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Abstract

®

CrossMark

Recently a novel photonic integration technology, based on a thin InP-based membrane, is
emerging. This technology offers monolithic integration of active and passive functions in a
sub-micron thick membrane. The enhanced optical confinement in the membrane results in
ultracompact active and passive devices. The membrane also enables approaches to converge
with electronics. It has shown high potential in breaking the speed, energy and density
bottlenecks in conventional photonic integration technologies. This paper explains the concept
of the InP membrane, discusses the versatility of various technology approaches and reviews the

recent advancement in this field.

Keywords: photonic integrated circuit, InP, membrane, semiconductor lasers, waveguides

(Some figures may appear in colour only in the online journal)

1. Introduction

Since the first introduction in 1969 [1], photonic integrated cir-
cuits (PICs) have experienced significant developments over
the past decades, driven first by telecommunication, then by
datacommunication and sensing. The InP based PICs have
achieved the highest level of maturity due to the advancement
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of semiconductor lasers and other active devices, as well as the
capability for full active-passive system-on-chip integration
[2]. A generic foundry model for InP PICs has been established
to further reduce the entry cost of prototyping by researchers
and small and medium enterprises [3]. This path is later on
followed by other PIC material platforms.

The level of integration in InP PICs has followed a similar
path to that of the Moore’s law in electronic integrated cir-
cuits (ICs) [4], with a highest report integration complexity of
nearly 2000 functions per chip for a multi-channel coherent
transmitter reported in 2014 [5]. Empowered by such integ-
ration complexity, record 4.9 Tbps data capacity in a single
chip has been demonstrated [6]. However, such an increase in
complexity and data capacity comes at the price of larger chip
area and higher cost. In fact the integration density per unit

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6641/abcadd
https://orcid.org/0000-0003-2757-8948
mailto:y.jiao@tue.nl
mailto:nishiyama@ee.e.titech.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6641/abcadd&domain=pdf&date_stamp=2020-12-3
https://creativecommons.org/licenses/by/4.0/

Semicond. Sci. Technol. 36 (2020) 013001

Topical Review

chip area has not been improved much over the past 10 years
[7]. Further increase of the integration density may find funda-
mental difficulties coming from the current waveguide struc-
tures with low optical confinement.

Silicon photonics on the other hand promises high optical
confinement in its sub-micron waveguides and a route to
manufacturability, leveraging the complementary metal-oxide
semiconductor (CMOS) process compatibility [8]. However,
the key function, the on-chip amplification, still requires
hybrid integration of III-V materials. III-V-on silicon integ-
ration methods include single device die bonding and post-
processing [9, 10] and direct epitaxy with the assistance of
thick buffer layers [11]. Both approaches show potential for
wafer-scale III-V material coverage on silicon circuits. But the
integration density, especially for the active gain components,
remains at a similar level to that of the conventional InP PICs.
This is because the layer stacks and structural dimensions of
the hybrid III-V devices still follow the classical designs.

Realizing InP-based III-V integration in a sub-micron thin
membrane, similar to the silicon on insulator (SOI) platform,
is a promising approach to fundamentally break the density
bottleneck in actives. The membrane structure ensures a high
optical confinement in monolithic active and passive devices
and opens new opportunities for novel active diode designs.
Over the past decade, significant research milestones have
been achieved in InP membrane photonics by several groups
worldwide. The high design flexibility of the InP membrane
has led to several membrane platforms with various different
design and technology philosophies for different application
purposes.

In this paper we review the research lines of the integ-
rated membrane photonics based on InP, and its III-V ternary
and quaternary material system. We aim to provide a compre-
hensive overview of the developments in this field. The paper
is organized as follows. Section 2 discusses the two major
design approaches for the InP membrane, namely the lat-
eral diode and the vertical diode. The membrane technologies
are discussed in section 3, with a focus on opportunities and
challenges when processing the InP membrane. Sections 4—7
present recent demonstrations of active and passive devices.
Section 8 reviews two approaches of photonic electronic co-
integration for InP membranes. Section 9 showcases several
applications in which the InP membrane circuits can have high
potential. In section 10, we will give our conclusions.

