptical geometry. Figures 1 (a) and (b) show the interference patterns of
the 1** and 2™ exposure steps on the sample. A 60-degree tilted interference pattern is obtained
by rotating the sample before 2™ exposure. The resultant 2D intensity distribution on the sample
and the final pattern after development are shown in Figure 1 (c) and (d), respectively. Although
the shape of resultant pattern is elliptical, there still exists a broad photonic bandgap inside this
structure [19]. The width of the resultant patterns can be adjusted and fine tuned by controlling
the total exposure energy and development time [20]. The relatively simple fabrication
procedures and experimental setup of this method will improve the manufacturing yield, thus
reducing the cost.



Figure 1 Schematic diagram of process procedures for realizing hexagonal 2D resist template by means of
two-beam interference principle with double-exposure steps.

Single-step deep reactive ion etching

For silicon etching, we use a Plamsa-Therm 770 SLR series system with a loadlock for
deep etching silicon pillars. The system has an inductively coupled plasma (ICP) coil and a
capactively coupled substrate RF supply to independently control plasma density and ion energy
in the system. This system is dedicated to deeply etching in silicon for MEMS structures using
conventional Bosch process which cycles between a polymer deposition cycle using C4Fs gas (no
substrate bias) and an etching cycle using a SF¢ mixture with substrate bias. However, due to the
isotropic etching nature of SF¢ dry etching, scalloping of the sidewalls results from this process.
We have developed a SDRIE process with a controlled mixture of Ar/SF¢/C4Fs gas to avoid this
scalloping issue while simultaneously keeping the high etching rate and high mask selectivity.
Figure 2 shows the comparison of process flow between conventional Bosch process and SDRIE
process. Polymer deposition for protecting lateral sidewalls and deep silicon etching proceed
simultaneously in SDRIE process. With an optimized gas mixture for balancing the deposition
and etching rate, pillars with vertical sidewalls can be realized.

Standard Bosch Process

Single-step DRIE Process

Figure 2 Comparison of process flow between conventional Bosch process and SDRIE process
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Figure 3 Fabrication procedures of silicon nanopillar arrays by holographic lithography and SDRIE
process

Fabrication procedures of silicon nanopillar arrays

Instead of using a thin photoresist (PR) layer (~20 nm) for holography [17] which may
limit the final etched height of silicon pillars, a thick PR template with a periodicity of 350 nm
and an aspect ratio of 2 is fabricated uniformly over a large area with the help of antireflection
coating [20]. Figure 3 shows the overall process for fabricating silicon nanopillar arrays by
holographic lithography and SDRIE process. A silicon substrate is cleaned by ultrasonification in
acetone and iso-propanol and blown dry with nitrogen gas. An antireflection coating (ARC) layer
is deposited by spin-coating at 3000 rpm for 30 seconds. After pre-baking the ARC layer on a
hot plate at 165 degrees for 60 seconds, a positive PR layer is deposited at 3000 rpm for 30
seconds and soft baked at 90 degrees for 90 seconds. The sample is then transferred to the laser
holography system and exposed twice with a dose of 30.24 mJ/cm? for each exposure. Following
the double-exposure, a post-exposure bake is performed on a hot plate at 115 degrees for 120
seconds to further reduce the standing-wave effect in the resist sidewalls. After that, the sample
is dipped into developer for 10 seconds to attain a periodic structure. After development, the
sample is clean by rinsing it in de-ionized water. The sample is finally hard-baked to complete
the cross-linking process. Transferring PR patterns into bottom ARC layer is then carried out by
anisotropic O, plasma using a conventional reactive ion etching (RIE) machine with an O, flow
of 10 sccm, a pressure of 10 mTorr, and a RF voltage of 250V. The substrate is then etched by
SDRIE using the PR/ARC pattern as a hard mask. After SDRIE, the remaining PR/ARC is
removed by isotropic O, plasma with an O, flow of 20 sccm, a pressure of 80 mTorr, and a RF
voltage of 250V. Finally, the substrate is cleaned with a Piranha solution (H,SO4:H,0, = 3.75:1



by volume with a lifted temperature of 100 degree Celsius). The resultant structures are then
characterized using a scanning electron microscope (SEM).
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Figure 4 (a) Tilted and (b) top SEM views of resultant 2D PR/ARC templates

Results and discussion

Figure 4 shows the tilted and top SEM views of resultant 2D PR/ARC templates after
holographic exposure and anisotropic O, plasma etching. The diameters of the resultant patterns
are around 147 and 104 nm for major- and minor-axis of ellipse, respectively. The height of this
template is around 250 nm. Samples with a hexagonal lattice, high uniformity and vertical
sidewalls are demonstrated over a large area.

For pattern transferring into silicon, different mixtures of reactive gases are used to
understand how it will affect the resultant slope of sidewall profiles. Detail process conditions
are listed in Table 1. Sidewall angle is defined as the inner angle of the pillar. The cross-section
and tilted SEM views of the corresponding samples are shown in Figure 5. For the mechanism of
this reactive gas mixture, isotropic etching of the silicon is carried out by SF¢ plasma while
sidewall protection (lateral etching suppression) is carried out by plasma deposition of C4Fs.
Balance between etching and deposition steps is the key to attain high-aspect-ratio patterns with
vertical sidewalls. In this experiment, we fix the flow of Ar gas and the total flow of C4Fg and
SFs to 20 and 80 sccm, respectively. The pressure in the chamber is set to be 19 mTorr. The
power of RIE generator and ICP are fixed at 9 W and 850 W, respectively. The flow of C4Fg
increases from 50 to 54 sccm while the flow of SFg decreases from 30 to 26 sccm. Total etching
time for each process condition is varied in order to attain pillars with almost the same height.
The different etching rate is due to different flow combinations of CsFs and SF¢ gas mixture
(More SFg or less C4Fg will have higher silicon etching rate). Due to excess SFg, the width of the
resultant pattern in Figure 5 (a) changes from 113 nm at the top to 62.7 nm at the bottom,
resulting in a sidewall angle of 92.4 degree. On the contrary, with excessive C4Fg, the width of
the resultant pattern in Figure 5 (c) changes from 31.3 nm at the top to 157 nm at the bottom,
resulting in a sidewall angle of 84.1 degree. Almost vertical sidewalls on the resultant patterns
can be realized with balanced etching/deposition rate. The widths of the resultant pattern in
Figure 5 (b) are almost the same between the top (109 nm) and the bottom (117 nm), resulting in
vertical sidewalls with a sidewall angle of 89.6 degree. The etching rate of silicon under this



process recipe is around 222 nm/min. It should be noted that smooth sidewalls on the resultant
patterns are observed in Figure 5, showing that SDRIE can really avoid the scalloping effect.
Samples under those SDRIE conditions are highly uniform over a large area. Besides, Figure 5
also shows that the sidewall angle can be adjusted by tuning the composition of gas mixture. We
currently achieve an 8-degree tunable range of sidewall angles for this 350 nm spaced 2D
nanostructure. This profile tuning range is limited by the width of nanostructure.

Table 1 Profiles of resultant patterns under different DRIE process conditions

SDRIE process conditions Resultant profiles
Silicon nanopillars ;. ., SF, Ar Height  Sidewall Angle
(min) (sccm) (sccm) (sccm) (um) (degree)
Sample (a) 3 50 30 20 1.2 92.4
Sample (b) 5 52 28 20 1.11 89.6
Sample (c) 14 54 26 20 1.22 84.1

* The pressure is set to be 19 mTorr. The power of RIE generator is fixed at 9 W while the power of the
ICP is fixed at 850 W.
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Figure 5 Cross-section and tilted SEM views of resultant profiles under different process conditions

Mask selectivity is also an important factor for the SDRIE process. Figure 6 (a) shows the
cross-section SEM view of the original PR template after holographic exposure and development.
The thickness of PR pattern and ARC layer are 270 nm and 120 nm, respectively. After
transferring patterns from PR into ARC layer by anisotropic O, plasma etching, the height of the



resultant template is around 250 nm, as shown in Figure 4. Figure 6 (b) shows the cross-section
SEM view of the resultant pattern after SDRIE process using the process recipe of sample (b) in
Figure 5. After attaining a tall 1.11 um silicon pillar array, the thickness of the remaining
PR/ARC is still about 237 nm, corresponding to a high mask selectivity of ~85:1. It should be
noted that the hard-baking of the PR and ARC before SDRIE process is the key to attain high
mask selectivity between silicon and PR/ARC. The diameters of the resultant silicon pillars are
around 115 and 82 nm for major- and minor-axis of ellipse, respectively. By comparing those
values with that of the original PR/ARC templates, the lateral etching rate using vertical-etched
recipe of SDRIE is around 4-6 nm/min.

 <—> 2501

Figure 6 Cross-section SEM views of (a) the original resist template after holographic exposure and
development and (b) the resultant pattern after SDRIE process using the process recipe of
sample (b) in Figure 5.

TAPERED SILICON NANOPILLARS AND ITS OPTICAL PROPERTY

As we mention that the slope of etched sidewall profile can be easily controlled by
engineering the composition of gas mixture. Realization of tapered silicon nanopillar array
becomes possible. To verify the good quality of the resultant patterns, we fabricate a tall 800 nm
silicon nanopillar array with a hexagonal lattice of elliptical geometry, a sidewall angle of 86.3
degree (tapered sidewall profile), smooth sidewalls, an averaged ellipticity of 1.6228, and a
filling factor (radius-to-period ratio) of 0.146 for testing its optical property. In this case, less SFg
(26 sccm) and more C4Fs (54 sccm) is used during SDRIE process to obtain tapered
nanostructures. Figure 7 (a) shows the SEM picture and the photograph of the resultant silicon
nanopillar array sample. This resultant nanostructure is highly uniform over the entire sample
area, around 1 cm?. Superior antireflection and enhanced absorption property of this tapered
silicon nanopillar array has been mentioned in our previous work [21]. Here, the same sample is
used as an example for showing the good optical performance of SDRIE-realized structure. We
will focus on the photonic bandgap property of this tapered silicon nanopillar array.
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Figure 7 (a) SEM picture and photograph of resultant silicon nanopillar array sample (b) Measured (solid)
and calculated (dash) reflection spectra at different incident angles along the I'M-direction of
hexagonal silicon nanopillar array for TM-polarization. The curves are offset for clarity.

Optical characterization of this resultant nanostructure is performed by using an angle-
variable spectroscopic ellipsometer. Reflection spectra of this nanostructure under different
incident angles and polarizations are measured for observing its optical resonant effect. It is
believed that the TM resonance in this structure is mainly due to the existence of PBG which
causes dips in the angular reflection spectra. In order to verify this effect, the PBG location is
calculated by solving the Maxwell equation with rigorous coupled-wave analysis (RCWA)
method, taking both dispersion and absorption of materials into account. The geometry of the
silicon nanopillars for RCW A simulation is set according to the real structure as shown in Figure
7 (a) except the slope of sidewalls which is set to be vertical in the simulation model. Figure 7 (c)
compares the measured and calculated reflection spectra under different incident angles and
polarizations along the I'M-direction of the hexagonal silicon nanopillar array for TM-
polarization. The curves are offset for clarity. Similar behavior is found along the other
symmetric points of this structure. From the dips in the measured angular reflection spectra, the
PBGs locate at the wavelengths around 650 nm and 1100 nm. There is a good agreement
between the experimental and calculated spectra, although measured reflection spectra show
weaker and much complex resonances. We believe that this is due to the tapered sidewall of the
real structure which reduces the resonant effect.

Spectroscopic ellipsometer is also used for further verifying this unique PBG
phenomenon. The measured ellipsometry parameters along the I'M symmetry direction of
hexagonal silicon nanopillar array under different incident angles are shown in Figure 8.
Parameters tan(y) and cos(A) represent the reflection ratio between the TM and TE polarizations
and the phase difference through the material-light interaction, respectively. For oblique
incidence, the reflection of different polarized light would manifest differently in their
corresponding spectra. Theoretically, the reflection caused by the TM photonic bandgap would
appear as a dip and a steep slope in the tan(y) and cos(A) spectrum, respectively. We indeed find
similar phenomenon at the wavelengths of 650 nm and 1100 nm along the symmetry points,
verifying the existence of full TM PBGs inside the material.
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Figure 8 Measured spectra of PBG ellipsometry parameters (a) tan(y) and (b) cos(A) along I'M symmetry
direction of the hexagonal silicon nanopillar array under different incident angles.

CONCLUSIONS

We have developed a simple and efficient approach for making silicon nanopillar arrays
with high regularity and uniformity over a large area. We have demonstrated that 2D resist
templates realized by holographic lithography can be used as the hard mask for the following
silicon etching process. Instead of using conventional Bosch process, a single-step DRIE with a
controlled mixture of Ar/SF¢/C4Fg gas is used to attain smooth and controllable sidewalls on the
resultant patterns while simultaneously keeping the advantages of high mask selectivity and high
etching rate. A tall 1.11 pum silicon nanopillar array with an aspect ratio of > 10 and vertical
sidewalls (the sidewall angle is about 89.6 degree) is realized with high regularity and uniformity.
The sidewall angle of resultant patterns can be adjusted by tuning the composition of the gas
mixture of SDRIE process. An 8-degree tunable range of sidewall angle is achieved in the 350
nm spaced two-dimensional nanostructure.

We further fabricate a tapered and 800 nm tall silicon nanopillar array with a sidewall
angle of 86.3 degree for testing its optical property. Optical characterization of this nanostructure
is performed by using an angle-variable spectroscopic ellipsometer. Reflection spectra are further
verified by performing a RCWA simulation. From the dips in the measured angular reflection
spectra and the dip and steep slope in the measured spectra of PBG ellipsometry parameters, full
photonic bandgaps are found inside this material. We believe that the good optical performance
of this tapered silicon nanopillar array realized by the proposed approach shows the promising of
this process for various applications.
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Antireflection and Enhanced Absor ption in Tapered Silicon
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Abstract: Tapered silicon photonic crystals provide a broad and wide-angle antireflective window
and strong optical resonances for enhanced absorption for TE- and TM-polarized light,

respectively, showing the potential for improving the performance of photovoltaic devices.
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1. Introduction

Two-dimensional photonic crystals (2D PhCs) have been extensively studied as the building blocks to realize
functional devices for optical networking, image display, bio-medical sensing, and photovoltaic applications.
Recently, as an emerging field, disordered nanopillar arrays are used to improve the efficiency of solar cells through
its reduced optical reflection, enhanced absorption and enhanced carrier collection efficiency [1, 2]. Tapering of
nanopillars could further improve the antireflection and enhanced absorption properties [2, 3]. To our best
knowledge, the effects of the photonic bandgap (PBG) property of 2D PhCs on the reduced optical reflection and/or
enhanced absorption are rarely discussed in the literature. In our previous work, we developed a technique for
directly transferring holographically generated photoresist/antireflection coating (PR/ARC) patterns into silicon by
using a novel single-step deep reactive ion etching (SDRIE) technique to realize 2D silicon photonic crystals with a
high aspect ratio, good uniformity and a tapered sidewall profile without scalloping [3]. However, the optical
property of such structures was not resolved yet. In this work, we characterize the resultant PhC samples by using a
spectrophotometer and an angle-variable spectroscopic ellipsometer. Reflection spectra of this PhC structure under
different incident angles and polarizations are measured for observing its antireflection and optical resonant effect.
Optica resonance is mainly due to the existence of PBG inside this material. A spectroscopic ellipsometer is also
used for further verifying this unigue PBG phenomenon. We aso analyze the PhC structure with rigorous
coupled-wave analysis (RCWA) method, taking the dispersion and absorption of materials into account, for
comparison with the experimental data. It isfound that such resonance will enhance the absorption inside the silicon
PhC structure, thus increasing the efficiency as applying this structure for solar energy conversion.
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Figure 1 (a) SEM picture and photograph of resultant silicon photonic crystal sample (b) Measured optical reflection
spectrum of bare silicon, 2D PR/ARC templates on silicon, and tapered silicon PhCs with 8-degree incidence (c)
Measured (solid) and calculated (dash) reflection spectra at different incident angles along the 'M-direction of
hexagonal silicon PhCs for TM-polarization. The curves are offset for clarity.

2. Sample preparation

2D periodic templates with a hexagonal lattice of elliptical geometry are realized using the holographic lithography
with a double exposure and a 60-degree rotation of samples over a large area. The purpose of using the hexagonal



OSA / IPR/PS 2010
| WE6.pdf

lattice is to obtain a broader PBG area; even though its geometry is elliptical. With an optimized process procedure,
we have shown that the width of the resultant patterns can be adjusted and fine tuned by controlling the total
exposure energy and development time [4]. We developed a SDRIE process with a controlled mixture of
Ar/SF6/CAF8 gas to attain smooth and controllable sidewalls while simultaneously keeping the advantages of high
etching rate (~222 nm/min) and high mask selectivity (~85:1). Polymer deposition for protecting lateral sidewalls
and deep silicon etching proceed simultaneously in SDRIE process. The slope of etched sidewall profile can be
easily controlled by engineering the composition of gas mixture [3]. A tall 800 nm silicon photonic crystal with a
positive slope (+65 nm/um) of sidewall profile, smooth sidewalls, an averaged ellipticity of 1.6228, and a filling
factor (radius-to-period ratio) of 0.146 is realized as shown in Figure 1(a). The resultant PhC sample is highly
uniform over the entire sample area, around 1 cm?. The size of PhC patterns is limited by the exposed area of the
holographic setup.
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Figure 2 Measured reflection spectra of tapered silicon photonic crystals along I'M-direction under different incident
anglesfor (a) TE- and (b) TM-polarization

3. Optical characterization

Figure 1(b) shows the close-to-normal (8-degree) incident optical reflection spectra of bare silicon, 2D PR/ARC
templates on silicon, and tapered silicon photonic crystals that are measured by using a spectrophotometer. Lower
reflectivity of 2D PR/ARC templates is due to its lower effective index which serves as a buffer layer between air
and silicon substrate. Dips at around 365 nm of wavelength as well as in the ultraviolet (UV) region are due to the
absorption characteristic of the ARC. For the tapered silicon photonic crystal, lower reflectivity is due to its deeper
sub-wavelength structure and gradually changed effective index between air and silicon. Slight optical resonant
effect can be seen at the wavelengths of 1200 nm, 550 nm and UV region. By combining those effects, the overall
reflectivity of this nanostructure is below 10% in the entire UV-to-visible region and is only around 2% in the
wavel engths between 500 nm and 600 nm. It is believed that the TM resonance in this structure is mainly due to the
existence of PBG which causes dips in the angular reflection spectra. In order to verify this effect, the PBG location
is calculated by solving the Maxwell equation with rigorous coupled-wave analysis (RCWA) method, taking both
dispersion and absorption of materials into account. The geometry of the silicon PhCs for RCWA simulation is set
according to the real structure as shown in Figure 1(a) except the slope of sidewalls which is set to be vertical in the
simulation model. Figure 1(c) compares the measured and calculated reflection spectra under different incident
angles and polarizations along the 'M-direction of the hexagonal silicon PhCs for TM-polarization. The curves are
offset for clarity. Similar behavior is found along the other symmetric points of this structure. From the dips in the
measured angular reflection spectra, the PBGs locate at the wavelengths around 650 nm and 1100 nm. There is a
good agreement between the experimental and cal culated spectra, although measured reflection spectra show weaker
and much complex resonances. We believe that thisis due to the tapered sidewall of the real structure which reduces
the resonant effect.