2. Active-passive integration concepts in InP
membrane

The design of the active structures on InP membrane requires
a trade-off between the optical and electrical properties, espe-
cially on the thicknesses of the core and cladding layers. Thin-
ner layers would bring in the benefits of higher optical confine-
ment factor and lower diode resistance, while at the same time
impose challenges in the management of the optical loss and
the sheet resistance in thin conductive layers. Comparing to the

Conventional structure Membrane structure
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Figure 1. Comparison of the optical confinement between the
semiconductor laser and membrane laser.

conventional amplifiers, the design trade-off is more promin-
ent in the InP membranes.

The most important feature of the membrane structure is
having strong optical confinement as illustrated in figure 1.
With the optimal thickness of the membrane film, the optical
confinement factor of the semiconductor core layer can be
three times higher than in the conventional amplifier struc-
ture with semiconductor cladding layers. To fully benefit from
such strong optical confinement, the core layer thickness of the
membrane structure must be thin, which give a challenge for
electrical injection. Since the conventional structure has rel-
atively thick cladding layers, the electrodes, which have very
high optical absorption, can be introduced to the top and bot-
tom of the diodes and current can be injected along the ver-
tical direction. On the other hand, for the membrane structure,
the electrodes cannot be put directly on the top or the bottom,
since the cladding layers in the vertical direction are either
air or insulator. Therefore, to inject current to the membrane
structure, electrodes at the sides of active region are required.
Although the current then initially flows in the lateral direc-
tion, the PIN junction can be either in the lateral or vertical
direction.

This section and the next section explain the lateral and ver-
tical injection schemes, respectively.

2.1. Lateral diode scheme

Figure 2(a) shows the basic structure of lateral current injec-
tion (LCI) type membrane lasers [12—14]. The LCI struc-
ture itself was proposed by Oe et al [15] for the purpose of
photonics—electronics integration before the membrane struc-
ture was proposed. One side of the active region has p-type
layers and the other has n-type layers. A buried hetero (BH)
structure should be introduced by regrowth technology to
realize good current confinement as well as refractive index
difference for lateral optical confinement. Recently, Aihara
et al have reported BH fabrication by direct wafer bonding of
an active stack to silicon, followed by regrowth steps to form
the passive and doped regions [16]. To make the p- and n-type
layers as side cladding layers, there are two methods. One is
two times selective regrowth of p- and n-layers, once for each
side [17]. The other way is one uniform regrowth of undoped
layers, then applying impurity diffusion or implantation to
form the p- and n-doped regions [16, 18]. The advantage of
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Figure 2. (a) Basic structure of LCI-type membrane lasers. (b)
Optical confinement factor of membrane structure [19]. (c) Internal
quantum efficiency of Fabry—Perot membrane lasers as a function of
InP cap layer thickness. (d) Cavity length dependence of external
differential quantum efficiency of Fabry—Perot membrane

lasers [20].

this LCI structure for the membrane structure is the relat-
ively simple fabrication process (even though the regrowth
is needed). After wafer bonding on a host substrate, the fab-
rication process basically continues as a planar process. The
details are discussed in section 3. As a potential challenge,
we have to care about the quality of the regrowth interfaces
between side cladding layers and active region. This inter-
face may affect the electrical characteristics (e.g. an excess
voltage drop) and the optical characteristics induced by surface
recombination. To avoid this, a carefully considered regrowth
process, especially regarding the preparation process, is
important.