Figure 2 shows the measured reflection spectra of tapered silicon photonic crystals along "M-direction under
different incident angles. Optical characteristics of silicon PhCs are totally different than that of bare silicon. For
TM-polarization, antireflective effect and dlight optical resonance happen for smaller incident angles. However, the
resonance becomes stronger for larger incident angles since now more light can see the periodicity of this structure,
as shown in Figure 2(b). Similar resonance phenomenon is found along all symmetric points of this PhC structure.
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The resonance will help to trap the light inside the PhC structure and thus enhance the absorption. Contrary to the
strong resonance for the TM-incidence, only dlight resonance is found for TE-incidence, as shown in Figure 2(a).
Thisis partially due to the lack of full PBG for TE-polarized light in this tapered nanopillar structure. On the other
hand, this tapered silicon PhC structure with a gradually changed effective index now serves as a good buffer layer
between air and silicon substrate for the TE-polarized light, resulting in a broad and angular-insensitive
antireflective window between 400 and 700 nm of wavelength. The measured reflectivity at 40- and 70-degree of
incident angles in this antireflective window is below 1% and 3%, respectively. As compared to the high reflectivity
of bare silicon (around 45% and 70% at 40- and 70-degree of incident angle) for the same polarization, this material
will be able to transmit more TE-polarized light into the silicon in both normal and angled incidence.

Spectral ellipsometry is also used for further verifying this unique PBG phenomenon. The measured
ellipsometry parameters along the 'M symmetry direction of hexagonal silicon PhCs under different incident angles
are shown in Figure 3. Parameters tan(y) and cos(A) represent the reflection ratio between the TM and TE
polarizations and the phase difference through the material-light interaction, respectively. For oblique incidence, the
reflection of different polarized light would manifest differently in their corresponding spectra. Theoretically, the
reflection caused by the TM photonic bandgap would appear as a dip and a steep sope in the tan()) and cos(A)
spectrum, respectively. We indeed find similar phenomenon at the wavelengths of 650 nm and 1100 nm along the
symmetry points, verifying the existence of full TM PBGsinside the PhCs.
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Figure 3 Measured spectra of PBG ellipsometry parameters (a) tan(y) and (b) cos(A) along 'M symmetry direction
of the hexagonal silicon PhCs under different incident angles

3. Conclusions

Reflection spectra of this PhC structure under different incident angles and polarizations are measured for observing
its optical characteristics. Strong optical resonances for TM-mode are found in this structure, which is mainly due to
the existence of full PBGs inside the material. This PBG phenomenon is further verified by the spectroscopic
ellipsometry. Such strong resonance will greatly enhance the optical absorption inside silicon PhCs. On the contrary,
with a gradually changed effective index, this structure serves as a good buffer layer for the TE-polarized light
between air and silicon, resulting in a broad and angle-insensitive antireflective window in the visible region. With
the help of both antireflective and absorption-enhanced characteristics in this structure, we believe that this PhC
material can be used for various applications, including but not limited to the enhancement on the conversion
efficiency of photovoltaic devices.
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A complete investigation of holographic photonic crystal structures has been conducted. From both
theoretical and experimental results, profiles of resultant patterns under different process conditions
can be estimated and controlled. The use of antireflection layers is crucial for realizing submicron
photonic crystals with good uniformity over a large area. We successfully realize submicron-scale
photonic crystal templates on silicon substrates with an aspect ratio of 2.5 and good quality by a
laser holography technique. The samples are highly uniform in an area of >2 X2 cm? and present
good reproducibility. A lift-off process is performed to transfer inversed pillar patterns into a
chromium hard mask for the following dry etching into silicon substrates. A single-step deep
reactive ion etching with controlled mixture of Ar/SF¢/C4Fg gases is used to directly transfer pillar
patterns into silicon. Transferred patterns with a high aspect ratio and vertical sidewalls (no
scalloping) are demonstrated over a large area. © 2010 American Vacuum Society.

[DOT: 10.1116/1.3491185]

I. INTRODUCTION

A photonic crystal (PhC) is an artificial periodic structure
that controls the behavior of photons. Since its first introduc-
tion by Yablonovitch!' and John,2 PhCs have been used to
realize functional devices for optical networking, image dis-
play, biomedical sensing, and solar cells for the past decades.
However, due to the extreme difficulty to integrate three-
dimensional PhCs with other optoelectronic devices, most
researchers have been focusing on the two-dimensional (2D)
PhC structures. The use of e-beam lithography to realize 2D
PhC structures with accurately controlled feature size is a
direct and common solution. However, the disadvantages of
being time consuming and having low throughput and high
cost are serious shortcomings for this technique. Although
nanoimprint lithography may be potentially a flexible and
high-throughput solution, the key concerns of overlay, de-
fects, and template patterning may affect the resultant pattern
and its photonic bandgap (PBG) properties. On the other
hand, laser holography lithography based on two-beam inter-
ference principle, has been successfully applied over 1 de-
cade to manufacture periodic structures for a wide variety of
uses. It is an attractive method for periodic pattern genera-
tion over a large area with high throughput and low cost.
Although it is much harder to accurately control the location
and feature size of submicron-scale periodic structures in this
method, photonic crystals with slight structural variations are
still suBitable for many applications due to its relative wide
PBGs.

YElectronic mail; d9502307 @ mail.ntust.edu.tw
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Some groups indeed realized 2D periodic pillars or holes
by means of laser holography technique.“f13 However, most
results were fabricated either on a silicon substrate with a
larger micron-level periodicity or on a glass substrate with a
submicron periodicity. To our knowledge, very few groups
have really attained submicron holographic PhCs on a silicon
substrate. A factor that may have contributed to this is the
serious back-reflection (or so-called standing wave effect)
between air and silicon substrates (the refractive index is 5
for 325 nm of incident wavelength), which would otherwise
degrade the process latitude. To overcome this bottleneck, a
buffer material between air and silicon substrates as an anti-
reflection (AR) layer is necessary to relax the back-reflection
issue.

In this work, we focus on theoretical and experimental
investigation of holographic photonic crystal structures on
silicon substrates. Hexagonal 2D photonic crystals with an
elliptical geometry are realized by laser holography with a
double-exposure and a rotation of sample. An analysis model
is developed to calculate the back-reflection and try to mini-
mize it by using an AR coating layer. Thanks to the nonlinear
nature of positive photoresist (PR), 2D periodic holes and
pillars can be realized by controlling the total exposure en-
ergy onto the surface of photoresist. How the profile is af-
fected under different development time is also investigated.
After successfully realizing photonic crystal templates, a lift-
off process is performed to transfer pillar patterns into a
chromium hard mask with inversed structures for the follow-
ing reactive ion etching (RIE) into silicon substrates. A
single-step deep reactive ion etching (DRIE) with controlled

©2010 American Vacuum Society 1030
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mixture of Ar/SFys/C4Fg gases is used to directly transfer
pillar patterns into silicon with a high aspect ratio and verti-
cal sidewalls (no scalloping).

Il. HOLOGRAPHIC CONCEPTS

As with conventional holography, using single-exposure
of three-beam interference to obtain a two-dimensional inter-
ference pattern was theoretically14 and experimentally13 dis-
cussed. However, this method suffers from complicated pro-
cess setup since the resultant pattern depends on both the
propagation and polarization parameters of each beam. A
holography setup based on a multiple exposure of two-beam
interference principle is attractive due to its simplicity and
ﬂexibility.‘"8 A hexagonal array with a circular shape can be
realized by triply exposing the same interference pattern with
the sample rotated by 0°, 60° and 120°, respectively.&12
However, this method may suffer from an alignment issue
for realizing submicron hexagonal 2D structures over a large
area.” On the contrary, if double exposure of two-beam in-
terference is executed at 0° and 60°, one can fabricate 2D
periodic structure with a hexagonal lattice of elliptical
geometry.3’4’6’8’10’12 Although the shape of resultant pattern is
elliptical, there still exists a photonic bandgap in this
structure.” The relatively simple fabrication procedures and
experimental setup of this method will improve the manufac-
turing yield, thus reducing the cost.

Figure 1 shows the schematic diagram of process proce-
dures for realizing hexagonal 2D photonic crystals by means
of two-beam interference principle with double-exposure
steps. The sample is exposed to a one-dimensional interfer-
ence stripe with a sinusoidal intensity profile at 0° and 60°.
On the resultant 2D intensity distribution, the area covered
only by one of exposure steps is referred to single-exposed
region while the area overlapped by both exposure steps is
the double-exposed region. The nonexposed region refers to
the area where almost no exposed energy falls during both
exposure steps. With a carefully controlled process, it is pos-
sible to realize a hexagonal lattice with an elliptical geom-
etry. The ellipticity (e) of the resultant pattern is defined as
the ratio between the length of major-axis (L;) and minor-
axis (L,) of the ellipse.