As shown in figure 2(a), the total layer thickness is as low
as several 100 nm. Even with such a small thickness, care-
ful consideration of the layer structure is very important to
achieve high performance characteristics. Figure 2(b) shows
the optical confinement factor as a function of the core thick-
ness. It reaches maximum at the thickness of 150 nm. How-
ever, with considerations of high-speed modulation character-
istics and current injection efficiency, the thickness of 150 nm
may not be enough because of two reasons. The first of these
is about surface recombination. Active layers (quantum wells
(QWs) and barriers) usually consist of GalnAsP/GalnAsP or
AlGalnAs/AlGalnAs for 1.3 um or 1.55 pm lasers. Such
material with As atoms tend to have a high surface recombin-
ation rate, which create non-radiative recombination carriers
[21, 22]. Figure 2(c) shows the internal quantum efficiencies
of Fabry—Perot membrane lasers as a function of InP cap layer
thickness at the surface. We can see clear improvement of the
internal quantum efficiency by increasing the cap thickness up
to 50 nm. Therefore, these active layers should be sandwiched
by sufficiently thick layer of InP, which is the material with
low surface recombination rate. Second, multiple QW's should
be used to increase the differential gain, for high speed opera-
tion. Therefore, the total thickness becomes >200 nm.

Electrodes

DBR section
DFB Section/ i
Waveguide E:

b—
N-INP

Si substrate

GalnAsP core p-InP

SiO, BCB

Figure 3. GalnAsP DR membrane lasers [23].

Next, the structure in the lateral direction is discussed.
Since the membrane structure has a small layer thickness, the
electrical resistance tends to be high. Also, optical absorp-
tion can be high because of the strong interaction with lossy
materials. Therefore, a balance between electrical resistance
and optical absorption is a key design point. Figure 2(d) shows
the cavity length dependence of external differential quantum
efficiency of Fabry—Perot membrane lasers with two different
p-type doping concentrations in the InP cladding layer. Clear
difference of the internal loss can be seen between the two
structures. Therefore, the final design uses a p-type doping
concentration of 5 x 10!” cm™> and a 2 m distance between
the edge of an electrode and the active region [20].

After consideration of the design of the cross-section, the
cavity structure also should be considered for lasers. Three dif-
ferent cavity structures, namely distributed feedback (DFB),
distributed reflector (DR) and photonic crystal (PhC), are
briefly introduced in the next sections.

2.11 DFB and DR structures. ~ A DFB structure is com-
monly used in conventional laser structures for single mode
and low threshold current operation. The concept is also
applicable to the membrane lasers. Furthermore, by introdu-
cing an additional distributed Bragg reflector at the rear side
of the membrane DFB lasers, a higher output efficiency can be
realized at the front side. This structure is so called a DR struc-
ture [23-25]. The typical structure of DR lasers is shown in
figure 3. A surface corrugation grating is introduced to achieve
a high coupling coefficient x of >1800 cm~! for a short cav-
ity length. The output passive waveguides are integrated by
butt-coupling, using crystal regrowth, similar to the BH struc-
ture mentioned above [17]. Although a coupling coefficient x
as high as ~4000 cm~! can be realized with a deep grating
depth, such high coupling coefficients give low output power.
Therefore, the choice of x depends on the requirements for
each application. The details of design and characteristics of
DR lasers are explained in section 4.2.

2.1.2. PhC structure  To realize ultra-low threshold current
operation such as <10 pA, an introduction of PhC is effective.
Air hole PhCs with few defects (no hole regions) give strong
optical confinement with Q-factors of the order of 107 [26, 27].
In such PhC structures, the surface to volume ratio is much
higher than conventional lasers. The optical mode also inter-
acts with the surfaces more strongly. Therefore, a good surface
passivation is crucial to the performance of the PhC lasers [27].
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Unlike with DFB and DR lasers, the output waveguides can-
not be connected by butt-coupling to the active region, since
it loses optical confinement. Therefore, the output waveguides
are formed at a displacement in a diagonal direction accord-
ing to the photonic bandgap. Since this structure has a very
strong optical confinement, the output power becomes as low
as uyW-level.

2.2. Vertical diode scheme

Constructing a PIN diode structure vertically is the most con-
ventional approach, as the epitaxial layer stack is always
grown vertically. One of the major advantages of a vertical
diode for membranes, compared to the lateral diode structure,
is the uniform distribution of carriers in the QW sheet layer
by flowing perpendicularly through the QW surface. Another
major advantage is its immediate integration with passives
through the twin-guide layer stack, without the need for an
extra regrowth. In addition, the mature multi-quantum well
(MQW) core stacks from generic InP platforms can be dir-
ectly used in membranes. However, the optical confinement in
the vertical direction is weaker than that in the lateral diodes
due to the p- and n- doped cap layers being stacked above and
beneath the active core, leading to a slightly thicker membrane
(1-2 pm). Using an inverted layer stack design, a much more
compact semiconductor optical amplifier (SOA) diode can be
achieved with a cross-section of only 700 x 700 N m?. These
approaches are discussed in this section.

2.2.1. Twin-guide scheme. A twin-guide active-passive
integration scheme, based on a vertical diode structure, has
been proposed and demonstrated on the InP membrane on sil-
icon (IMOS) platform developed at the Eindhoven Univer-
sity of Technology (TU/e) [28, 29]. The schematic illustra-
tion of the twin-guide integration is shown in figure 4(a). The
PIN junction for the SOA has a similar MQW gain medium
and heterojunction as the one used in the generic InP plat-
form [30]. The geometrical dimensions were re-optimized for
optical loss, electrical resistance and passive integration in the
case of a membrane. The passive waveguiding layer (300 nm
n.i.d InP) is placed on top of the active core, with a 100 nm n-
doped layers in between. To place the metal electrodes without
affecting the optical characteristics, the p- and n-doped contact
layers are stretched to the sides and form an S-shaped diode.
The n-doped layer is chosen to be 100 nm thin, in order to
enable strong evanescent coupling between active and pass-
ive waveguides. The additional sheet resistance caused by the
n-doped sheet layers is negligible. The p-doped layers have
a thickness of 700 nm, which is less than half of the one in
the generic InP platforms (1.5-2 pm) [30, 31]. This signific-
ant reduction in dimension is attributed to the S-shaped geo-
metry which allows the optically lossy metal electrode to be
placed further away from the optical mode. The confinement
factor in the MQW is about 1% per well. This is comparable
to the MQW in the generic platform because the MQW and

i-InP
waveguide

________________________
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IIIII!!!!!!IIIIIII

p-contact :
\ PASSIVE AN ACTIVE g

__________________________

cm———omo——=e=

Silicon wafer
(a)

p-contacp/

s

n-contact

waveguide
400 nm x 300 nm

Figure 4. (a) Schematic illustration of the twin-guide active-passive
integration scheme [32]. (b) 3D schematic and (c) SEM picture of
the twin-guide SOA [28].

separate confinement heterostructure stacks forming the act-
ive core were adopted with minor changes. The SOA diode
design results in an optical modal loss of 3 cm™! and a series
resistance of 7  (for a length of 500 um) [32].

The active-passive integration is achieved with an adiabatic
taper formed at the end of the SOA, as shown in figures 4(b)
and (c). A double-taper structure is employed for high effi-
ciency (98% according to 3D FDTD simulations) coupling in
a short length (20 pm). The 300 nm thick waveguiding layer
acts as the interconnection medium for all active and passive
devices. The waveguide layer supports deep (300 nm com-
plete etch) and shallow (120 nm partial etch) structures, e.g.
for sharp bends and fiber grating couplers, respectively. The
index contrast of such IMOS waveguides is very similar to
that of SOI waveguides, therefore resulting in similar pass-
ive device dimensions and performances (see more details in
section 7).

All active (such as an SOA) and passive (such as an arrayed
waveguide grating (AWG)) devices, no matter their complex-
ity or layer stack, always use the single-mode waveguide
(400 nm x 300 nm) as the input/output interface. This com-
mon interface helps to transform the various active/passive
devices into standardized building blocks (BBs), all of which
can be interconnected by simple photonic wires (single-mode
waveguides).

Based on this scheme, high-gain twin-guide SOAs with
eight QWs have been experimentally demonstrated. With no
heat sink present, the SOAs showed a net modal gain of up to
110 cm~! at an injection current density of 4 kA cm~—2 [28],
which is comparable to those from conventional InP SOAs.
Using this SOA and other passive BBs in the IMOS platform,
various types of membrane lasers were successfully demon-
strated at RT and CW operation, see section 4.1.
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Figure 5. Cross-section of a fabricated ultra-compact twin-guide
SOA [34].