JVST B - Microelectronics and Nanometer Structures
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FiG. 1. Schematic diagram of process procedures for
realizing hexagonal 2D photonic crystals by means of
two-beam interference principle with double-exposure
steps.

lll. THEORETICAL MODELING

Before fabricating two-dimensional periodic structures, a
simulation model to calculate the profiles of holographically
recorded patterns is necessary to initially understand the ef-
fects of each process parameter. The profile of recorded
structures in photoresist depends on the light exposure pat-
tern, photoresist sensitization and development. In the case
of double-exposure in two-beam interference, the light expo-
sure pattern can be described by

I¢l(x,y) =21 cos’[OPD X (x cos ¢ +y sin ¢,)],
Iy, (x,y) =21 cos’[OPD X (x cos ¢, +y sin ¢,)],

(1)

where [ is the intensity of laser beam; OPD is the optical
path difference which is defined by OPD=x{sin(6,)
+sin(6,)]/\, where 6, and 6, are the incident angle of beam
1 and beam 2, and \ is the incident wavelength; ¢, and ¢,
are the rotating angles of sample in the first and second ex-
posure steps. Thus the total exposure pattern can be obtained
by adding the intensity distribution I(¢p;) and I(¢,) of the
first and second exposure energies. The photosensitization
process was mathematically represented by writing the in-
hibitor concentration m as a function of irradiance."

m,(z) = exp[— CI(x,y)AT],

Lo, y) =1y (x,) + 14 (),

2)

where C is the kinetic exposure rate constant and AT is the
exposure time. In this article, we use normalized exposure
energy CI(x,y)AT for obtaining the inhibitor concentration
which ranges from 0 (complete exposed) to 1 (unexposed).
The dissolution rate V of the photoresist in a developer can
be described as'®

(Cl + 1)[1 - mxy(z)]n
a+ [1 - mxy(z)]n

ny(z) = Vmax + Vminv

3)

where V.. and V; are the dissolution rates of the fully
exposed and nonexposed photoresists, respectively (they are
determined by the concentration of developer); a is a func-
tion of the inhibitor concentration threshold m,, at the onset

- mlh)”?
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0 05 1

FiG. 2. (a) Light intensity distribution under double-exposure of two-beam
interference. (b) Inhibitor concentration in the exposed photoresist during
the photosensitization process. (c) Dissolution rate of the exposed photore-
sist in a developer. (d) Resultant patterns after development. Two-
dimensional periodic patterns with a hexagonal lattice of elliptical pillars
can be realized.

of dissolution, and n is the number of molecules of the prod-
uct of the photoreaction that reacts with the developer to
dissolve a resin molecule. Therefore, the remaining photore-
sist thickness z(x,y,f) can be obtained by a simple integra-
tion of the dissolution rate V(x,y,z).

z2(x,y,1) = z(x,y,ty) — J V(x,y,z)dr. (4)
0

Figure 2 shows the step-by-step transition process for the
generation of two-dimensional hexagonal pillars. Parameters
used in this model are shown in Table 1. Due to the double-
exposure process, there exist three different intensity levels
(double-exposed region, single-exposed region, and non-
exposed region) in the light intensity distribution which may
result in three different exposure energies. Thanks to the
nonlinear nature of the photoresist,17 we can slightly overex-
pose to let the double- and single-exposed regions have al-
most the same cross-link effect to eliminate this problem.
With optimal process condition, a well-defined arrayed pat-
tern can be holographically realized.

Although the exposure pattern is sinusoidal, we can still
produce a photoresist pattern with a squarelike profile by

developing in strong nonlinear conditions. On the other
hand, a sinusoidal profile will be expected if the develop-
ment is in linear conditions because the isotropy of wet de-
velopment produces a narrowing on the top of the
structures.'® That is, for the case of low exposure energy and
high concentration developer, we cannot obtain isolated pat-
terns since the dissolution rate in single- and double-exposed
regions is still low and the resultant profile under high con-
centration developer (or long development time) becomes
sinusoidal. However, if high exposure energy and low con-
centration developer (or short development time) is used for
the same purpose, isolated patterns with vertical sidewalls
become possible due to the sufficient dissolution rate in both
single- and double-exposed regions such that the isotropic
wet etching effect is eliminated.

Periodic pillars can be realized holographically by using a
positive photoresist,5 - while arrayed holes can be fabricated
by using a negative photoresist.&(’)’“’12 However, the use of
negative photoresist suffers from fabrication problems in-
cluding the resolution limit and the fact that it is harder to be
removed by wet etching. On the other hand, if we utilize the
nonlinearity nature of positive photoresist, we can obtain pe-
riodic holes by carefully controlling the exposure doses to
have above-threshold dissolution rate in the double-exposed
region and below-threshold dissolution rate in the single- and
nonexposed regions. After development, only the photoresist
in the double-exposed region can be removed and two-
dimensional periodic holes can be realized. If the total expo-
sure energy is enough to have above-threshold dissolution
rate in both double- and single-exposed regions, two-
dimensional periodic pillars will be realized. Figure 3 shows
the evolution of the calculated profiles as the normalized
exposure energy increases. When the normalized exposure
energy is below 0.8 (above 1.2), the resultant pattern is a
periodic hole (pillar) structure. The transited structure is ob-
served when the exposure energy is between 0.8 and 1.2.
From the calculated profile under 0.6 normalized exposure
energy, we can find that the photoresist in the double-
exposed region is totally removed, while that in the single-
exposed region is almost remained, forming perfect hole pat-
terns. There is a maximum thickness of photoresist for
fabricating perfect holes or pillars with controlled exposure
dose onto the photoresist.

TaBLE 1. Parameters for simulation of profiles of holographic photonic crystals.

Parameter Symbol (unit) Value
Incident wavelength \ (nm) 325
Incident angle 0, 6, (deg) 30, 30
Rotating angle of sample b1, P, (deg) 0, 60
Normalized exposure energy CI(x,y)AT (a.u.) variable
Number of molecules of the product of the photoreaction n 6
Dissolution rate of the nonexposed and full-exposed photoresist Vinins Vinax (0M/8) 0.15, 45
Inhibitor concentration threshold at the onset of dissolution My, 0.61
Thickness of photoresist T (nm) 200
Development time DT (s) Variable

J. Vac. Sci. Technol. B, Vol. 28, No. 5, Sep/Oct 2010
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FIG. 3. Evolution of the calculated profiles with the normalized exposure energy (the numbers in the figure) for positive photoresist films double exposed to
an interference pattern. By carefully controlling the total exposure doses, two-dimensional periodic holes or pillars can be realized by using a positive
photoresist. Development time in this figure is set to 8 s (N: nonexposed region, S: single-exposed region, and D: double-exposed region).

Figure 4 shows the calculated profiles under different ex-
posure doses. Periodicity of the hexagonal patterns in this
calculation is set to 420 nm. Hollow-square and solid-circle
symbols in Fig. 4 show the diameters of holes and pillars,
respectively, while the hollow-circle and solid-diamond sym-
bols show the ellipticity of holes and pillars, respectively. An
increased (decreased) diameter of holes (pillars) for both ma-
jor and minor axes of elliptical structure is expected as the
exposure energy increases. From the overlap point of diam-
eter curves, we know the maximal air fill factor (the ratio
between the averaged radius of ellipse and the periodicity of
resultant pattern) of holographic patterns is about 40% for
both holes and pillars. The calculated ellipticity of the result-
ant patterns is about 1.73 throughout all exposure conditions.
How the profile of the resultant patterns is affected under
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FiG. 4. Calculated profiles under different exposure energies. (Hollow-
square and solid-circle symbols show the diameters of holes and pillars,
respectively, while hollow-circle and solid-diamond symbols show the ellip-
ticity of holes and pillars, respectively.)
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different development time is also investigated theoretically.
Once the exposure energy is determined, sufficient develop-
ment time is necessary to completely generate patterns. The
aspect ratio of the resultant pattern will increase as the de-
velopment time increases. The width of the pillars will be
reduced as the aspect ratio reaches its maximum value. With
neglectable back-reflection issue, there is only about 2 nm/s
reduction rate for overdeveloped process.

Photonic bandgap maps of the calculated profiles under
different exposure energies are shown in Fig. 5. Due to the
noncircular geometries of the resultant patterns, the addition
of new directions to represent one-quarter of the Brillouin
zone is necessalry.6 Detailed discussion can be found in pre-
vious works.™® As we expected, there exist TM-mode (elec-
tric field in plane) gaps in hole arrays, while TE-mode (mag-
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FiG. 5. Photonic bandgap maps of the calculated profiles under different
exposure energy. (Solid-diamond and hollow-cross symbols show the TM-
and TE-mode gaps, respectively.)
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netic field in plane) gaps dominate pillar arrays. The gap size
is affected according to the geometry of resultant patterns
depending on the exposure energy.

IV. EXPERIMENTAL DEMONSTRATION

Figure 6 shows the schematic diagram of our holographic
setup which consists of a light source, a narrow-band filter,
an UV objective lens, a spatial filter, and a sample stage. The
light source is a 50 mW He-Cd laser emitting at a wave-
length of 325 nm in a single transverse mode. A 325 nm
laser-line filter with 1.2 nm bandwidth and >80% transmis-
sion is used to guarantee the pure light from the He—Cd laser.
An UV objective lens and a spatial filter are used to enlarge
the total area of the light field at the sample stage and to
block the noise from the laser source. At the sample stage, an
UV-mirror and a sample holder plate are fastened together at
90°. All of the components in this holography system are
transparent at 325 nm. By simply adjusting the stage orien-
tation with respect to the direction of the laser beam, the
periodicity of the resultant patterns can be easily controlled.

A. Realization of PhC templates with the help of AR
coating

Due to the presence of an additional interference fringe
parallel to the surface of sample, called standing waves, the
use of high refractive-index substrates generate serious back-
reflection problems to the lithography. This problem may be
even stronger if the applied photoresist film is thicker than
one-half period of the standing wave pattern. To reduce the
contrast of the standing wave, some materials with the right
thickness are proposed as AR coating layelrs.18 The use of
dielectric materials such as silicon dioxide or silicon nitride
with an accurate thickness can also be served as the buffer
layer to eliminate the back-reflection problem. However, re-
flectivity variation due to imperfect AR layers is an uncertain
factor in the process. Commercial bottom AR coating mate-
rials are available from photoresist manufacturers. Such coat-
ings provide a gradual variation of refractive index between
the photoresist and substrate to reduce the back-reflection
from the interface as well as to absorb the transmitted light,
leading to wider thickness tolerance for the AR coating lay-
ers.