2.2.2. Ultra-compact twin-guide.  An even higher confined
and more compact version of the twin-guide structure has also
been investigated [33, 34]. The twin-guide scheme in figure 4
has shown that the p-cladding layer is the major limitation to
the optical confinement. In order to enhance the optical con-
finement, the total thickness of the p-doped InP and InGaAs
layers is designed to be only 400 nm, as shown in figure 5.
This value is almost half of the previously discussed twin-
guide scheme and 1/5 of the thickness used in the generic
platforms. The resulting diode structure has an ultra-compact
cross-section of 700 nm in width and in height. The small
cross-section enabled ultra-short taper structures between act-
ive and passive cores. A transmission efficiency of 95% is
achieved with only 8 um taper length.

On the other hand, such a compact diode puts more chal-
lenges on the optoelectronic performances. To achieve a top-
contacted sheet-resistance-free p-contact, the p-doped lay-
ers were grown as the first layer on substrate. The p-dopant
Zinc will diffuse much more into the active core and create
non-radiative recombination centers, due to the reduced p-
InP cladding thickness and much longer diffusion time in the
metal-organic vapor phase epitaxy (MOVPE) reactor. A more
detailed discussion can be found in section 3.2.1. Moreover
the metal electrode is brought closer to the optical mode, res-
ulting in an order of magnitude increase of the overall modal
loss (50 cm ™! in this diode vs. 3 cm ™! in the larger-size twin-
guide diode (section 2.2.1)). Pulsed operation of lasers built
with this ultra-compact SOA has been demonstrated. Further
optimization of the epitaxy and reduction of optical loss are
needed to enable CW operation.

3. Membrane technologies

The InP membranes, with high similarities in index contrast
and critical dimensions to silicon photonics, share some of the
process challenges with the latter, for instance the need for a
defect-free bonding process, wafer-scale precision patterning
and etching uniformity, etc. On the other hand, in InP mem-
branes, all photonic components are contained, allowing more
complexed topologies as well as more creativities. In this sec-
tion we discuss the process technologies of the InP membrane
platforms. We identify the key challenges, the current status of
solving them, as well as unique opportunities in the processing
of InP membranes.

3.1. General process flow

In silicon photonics, the III-V materials are bonded (or epi-
taxially grown) and processed after the entire silicon photonic
circuit process flow [11, 35-37]. The material and process
chemistry of the silicon and ITII-V are incompatible, leading to
a back-end-only process. In InP membranes, such constraints
in the process flow are eliminated, since all epitaxies are for
the lattice-matched III-V material system. This gives huge
flexibility to the process technology development, leading to
two major process strategies for the lateral and vertical diodes,
respectively.

3.11. Top-side regrowth processing for lateral diode
scheme. As mentioned in section 2, the total thickness
of the lateral diode membrane devices is only several 100 nm.
In this section on the lateral diode scheme, we discuss the
process flow based on a typical thickness of 270 nm.

The process flow has been summarized in figure 6. The ini-
tial wafer consists of GalnAsP/GalnAsP five QWs sandwiched
by InP cap layers to supress the surface recombination. Under
the bottom InP layer, p-GalnAs contact layer as well as InP and
GalnAs etch stop layers are formed on InP substrate. Note that
the p-GalnAs contact layer becomes the top side after bond-
ing. A molecular beam epitaxy (MBE) system is used with Be
as p-type dopant, which has less diffusion. The importance of
this will be explained in section 3.2. Using the initial growth,
three steps of selective regrowth by MOVPE are carried out
for waveguide regrowth, n-InP side cladding regrowth, and p-
InP side cladding regrowth. After the growth, wafer bonding
to Si substrate is carried out. The bonding technologies will
be explained in the section 3.3. After InP substrate removal by
wet chemical etching, selective etching of unnecessary contact
layer is carried out, followed by metal deposition. Finally, a
surface grating is formed with electron beam (EB) lithography
and wet chemical etching for the DR structure.

3.1.2. Double-sided processing for vertical diode scheme.
For the vertical diode scheme, the so-called double-sided pro-
cessing technique [29, 38, 39], a combination of pre- and post-
bonding processes and the creation of layers and structures
from both sides of the membrane, has been employed. The pro-
cess flow is depicted in figure 7. First the epitaxy wafer con-
taining the twin-guide diode structure is grown by MOVPE.
Deeply etched markers, half of the SOA structure and active-
passive tapers are realized. Metal contacts are deposited on
p- and n-contact layers, concluding the pre-bonding processes
(see figure 7(a)). Next, wafer bonding is performed using the
benzocyclobutene (BCB) polymer as the bonding interface.
After the bonding, the InP substrate and etch stop layers are
removed wet chemically, exposing the other side of the mem-
brane (see figure 7(b)). The post-bonding processes include
the second half of the SOA structure, deep and shallow pass-
ives and gratings (see figure 7(c)). Finally the metal electrodes
buried in the bonding layer are opened for electrical contacting
(see figure 7(d)).
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BCB polymer as the bonding interface. After the bonding,
the InP substrate and etch stop layers are removed wet chemic-
ally, exposing the other side of the membrane (see figure 7(b)).
The post-bonding processes include the second half of the
SOA structure, deep and shallow passives and gratings (see
figure 7(c)). Finally the metal electrodes buried in the bonding
layer are opened for electrical contacting (see figure 7(d)).

This double-sided processing uniquely offers an extra
degree of freedom in the design of membrane photonic
devices. Structures realized on the backside of the membrane
can significantly boost the optical and optoelectronic perform-
ances of the devices. One can find examples of using this tech-
nology for highly efficient surface gratings and ultrafast pho-
todiodes in sections 7 and 5, respectively.

3.2. Epitaxy

3.2.1. Dopant control in thin membranes.  As shown in
section 3.1, the epitaxy of the InP membranes uses typically

____InPsubstrate
: Etch stop '

active
Metal

waveguide
Etch stop

BCB/Si0,

(a)

Shallow/deep
etch

SOA

Figure 7. Fabrication process of vertical diode twin-guide SOAs
and passives [29].

MOVPE for growing the active-passive layer stacks. MOVPE
is essential for the butt-joint regrowth process. In MOVPE
processes, zinc diffusion in InP is a well-known phenomenon
[40]. It will be more detrimental in the membranes as the dis-
tance between the heavily doped p-contacts and the active core
is much less than in conventional diodes used in generic InP
and hybrid ITI-V/Si platforms. In conventional SOAs the prob-
lem is not so obvious because of their much thicker intrinsic
and lightly p-doped InP cladding layers in the order of 2 pm.
In membrane SOAs, special attention must be paid to the diode
design, as the high optical confinement brings not only the
benefits, such as higher QW confinement and enhanced RF
performance, but also the challenges to control the doping pro-
file in layers of only a few hundreds of nanometers thick.

A detailed investigation on the zinc diffusion was carried
out on the MOVPE grown layer stack of the ultra-compact
twin-guide SOA (section 2.2.2). In this layer stack the heav-
ily doped p-contacts are only about 400 nm from the non-
intentionally doped (n.i.d.) active core. Figure 8 shows the
secondary-ion mass spectroscopy (SIMS) result on the lay-
ers of interest, including the n.i.d. InP waveguide layer (a),
n-contact layers (b), n.i.d. active core (c), p-doped InP clad-
ding (d) and heavily doped p-contact layers (e). It can be
seen that in the layers (c and g) adjacent to the p-doped lay-
ers (d, e and f), there is significant zinc diffusion. The zinc
concentrations in iii and vii layers are around 6 x 10'6-
1 x 10'7 cm™? after the diffusion, which is 1-2 orders of mag-
nitude higher than the non-intentional background doping of
the reactor (<10'® cm~3). The diffused dopants are interstitial
therefore forming non-radiative recombination centers [41].
The induced absorption loss can be as high as 10 dB cm™!
at 1550 nm wavelength, according to [42].