To calculate the back-reflection into the resist layer, we
developed an analytical model by using a transfer matrix and

J. Vac. Sci. Technol. B, Vol. 28, No. 5, Sep/Oct 2010

FiG. 6. Schematic diagram of our laser holography
system

”UV mirror

modified transmission and reflection coefficients,'” given the
real and imaginary parts of the index of refraction for the
materials and the incident angle 6 of the two laser beams.
Figure 7(a) shows the reflectivity variation under different
thicknesses of AR coating layers with an incident wave-
length of 325 nm. The structure of the test sample is also
shown in the inset of Fig. 7(a). Back-reflection of the real
photoresist/ARC/silicon sample with an incident angle of 30°
is also calculated. Thickness and refractive index of the AR
coating and photoresist layer are characterized by an ellip-
someter (Rudolph AutoEL-III) and thin-film measurement
system (Filmetrics F20-UV).
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FiG. 7. (a) Reflectivity variation under different thickness of AR coating
layer with an incident wavelength of 325 nm. The structure of the test
sample is shown in the inset of the figure. (Solid and dot curves are simu-
lation results while square symbols are experimental data. (b) 200 nm thick
PhC templates using an 80 nm thick AR coating layer. Sidewall distortion on
the resultant patterns caused from back-reflection can be clearly seen.
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FiG. 8. (Color online) (a) SEM pictures of fabricated two-dimensional hex-
agonal pillars. 370 nm thick PhC templates with a high aspect ratio and
vertical sidewalls are realized using a 160 nm thick AR coating layer. (b)
Photographs of the resultant samples under tilted angles of illumination.
Bright and uniform diffracted light throughout the sample proves a good
quality of the resultant patterns. The samples are highly uniform in an area
of >2X2 cm? and present good reproducibility.

Without the help of AR coating, it is difficult to fabricate
submicron patterns on silicon substrates due to serious back-
reflection problem. Although photoresist with a thickness of
half standing wave period can be used to avoid pattern dis-
tortion or collapse, only ~50 nm thick PhC templates is not
sufficient as a mask for pattern transferring. 200 nm thick
patterns can be realized using an 80 nm thick AR coating
layer between photoresist and silicon substrate, as shown in
Fig. 7(b). However, we can clearly see the distortion on the
sidewalls of resultant patterns due to insufficient reduction of
back-reflection.

370 nm thick PhC templates with an aspect ratio of 2.5
and vertical sidewalls are demonstrated with the help of a
160 nm thick AR coating layer, as shown in Fig. 8(a). Fab-
rication flow for this well-defined template is investigated as
follows. Silicon substrate is cleaned by ultrasonification in
acetone and isopropanol and blown dry with nitrogen gas. A
160 nm AR coating layer (Brewer Science XHRiC-11 ARC)
is deposited by spin coating with a solution at 1500 rpm for
70 s. After prebaking the AR coating layer on a hot plate at
165° for 60 s, a 370 nm positive photoresist layer (OHKA
THMR-M100) is deposited at 2000 rpm for 30 s and soft
baked again at 90° for 90 s. The sample is then transferred to
the laser holography system and exposed twice with a dose
of 30.24 mJ/cm? for each exposure. Following the double-
exposure, a postexposure bake (PEB) is performed on a hot
plate at 115° for 120 s to further reduce the standing-wave

JVST B - Microelectronics and Nanometer Structures

effect. After that, the sample is dipped into standard 2.38%
TMAH photoresist developer (AZ-300MIF) for 10 s to attain
a periodic structure. After development, the sample is rinsed
in de-ionized water and finally hard baked at 100° for 60 s to
complete the cross-linking process. Figure 8 shows the SEM
pictures and photographs of the resultant 2D hexagonal pil-
lars. By using a flashlight to illuminate the PhC sample with
a tilted angle in the directions perpendicular to double-
exposure directions, a bright diffracted light throughout the
sample and a change in color under different angles of illu-
mination is observed, as shown in Fig. 8(b), indicating that
the resultant PhC structure is well orientated throughout the
sample with high uniformity and superior quality. The
samples are highly uniform in an area of >2X2 cm” and
present good reproducibility.

B. Resultant profiles under different process
conditions

In order to investigate the resultant profiles under differ-
ent exposure energy, eight 200 nm thick hexagonal photonic
crystal samples are fabricated with a development time of 5 s
and exposure times of 100, 110, 120, 130, 150, 170, 190, and
210 s for each exposure, corresponding to the exposure doses
of 144 mJ/cm? (sample A), 15.84 mJ/cm? (sample B),
17.28 mJ/cm? (sample C), 18.72 mJ/cm’ (sample D),
21.6 mJ/cm?> (sample E), 24.48 mJ/cm?> (sample F),
27.36 mJ/cm? (sample G), and 30.24 mJ/cm? (sample H).
Other process conditions such as PEB are the same as de-
scribed in Sec. IV A except the rotational speed for the
spin-on photoresist (5000 rpm for 30 s). Figure 9 shows the
experimental profiles under different exposure doses. SEM
pictures of the corresponding structures are shown around
the analytical plot, which shows the diameter and ellipticity
of the resultant patterns with the exposure energy.

We can find that air-hole patterns (samples A—C) can be
realized with lower exposure energy while periodic pillars
(samples E-H) can be realized with higher exposure energy.
As the exposure energy increases, the diameters of holes
increase for both axes of elliptical structure. An increase of
the ellipticity of holes is observed. This may be mainly due
to the slightly difference of exposure energy between the first
and second exposure steps. The difference of exposure en-
ergy between the two exposure steps is due to nonuniform
exposure and the rotation of sample. For pillar patterns, the
diameters decrease for both axes of the ellipse as the expo-
sure energy increases. The ellipticity of the pillars is always
around 1.47 for different exposure energies. The reason for
the ellipticity difference between experimental (Fig. 9) and
theoretical (Fig. 4) results may be due to the other process
effects such as PEB, which was not considered in our simu-
lation model.

The effect of development time for the resultant profiles is
also investigated here. Four 200 nm thick hexagonal photo-
nic crystal samples are fabricated with an exposure energy of
21.6 mJ/cm? and development times of 5 s (sample A), 10 s
(sample B), 15 s (sample C), and 20 s (sample D). Figure 10
shows the experimental profiles under different development
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Fi1G. 9. Experimental profiles under different exposure energy. Eight uniformly hexagonal photonic crystal samples are fabricated with a lattice constant of 420
nm. SEM pictures of the corresponding structures are shown around the analytical plot which shows the diameter and ellipticity of the resultant pattern with
the exposure energy. (Hollow-square and solid-circle symbols show the diameters of holes and pillars, respectively, while hollow-circle and solid-diamond

symbols show the ellipticity of holes and pillars, respectively.)

time. SEM pictures of the corresponding structures are
shown above the analytical plot, which shows the diameter
and ellipticity of the resultant pattern with the development
time. The width of the pillars is reduced as the development
time increases. The reduction rates for the major and minor
axes of ellipse are about 2.8 and 1.7 nm/s, which agree with
our theoretical results. The difference of reduction rate be-
tween two axes of ellipse may be also due to the slightly
difference of exposure energy between the first and second
exposure steps. Such low reduction rate for overdeveloped
process is also due to the help of good AR coating. From

Figs. 9 and 10, we can find that the fabrication tolerance for
holographic realizing 2D photonic crystals by double expo-
sure process is very wide in terms of exposure energy and
development time. The total exposure energy will determine
the geometry of resultant patterns. Development time will
not affect the patterns a lot.

C. Pattern transfer into silicon

Polymeric periodic arrays may seem unlikely to yield use-
ful photonic structures since the refractive index of such ma-
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FiG. 10. Experimental profiles under different development time. Four 200 nm thick hexagonal photonic crystal samples are fabricated with a lattice constant
of 420 nm. SEM pictures of the corresponding structures are shown above the analytical plot which shows the diameter and ellipticity of the resultant pattern
with the development time. (Solid-circle symbol shows the diameter of pillars while solid-diamond symbol shows the ellipticity of the pillars.)
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[ ARC Layer I Photoresist B Cr Layer ]

1. Holographic Realization of PhCs

5. Wet etch of Cr hard mask

ALRRRRRRRRRRED

3. Lift-off Process

4. Deep dry etch into Si substrate

2. Deposition of Cr hard mask

6. Dry etch of ARC by O, plasma

FiG. 11. Sequence of the experimental steps for transferring PhC patterns
into silicon substrate by means of lift-off process and etching technique.

terials are substantially less than those of the more tradition-
ally used solid-state materials such as silicon. Thus they are
usually used as intermediate templates to create photonic lat-
tices with higher index materials. To deep transfer the pat-
terns into silicon substrate, a hard mask such as chromium
(Cr) is often used to provide high etching selectivity for the
following deep etching process but metal hard mask pattern-
ing can be difficult. It is also possible to transfer patterns into
metal layer by wet etching process. However, undercutting
due to isotropic etching makes wet etching useless for
nanometer-scale patterns. Another way to transfer the pat-
terns is to perform a lift-off process but the resultant patterns
will be inversed.

We perform a lift-off process to transfer patterns into a
chromium hard mask layer for the following dry etching into
silicon substrate. The fabrication flow of pattern transfer is
shown in Fig. 11. SEM pictures of the resultant patterns after
Cr evaporation (procedure 2 of Fig. 11), lift-off using a blue-
tape (procedure 3 of Fig. 11), and dry etching into silicon
(procedure 6 of Fig. 11) are shown in Fig. 12. After prepar-
ing a 370 nm thick hexagonal PhC template with a lattice
constant of 375 nm by means of laser holography method, as
described in Sec. IV A, a 35 nm chromium film is deposited

onto the photoresist template by angled e-beam evaporation
to generate a hard mask layer, as shown in Fig. 12(a). Since
the resultant patterns are not clean by conventional lift-off
method using an acetone solution (removed Cr patterns are
usually sticked back onto the samples), the following lift-off
process is carried out by using a blue tape to stick the pho-
toresist patterns away from the samples. Although some pho-
toresist patterns are left on the samples after lift-off, they can
be easily removed by wet etching or O, plasma since no Cr
mask lies on the top of photoresist. The resulting patterns are
much clean and uniform by this method as shown in Fig.
12(b). Dry etching the patterns into the AR coating layer and
silicon substrate is then carried out using a conventional RIE
machine with a CF, flow of 5 SCCM (SCCM denotes cubic
centimeter per minute at STP), 100W rf power, and a pres-
sure of 80 mTorr. After performing 15 min of dry etching
procedure, the photonic crystal pattern is then transferred
through the 160 nm AR coating layer and into the silicon
substrate to a maximum depth of about 650 nm. Since there
is still Cr on the surface, deeper etching is possible. To re-
move the remaining Cr and AR coating layers on the surface
of the sample, a wet etching process is used to remove the Cr
layer, while oxygen plasma is then used to clean the residual
AR coating layers. Figure 12(c) shows the side-view of the
transferred silicon PhC structures. Highly uniform photonic
crystals on silicon substrates with a high aspect ratio (>4)
and vertical sidewalls are demonstrated over a large area.
Contrary to conventional schemes for PhC pattern trans-
fer, a novel DRIE is developed and utilized for etching PhC
pillar patterns into silicon substrates. DRIE is mainly used
for microelectromechanical systems and microfluidic device
fabrication. Multiple cycles of the two-step Bosch process
enable anisotropic etching of silicon with high mask selec-
tivity (>200:1 for silicon oxide and >75:1 for PR) and high
etching rate (several um/min). However, this technique is
not suitable for etching nanostructures due to its scalloping
of the sidewalls (the peak-to-valley height is typically the
scale of around several hundred nanometers). Recently, with
the development of this technology, Choi et al.”® directly
transferred 20 nm thick photoresist patterns into silicon with
controlled sidewall profiles using a Bosch process. More re-
cently, Morton et al.*' realized silicon pillar array with an
aspect ratio of >50:1 and a peak-to-valley height (scallop-
ing) of ~10 nm using a Bosch process with an optimized