Semicond. Sci. Technol. 36 (2020) 013001

Topical Review

1E+20

(v & vi)
1E+19

= —SIMS Be

S —SIMS Zinc

21E+18

o

5

E1E+H7

<

(=9

=}

?

LIE+16

100 300 500 700 900 1100 1300 1500

Depth (nm)

Figure 8. SIMS results on a compact membrane SOA layer stack,
comparing between layers grown with zinc (MOVPE) and
Beryllium (MBE). The layers shown are (a) InP waveguide layer,
(b) n-doped InP and Q1.25 layers, (c) Q1.58 active layer, (d)
p-doped InP layer, (e) p-doped InGaAs contact layer, (f) InP
sacrificial layer, (g) InGaAs sacrificial layer. Note that for very thin
layers (e.g. e and f) the true peak concentration may be
underestimated due to profile broadening by SIMS.

Various solutions have been proposed to suppress the zinc
diffusion, including using Al-containing compounds instead
of InP to suppress zinc diffusion [43] as well as zinc kick-
out by group III interstitials [44], use of other less diffus-
ive p-dopants (such as carbon and beryllium) [45-47] and
adding diffusion spacer layers [48]. Some of the methods
can be highly tool dependent. The beryllium doping in MBE
appears to be a promising alternative to the zinc. The measured
BE concentration in an MBE-grown twin-guide SOA layer
stack is also shown in figure 8. It is clear that the Beryllium
dopants have negligible diffusion even across interfaces with
very high doping step changes. This also potentially enables
the p-side first growths, making double-sided membrane integ-
ration (different active functionalities, such as SOA and uni-
travelling carrier (UTC) photodiode, integrated at either side
of the membrane and without the need of regrowth, as envis-
aged in [34, 39]) possible. However MBE is regarded as less
attractive to the industry as compared to MOVPE, due to the
throughput bottleneck. A practical solution can be a hybrid
growth, i.e. growing only the most critical layers in MBE and
the rest in batches in MOVPE. This approach has been applied
to the process flow of the lateral diodes (see section 3.1.1).

3.2.2. Regrowth and butt-joint integration.  For the mem-
brane structure, especially for the lateral junction scheme, the
BH structure and waveguides are formed by MOVPE regrowth
technology. Two regrowth strategies have been investigated by
Tokyo Institute of Technology (Tokyo Tech) and by Nippon
Telegraph and Telephone, respectively. The former approach
implies regrowth on an InP substrate and transfer of the
membrane to silicon carrier with a bonding [49]. The latter
approach first bonds a single-epi InP wafer to silicon and per-
forms a regrowth process on the InP/Si hybrid wafer [50]. Both
approaches regrow similar materials with similar dimensions.

The regrowth processes are not so different compared with
the conventional regrowth for generic InP platforms. But there
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Figure 9. SEM images of cross section of butt-joint regrowth [52].

are a few special considerations when performing regrowth for
membrane structures. The first consideration is the relatively
small thickness which need to be regrown. In this case any
thickness variation induced by the regrowth (for instance due
to the growth enhancement effect [51]) will be significant to
the optical performance of the membrane waveguides. Thus
the etching process, which removes the original epi materi-
als for regrowth, is of critical importance. This etching pro-
cess must create an undercut as a reservoir for the excess
atoms at the mask edges. Both the depth and the angle of
the undercut are crucial. Optimization performed at Tokyo
Tech has revealed that, when using a chemical solution of
H,S04:H,0,:H,0 = 1:1:40 for 11 min for the etching, an
undercut with a depth of 165 nm and mesa angle of 50° is
achieved [52]. This condition results in a smooth regrown sur-
face, as shown in figure 9.

Another consideration is the regrowth interface. This is
especially critical for the lateral diodes, since the regrowth
interface, such as the interface between side cladding lay-
ers and active layers, experiences current flow. Thus any
non-radiative recombination layers created during etching and
exposing the interface needs to be removed. Especially, this
is critical in the case of AlGalnAs active layers, which can
be easily oxidized. To overcome this, reducing the product of
surface recombination velocity and carrier lifetime (Sx7) is
important [53]. This S x 7 product can be estimated by plotting
the slope efficiency of spontaneous emission below threshold
current. The values can be varied through different surface
cleaning conditions (wet cleaning as well as in-situ chamber
annealing). For example, in the Tokyo Tech’s MOVPE cham-
ber, the value of Sx7 could be as low as 15 nm for in-situ
chamber annealing under PH3, 650 °C for 45 min, although
the value is about 1000 nm for in-situ chamber annealing under
AsHs, 650 °C for 45 min [54].