FIG. 12. SEM pictures of the resultant patterns after (a) Cr evaporation (procedure 2 of Fig. 11), (b) lift-off using a blue-tape (procedure 3 of Fig. 11), and (c)

dry etching into silicon (procedure 6 of Fig. 11)
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FiG. 13. Cross-sectional and tilted SEM views of vertical silicon nanopillars
with an aspect ratio of 10 using a single-step deep reactive ion etching and
controlled mixture of Ar/SFy/C,Fy gases.

etching conditions. However, the scalloping of the sidewalls
cannot be avoided due to the cyclic deposition/etching nature
of the Bosch process, resulting in periodic ripples on the
sidewalls. We have developed a means of directly transfer-
ring photoresist patterns into silicon using a single-step
DRIE and controlled mixture of Ar/SF4/C4Fg gases. With an
optimized gas mixture for balancing the deposition (C4Fg
flow) and etching rate (SF4 flow), pillars with vertical side-
walls can be realized. During the etching process, the scal-
loping of the sidewalls can be avoided while reserving the
high mask selectivity (~85:1) and relatively high etching
rate (222 nm/min). Figure 13 shows the cross-sectional and
tilted SEM views of the transferred patterns. Silicon nanopil-
lar arrays with an aspect ratio of 10 and vertical sidewalls are
achieved with high uniformity over a large area. Systematic
analysis of this novel DRIE process is under development
and will be discussed in elsewhere.

V. CONCLUSION

A complete investigation of holographic photonic crystal
structures has been conducted. Hexagonal photonic crystals
with an elliptical geometry can be realized by performing a
double-exposure of laser holography method. Theoretical
and experimental results show that two-dimensional periodic
holes or pillars can be realized depending on the total expo-
sure energy onto the surface of positive photoresist layer.
The photonic band diagrams for the PhC structures under
different exposure doses are also analyzed. Width reduction
of the resultant patterns under different development time is

J. Vac. Sci. Technol. B, Vol. 28, No. 5, Sep/Oct 2010

also investigated. An analysis model is developed and an
antireflection layer is used for eliminating the back-reflection
from the substrate. Optimized process procedures for holo-
graphically realizing photonic crystals on a silicon substrate
with good quality are addressed. Submicron photonic crystal
templates with an aspect ratio of 2.5 and vertical sidewalls
are demonstrated. The samples are highly uniform in an area
of >2X2 cm? and present good reproducibility.

A lift-off process is performed to transfer inversed pillar
patterns into a chromium hard mask for the following deep
dry etching into silicon substrates using a conventional RIE
machine. A single-step DRIE with controlled mixture of
Ar/SFq/C4Fg gases is used to directly transfer pillar patterns
into silicon. Transferred patterns with a high aspect ratio and
vertical sidewalls are demonstrated by those methods over a
large area. We believe that holographic photonic crystals will
be a low-cost choice for a variety of industry applications,
including efficiency enhancement of light emitting diodes
and solar cells, biomedical sensing, and photonic integrated
circuits.
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Fabrication of Highly-ordered Silicon Nanowire
Arrays with Controllable Sidewall Profiles for
Achieving Low Surface Reflection
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Abstract — A novel and simple approach is demonstrated for
fabricating silicon nanowire arrays (SNWAs) with controllable
sidewall profiles. A single-step deep reactive ion etching (SDRIE)
is used to transfer the holography patterned photoresist template
to silicon or silicon-on-insulator substrates. With the SDRIE
etching process, scalloping of the sidewalls can be avoided while
reserving the high mask selectivity and high etching rate. The
sidewall angle of resultant patterns can be adjusted by tuning the
composition of the gas mixture of the process. A modified SDRIE
process with a linearly-changed gas flow is further developed to
extend its capability. A post high-energy argon plasma treatment
is used to create sharp tips on the top of SNWAs and to increase
the filling factor. Broadband antireflective (AR) window with a
low reflectivity can be realized from tall SNWAs with high filling
factor. Depositing silicon dioxide over SNWAs can further
enhance the AR performance. The position and bandwidth of the
AR window can be controlled by tuning the SNWA parameters.

Index Terms — silicon nanowire array, single-step deep reactive
ion etching, holography lithography, antireflection

1. INTRODUCTION

ILICON nanowire arrays (SNWAs) have been extensively

used in many emerging technologies including bio-medical

sensing [1], chemical sensing [2], electronic field emission
[3], optical wave-guiding [4, 5], field effect transistors [6], and
photovoltaic devices [7-9]. Except for Dbottom-growth
techniques, a sequence of patterning and etching processes are
usually required to realize nanostructures in semiconductors.
Most of nanostructures are patterned using electron-beam
lithography, which has the disadvantages of being time
consuming and low throughput. On the other hand, holographic
lithography is an attractive method for periodic pattern
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generation with high uniformity over a large area. For
transferring the SNWA patterns to semiconductor structures,
numerous etching schemes have been reported for attaining
high-aspect-ratio nanostructures. Most of them require a metal
hard mask for the following deep etching [10-13]. The metal
hard mask may require an additional lift-off step that will
degrade the profile resolution and increase process complexity.
Recently, self-masked dry etching technique is proposed by
depositing nano-clusters formed by reactive gas mixtures [14,
15]. However, the resultant nanostructure arrays are lack of
regularity. Deep reactive ion etching (DRIE) is mainly used for
micro-electro mechanical systems (MEMS) and microfluidic
device fabrication. Multiple-cycles of the two-step Bosch
process enable anisotropic etching of silicon with high mask
selectivity (>200:1 for silicon oxide and >75:1 for photoresist)
and high etching rate (several um per min) [16]. The major
concern for using this technique to etch nanostructures is the
scalloping of the sidewalls where the peak-to-valley height can
be in the scale of several hundred nanometers. Recently,
researchers have demonstrated the use of Bosch etching to
realize submicron structures [17, 18] and silicon nanopillar
arrays with a high aspect ratio and reduced scalloping of the
sidewalls [19]. However, the scalloping effect is still a critical
issue for etching deeper nanowires.

In this work, we have realized two-dimensional (2D) resist
templates by using the holography lithography [20]. We
developed a single-step deep reactive ion etching (SDRIE)
scheme to directly transfer the photoresist (PR) patterns into
silicon based structures. The effects of various process
parameters are investigated in order to control the resultant
profile. A modified SDRIE process is developed for obtaining
tall SNWAs. A tip sharpening scheme is also developed to
realize tapered nanowires with large filling factor. The
anti-reflection characteristics of the SNWAs realized with the
new fabrication schemes are then measured and discussed.

II. SINGLE-STEP DEEP REACTIVE ION ETCHING

We developed a novel SDRIE technique for fabricating
silicon nanowire arrays by simply using the PR template as the
hard mask. For the etching of silicon nanowires, we use a
Plasma-Therm 770 SLR series system with a loadlock for deep
etching silicon pillars. The system has an inductively coupled
plasma (ICP) coil and a capacitively coupled substrate RF



supply to independently control the plasma density and ion
energy in the system. This system can be used to deeply etch
silicon by means of the conventional Bosch process which
cycles between a polymer deposition cycle using C4Fg gas
without substrate bias and an etching cycle using a SF¢ mixture
with substrate bias. Due to the isotropic etching nature of SFg
dry etching, it causes scalloping on the sidewalls. We developed
a SDRIE process with a controlled mixture of Ar/SF¢/C,Fg gas
to avoid this scalloping issue while simultaneously achieve high
etching rate and high mask selectivity. Polymer deposition for
protecting lateral sidewalls and deep silicon etching proceed
simultaneously in the SDRIE process.

The difference in the etched profiles between the conventional
Bosch process and SDRIE can be clearly observed from Figure
1 for etching a 2-um wide waveguide. Detailed information of
the process condition is listed in Table 1. Although higher
etching rate (~2.3 um/min) and higher selectivity (~88.46) can
be obtained in the Bosch process, serious scalloping occurs on
the sidewalls (~265 nm) of the resultant profile. On the contrary,
patterns with smooth and vertical sidewalls become possible by
using the SDRIE process.

Standard Bosch Process

Single-step DRIE

(a) (b)
Figure 1 Schematic of etching process and the resultant profiles for (a) Bosch
and (b) SDRIE process

The use of SDRIE to fabricate SNWAs includes two steps:
holographic lithography and SDRIE. We use a 270 nm thick PR
template rather than a thin one [18] as the mask for deep etching.
The SNWASs have a square lattice with a lattice constant of 350
nm. High uniformity can be achieved over a large area with the
help of an antireflection coating (ARC). Transferring PR
patterns into the bottom ARC layer is carried out by using the

anisotropic O, plasma using a conventional reactive ion etching
(RIE) machine with an O, flow of 10 sccm, a pressure of 10
mTorr, and a RF voltage of 250V. The substrate is then etched
by SDRIE using the PR/ARC pattern as a hard mask. After
SDRIE, the remaining PR/ARC is removed by the isotropic O,
plasma with an O, flow of 20 sccm, a pressure of 80 mTorr, and
a RF voltage of 250V. Finally, the substrate is cleaned with a
Piranha solution (H,SO4:H,0, = 3.75:1 by volume) at a lifted
temperature of 100 degree Celsius. The resultant structures are
then characterized using a scanning electron microscope
(SEM).

In order to control the SNWA profile, we will report the
effects on the resultant profile by varying the process conditions.
For comparisons, the reference process condition is set as the
flow rate of Ar, SF4, C4Fg being 20, 26, 54 sccm, respectively,
the dc-bias power of 9 W, ICP power of 800 W, and the
chamber pressure of 19 mTorr.

A. Effect of Ar/SF¢/C4Fggas mixture

The gas mixtures will affect the etching rate and slope of
nanowire sidewalls. The incorporation of Ar gas during the
SDRIE process is to stabilize the helium gas in the system. The
contribution of additional physical bombardment by Ar gas to
the silicon etching rate in the SDRIE process is relatively small.
Therefore, in this experiment we vary only the relative flow rate
of SF¢ and C4Fg from the reference condition. The total flow rate
of SF¢ and C,Fy is fixed at 80 sccm. Figure 2 (a) shows the
silicon etching rate and the corresponding sidewall angle
against the gas flow rate of C4Fs. The C4Fg-dominated
(SF¢-dominated) process condition has lower (higher) silicon
etching rate and smaller (larger) sidewall angle. Here the
sidewall angle is defined as the inner angle of the pillar, as
shown in Figure 2 (b). When the etching and deposition
processes are balanced, high-aspect-ratio patterns with vertical
sidewalls can be obtained. On the other hand, pillars with a
tapered profile and a sharp tip can be realized by increasing the
flow rate of C4Fg. Undercut can appear in the pillars as the SF
flow rate rises, which may lead to the collapse of patterns. In
our previous report, we have demonstrated hexagonal-oriented
SNWAs with almost the same height but different sidewall
angles by tuning the gas mixture and etching time [21]. Here, the
etching time is fixed at 3 minutes for obtaining the variation of
etching rate and SNWA profile under different gas mixture.
Lower C4Fg (SF¢) flow rate results in lower (higher) silicon
etching rate and smaller (larger) sidewall angles. Around 10
degree sidewall tunable angle is achieved, verifying that tall
SNWAs with controlled profiles can be realized by adjusting
the gas mixture.

Table 1 Etching conditions of Bosch process and SDRIE and the corresponding resultant profiles

. Time C4Fg/SFe/Ar Pressure ICP/Bias Height Scalloping .

Dry etching (min) (scem) (mTorr) (W) (um) (nm) Selectivity
Bosch process 2 0;(1)?0(;?(? 23 825/13 4.6 265.5 88.46
SDRIE 10 52/28/20 19 850/9 3.15 0 16.52




B. Effect of chamber pressure

The chamber pressure can also affect the etching rate and
slope of nanowire sidewalls. SNWA samples are fabricated by
varying only the chamber pressure from the reference condition.
The etching time is fixed at 5 minutes. Figure 3 shows the
silicon etching rate and the SNWA sidewall angle against the
chamber pressure. The silicon etching rate is increased with the
chamber pressure due to the increased fluorine radical density
[22, 23]. However, the increased fluorine radical density also
causes the undercut-etching problem. The saturation of silicon
etching rate happens as the pressure is higher than 19 mTorr.
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Figure 2 Etching rate and sidewall angle, as defined in (b), for different C4Fg
gas flow rate.

C. Effect of dc-bias and ICP power

The degree of dissociation of fluorine is of primary
importance in determining etching rate and profile shapes. As
the electromagnetic field induced by the ICP source power, a
low source power process can lead to neutral-driven etching
rather than ion-driven etching. From our experimental results,
the etching rate is relatively insensitive to the ICP source power.

To study the influence of dc-bias power on the SDRIE process,
SNWA samples are fabricated by SDRIE with the reference
process condition except that the dc-bias power is setas 4, 7, 9,
11 and 13 W, respectively. The etching time is fixed at 3
minutes. Figure 4 shows the etching rate and selectivity of
SDRIE under different dc-bias power. Lowering the physical
bombardment on the wafer surface induced by the ion
acceleration leads to isotropic etching with undercut-etching.
By increasing the dc-bias power, the addition of physical
etching enhances the etching rate of silicon and PR/ARC and
minimizes the silicon lateral etching rate, which will eliminate
the pattern shrinkage. However, in case that the physical etching
process dominates, the etching selectivity decreases as the
dc-bias power rises. Besides, the sidewalls become rough as a
high dc-bias power is applied in the SDRIE process. The
compromised value for the dc-bias power of SDRIE is around 9
to 11 W, which will provide an etching rate of around 3 nm/sec,
a selectivity of around 16, and smooth sidewalls.

608 nm height

PR/ARC

t f e
o1l l [ | [
Sille
aUUULUL
00}
7 "
6 k !
Vi '
58 < b L1904,
; poltl BRI
E oA o b 5
4L H : : | | =
% ,,,,, o | : i i 85 %
n; 3 ry ! ! ! 1 silicon ! ! <
£ (i ! = =
= {a [ [ @
) LA [ Q
“ b 1 {e0 &
: | : |
1 I : | :
! | PR/ARC ! !
0 = . 175
5 10 15 20 25

Pressure (mTorr)

Figure 3 Silicon etching rate and SNWA sidewall angle against the chamber
pressure

500 |
IEER8AI IARRAN
\
10 po - l|
\ =5 \
NI k
IR
— ]
§ : : . \\
€ 6| g RS IJ_l 4 20
£ Lo S 3 »
(| | emnmannda | ©
g, L o /L . 0o g
o | Isilicon Vertical Etching | . | o
o [ ‘ — o 20 &
= [ bty o W [ <
G 2 L= [ [ 40
i yoi (—1 : | PRIARC Etchipg |
[ | il et 1 |
of TR A—o— -0
I Ei'icon Lateral Etchiﬁﬁ' ) 80

2 4 6 8 10 12 14
Bias Power (W)

Figure 4 Etching rate of SDRIE and the sidewall angle of resultant patterns
under different flow composition of SFs and C4Fs gas mixture

III. MODIFIED SDRIE AND TIP SHARPENING
A. Modified SDRIE with linearly-changed gas flow

Low silicon surface reflection can be realized with the help of
tall nanostructure arrays [24]. Tapered profile of nanostructures
could further improve the antireflective properties [25]. The
goal of this work is to realize tall SNW As with tapered rods and
moderate filling factor (radius-to-lattice-constant ratio).
Although the SDRIE process is good for making silicon
nanopillar arrays with a high aspect ratio and smooth sidewalls,
the issues of pattern shrinkage, RIE-lag [22], and undercut
etching may limit the process flexibility. We can realize tall
nanostructures by increasing the etching time of SDRIE.
However, as the etching proceeds deeper, the etching rate in the
vertical direction will be decreased due to the RIE-lag effect.



Thus, it will require a longer etching time to achieve taller pillar
structure. However, the pattern shrinkage becomes serious for a
long etching process due to the lateral etching of the PR and
silicon. For example, the SDRIE A and B processes, as listed in
Table 2, result in very narrow pillars as the height exceeds 900
nm. Thus, it is difficult to realize tall nanowire structures while
maintaining a large filling factor by using the SDRIE process. It
can be clearly seen from Figure 3 that the lateral undercut is
serious in tall nanostructures since it is hard for both the etching
(SF¢) and protection (C4Fg) gases to flow into the
high-aspect-ratio nanostructures. From Figure 2, more C,Fy gas
flow for sidewall passivation is needed to achieve vertical
sidewalls. The reduced total gas flow inside tall nanostructures
will result in the SF¢-dominated etching process, thus cause
lateral undercut etching in the bottom of pillars. Serious lateral
undercut may lead to the collapse of patterns.

From Figure 4, the pattern shrinkage problem can be reduced
by increasing the physical bombardment (increase the dc-bias
power) and decreasing the chemical etching (decrease/increase
the SF¢/C,Fy gas flow). To verify this point, we change the bias
power from 9 W to 13 W and the SF¢/C,Fg gas mixture from
26/54 sccm to 25/55 scem. The process condition and resultant
profile is listed as “SDRIE C” process in Table 2. After
5-minute etching, a 906 nm tall silicon pillar can be realized to
have an improved filling factor of 0.13 and vertical sidewalls.

In order to obtain SNWAs with larger filling factors, we
demonstrate here a “modified SDRIE” process, as listed in
Table 2, by linearly changing the gas flow. During the process,
the flow rate of C4Fg (SFg) changes linearly from 55 (25) sccm
to 55.8 (24.2) sccm in five steps. Silicon nitride (SiNx) is used
as the hard mask for deep silicon etching. A stronger hard mask
is also good for maintaining the width of the resultant patterns.
Pattern transfer from PR/ARC into SiNx is carried out by
anisotropic CHF; plasma etching. The etching time in each step
is set to 1.5 minutes. Higher bias power (13 W) is used to
eliminate the pattern shrinkage. The resultant profile after each
step of the process is shown in Figure 5 and the corresponding
parameters are summarized in Table 2. The pillar height can

reach 632 nm after 3-minute etching (after step 2). A 1340 nm
tall and tapered SNWA with an aspect ratio of 10.89 and a
filling factor of 0.18 is obtained with a total etching time of 7.5
minutes (after step 5).

B. Tip-sharpening Process

Another approach for making nanotip array is to utilize the
post tip-sharpening process. Tip sharpening can be performed
by using high-energy argon plasma treatment after the SDRIE
etching. In the experiment, two set of SNWA samples with
almost the same sample area are fabricated by the SDRIE
process to have a height of 464 nm (sample A) and 880 nm
(sample B), respectively. These samples are then exposed to the
plasma atmosphere for 20 minutes with an argon gas flow of 20
sccm, a chamber pressure of 80 mTorr. The RF bias voltage is
varied from 50 V to 500 V for observing the tip sharpening
process.

Figure 6 shows the SEM photos of resultant profiles after post
argon plasma treatment for different RF bias voltages. It can be
found that a bias voltage of 50 V for the tip sharpening process
has little effect on the resultant pattern profiles. The top of the
pillars become rounded as the bias voltage is raised to 200 V.
The tip-sharpening of Si pillars happens with a bias voltage of
350 V or larger. We believe that the tip sharpening effect is due
to the existence of higher electric field at the pillar edges,
resulting in an enhanced sputtering rate there. However, the
height of resultant patterns decreases as the bias voltage
increases because of the enhanced physical bombardment, as
shown in Figure 7. It is interesting to find that the width of
resultant patterns increases with the bias voltage. This might be
due to the fact that the silicon material of pillar arrays is
sputtered out and attached on the sidewalls, resulting in an
increase in the filling factor of SNWAs.

Table 2 Comparison between the original and modified SDRIE process

) SDRIE process conditions
Etching processes

Resultant profiles

Time (min)  C4Fg(sccm)  SFg(sccm)  Bias power (W)  Height/Width (nm)  Filling Factor ~ Sidewall Angle (degree)
SDRIE A 5 54 26 9 978/30.2 0.04 90.6
SDRIE B 7 54 26 9 1390/24 0.03 90.3
SDRIE C 5 55 25 13 906/93.5 0.13 90
Step 2 632/150 0.21 90.5
Step 3 55 25 849/139 0.20 89.6
Modified SDRIE 1.5 per Step ! ! 13
Step 4 55.8 24.2 1110/130 0.19 89.1
Step 5 1340/123 0.18 88.4

* The pressure, ICP power and Ar gas flow are fixed at 19 mTorr, 800 W and 20 sccm, respectively. Original SDRIE process uses PR/ARC as the hard mask. Modified

SNRITE nrocess nses silicon nitride as the hard mask
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Figure 7 The height and width of resultant profiles (Sample A and B) after post
argon plasma treatment with different RF bias voltages.
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IV. OPTICAL REFLECTION
A. Modified SDRIE realized SNWAs

We have fabricated tall SNWAs with moderate filling factor
by using the modified SDRIE process. Optical reflection spectra
of the resultant SNWA samples are characterized using a
spectrophotometer (Filmetrics F20-UV). Figure 8 shows the
reflection spectra of the SNW As after each step of the modified
SDRIE process. Since the resultant SNWAs are not tall enough
after Step 2 of the modified SDRIE, the reflection can be as high
as 25% in the visible region. The antireflection effect is
improved as the SNWAs become taller and tapered. The
reflectivity between 550 nm and 700 nm of wavelength can be
as low as 0.2% for the SNWAs after Step 5 of the modified
SDRIE. The reflectivity can be less than 7% over the whole
visible region.
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Figure 8 Measured reflection spectra of SNWAs after each step of the modified
SDRIE with linearly-changed C4Fs/SFe gas flow, as listed in Table 2.

B. SNWAs after argon plasma treatment

The argon plasma treatment after SDRIE etching can be used
to sharpen the tips of SNWAs and to increase their filling factor.
Figure 9 shows the reflection spectra of the SNWAs after argon
plasma treatment with different RF bias voltages for Sample A
and B in Figure 6 and 7. Since the original SNWAs of Sample A
are relatively short, low reflectivity can only be obtained over a
narrow wavelength range. The lowest reflectivity for the
original Sample A is around 3% at 625-nm wavelength. The
reflection spectrum of sample A after 200 V argon treatment is
slightly improved to be around 2.4%. For Sample A after 500 V
argon treatment, the height and width of the resultant SNWAs
change to 173 nm and 211 nm, respectively, with sharp tips on
the top. Due to the shallow nanostructures, the resultant SNWAs
lose the photonic crystal property but provide surface roughness
effect, resulting in an around 10% reflectivity throughout the
visible region.

For the taller sample B, the minimum reflectivity is around
1.2% in the visible region. The reflectivity is slightly reduced to
be around 1% after 200 V argon treatment. The height and width
of resultant SNWAs change dramatically to 543 nm and 236 nm,
respectively, after 500-V argon bombardment. With sharp tips
on the top and enlarged filling factor, 33.7%, the
low-reflectivity window is red shifted. The reflectivity is
increased for shorter SNWAs.

C. SiO, coated SNWAs on silicon-on-insulator substrate

The SNWAs reported in previous sections are fabricated on
bare silicon substrate. In this section, we address the properties
of SNWAs on silicon-on-insulator (SOI) wafers, which are
often used for fabricating optical integrated circuits or thin-film
optoelectronic devices. The SOI wafer contains a 2 um thick
silicon dioxide as the intermediate layer and a 6 um thick silicon
layer on the top. SNWA samples are fabricated using the
SDRIE process. Figure 10 shows the reflection spectra of the
bare SOI, 250 nm tall PR/ARC templates on SOI, 700 nm tall
SNWAs on SOI, and the 700-nm tall SNWAs coated with a 186
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Figure 9 Measured reflection spectra of Sample A and B in Figure 7 after
post argon plasma treatment with different RF bias voltage.

nm thick SiO, film. The SiO, film is deposited by
plasma-enhanced chemical vapor deposition (PECVD) over the
tall SNWAs to serve as a buffer layer between SNWAs and air.

Lower reflectivity of PR/ARC templates on SOI is due to its
lower effective index which serves as a buffer layer between air
and silicon substrate. Reduced reflectivity over the UV
wavelengths is due to the absorption characteristic of the ARC
film. SNWAs on the SOI substrate can provide lower
reflectivity than the bare SOI wafer over a wide wavelength
range due to its deeper sub-wavelength structure. The overall
reflectivity of this nanostructure is below 20% in the entire
UV-to-visible region and is around 2.5% in the wavelengths
between 500 nm and 550 nm. The reflectivity is further reduced
by depositing a SiO, film on top of the SNWAs. The reflectivity
is below 10% over the entire UV-to-visible region and below
1% for the wavelengths between 500 nm and 600 nm. It verifies
that SNWAs coated with a SiO, film of right thickness can also
improve the AR performance. Since SOI wafer contains
Si-Si0,-Si structures, multi-cavity resonance can be observed in
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Figure 10 Measured reflection spectra of bare SOIL, 250 nm tall PR/ARC
templates on SOL, 700 nm tall square SNWAs on SOIL and the 700-nm tall
SNWAS coated with a 186 nm thick SiO; film



the longer-wavelength side of the reflection spectra.

D. Change of antireflective spectra with SNWA parameters

To figure out how the SNWA parameters affect the
characteristic of AR window, we fabricated several SNWA
samples on SOI substrate to have different widths, lattice
constants, and heights. Figure 11 (a) shows the reflection
spectra for SNWAs with different holography exposure time
that leads to different pillar widths. The SNWAs with smaller
pillar width have blue-shifted reflection spectrum and reduced
bandwidth of AR windows. Figure 11 (b) compares the
reflection spectra for SNWAs with different lattice constants.
Again, the low-reflectivity window becomes narrower and
moves to shorter wavelengths for the SNWAs with a smaller
lattice constant. The trend shown in Figure 11 (a) and (b) agrees
with the rigorous coupled-wave analysis (RCWA) simulation
results. Figure 11 (c) shows the reflection spectra for the
SNWAs with different SDRIE etching time that result in
different pillar heights. The RCWA simulation indicates that
taller SNWA results in the broadening and red-shifting of the
anti-reflection spectrum. However, for SNWAs realized by the
SDRIE process, pattern shrinkage in taller SNWAs leads to
smaller pillar width because of the lateral silicon etching. Thus
the overall reflection spectrum is broadened but blue-shifted, as
shown in Figure 11 (c). The effects of the SNWA parameters on
the antireflection property of SNWAs are summarized in Table
3.

Table 3 Optical property variation for different SNWA parameters

SNWA parameters ASRiT;eI?tthm Agﬂggselé[fgm AR bandwidth
Pillar height 1 Red shift Blue shift Increased (11)
Pillar width 1 Red shift Red shift Increased (1)

Lattice constant 1 Red shift Red shift Increased (1)

V. CONCLUSION

A novel and simple approach for fabricating tall SNWAs
with high uniformity is demonstrated. PR templates realized by
the holographic lithography can be used directly as the hard
mask for the SDRIE etching. The SDRIE process with a
controlled mixture of Ar/SF¢/C,Fg gas can be used to attain
smooth and controllable sidewalls on the resultant SNWA
patterns while simultaneously keeping the advantages of high
mask selectivity and high etching rate. The sidewall angle of
resultant patterns can be adjusted by adjusting the composition
of the gas mixture of SDRIE process. A modified SDRIE
process with a linearly-changed gas flow is developed to solve
the undercut-etching issue, to eliminate the pattern shrinkage by
using a higher dc-bias power and a stronger hard mask. The
high-energy argon plasma treatment after SDRIE etching can be
used to increase the filling factor and create sharp tips on
SNWAs. This post-etching process can be used to amend the
reflection spectra of SNWAs.
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Figure 11 (a) Measured reflection spectra of 330 nm spaced square SNWAs on
SOI substrate with different exposure time during holography for obtaining
different pillar widths. (b) Measured reflection spectra of SNWAs on SOI
substrate with different lattice constants. (c) Measured reflection spectra of
square SNWAs on SOI substrate width different SDRIE etching time for
obtaining different pillar heights.

We also demonstrate that SNWAs coated with a SiO, film
can be used to obtain good AR performance, which is
comparable to what we have achieved from tapered SNWAs [8].
How the SNWA parameters affect the characteristic of AR
window is also investigated. With increased height, width and
lattice constant of SNWAs, the AR window will be widened and
red-shifted. The highly-ordered SNWAs fabricated with the
SDRIE process and the post-etching treatment can be used for
reducing surface reflection with high controllability.
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