3.3. Bonding

All types of InP membranes need to be bonded to a carrier
wafer (typically silicon) with an optically transparent buffer
layer in between. Two major bonding techniques have been
used for the InP membrane, namely the BCB adhesive bond-
ing [55, 56] and direct bonding [50, 57-59]. The exact process
details of the used bonding process highly depend on the InP
membrane structure, the possible need of interconnection to
the silicon carrier and optical electrical thermal co-design. In
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Table 1. Comparison of adhesive bonding and direct bonding for

InP membrane.

Adhesive bonding

Direct bonding

v'Full wafer scale

v'High topology tolerance (suc-
cess up to 6 um topology on
each side [60])

v Accept wide range of material
systems

X Deformation due to thermal
expansion mismatch and pro-
cessing histories [61]

x Relatively poor thermal con-
ductivity of the BCB

X Thermal budget limited by
BCB glass transition

V'Full wafer scale
v/ Better heat sinking

v Better reliability of the bond-
ing interface

x Surface flatness of 1 nm, oth-
erwise chemical mechanical
polishing process is needed

x Annealing process required

X Management of voids at inter-
face [62]

the table 1 we aim to summarize the advantages and disadvant-
ages of the two bonding techniques, which will help make the
right choice for developing a specific platform.

Thanks to research efforts, some disadvantages can now
be solved. For example, recently, the authors at Tokyo Tech
succeeded to realize room temperature direct bonding for
membrane structure by Si-nano film assisted surface activ-
ated bonding [63]. Very thin (few nm) Si film deposited by
spattering in the same chamber as where the bonding takes
place enables surface activation to achieve room temperat-
ure direct bonding. Also, the authors at TU/e have developed
a BCB bonding process to bond InP membrane wafers on
CMOS electronics wafers ([64], see section 8). The process
has been optimized such that all the high-temperature pro-
cesses fall within the thermal budget of the CMOS electronic
devices and the thermal expansion mismatch of the two wafers
is compensated, resulting in a very accurate alignment (<4 pm)
between the photonic and electronic devices.

3.4. Lithography

3.4.1. Enhanced EB lithography.  EB lithography is a major
method for fabricating photonic nanostructures. For mem-
brane photonic devices which have large index difference
between core and cladding layers, high quality lithography is
more important than that for conventional photonic devices. To
realize this high quality lithography, thinner photoresist thick-
ness is preferable to reduce line edge roughness of photores-
ist patterns, which gives smaller side-wall roughness of wave-
guides. However, we need enough thickness to act as a mask
during the etching of waveguides under consideration of etch-
ing selectivity between photoresist and semiconductor. To
reduce resist thickness and increase etching selectivity, sim-
ultaneously, introduction of Cg to resist is effective [65, 66].
Figure 10 shows SEM images of waveguides etched with ZEP-
520 A photoresist as a mask. The image shown in figure 10(a)
is the result with the resist contained Cgy. Compared with
the etching result without Cgp, better etching verticality was
achieved. The etching selectivity is as twice high as that for
conventional photoresist.
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Figure 10. SEM images of waveguides after dry etching with two
different photoresists: (a) 0.1%wt-Cgp in ZEP-520 A and (b) pure
ZEP-520 A [66].

Improved waveguide propagation loss in the membrane
waveguides has been demonstrated by several groups using the
enhanced Cgo/ZEP resist. Researchers at Tokyo Tech and TU/e
have reported reduced losses in Cgo/ZEP resist patterned sil-
icon nanowires [65], InGaAsP membrane [56] and InP mem-
brane [67], with a record of 2.5 dB cm™~! in the electron-beam
lithography (EBL) patterned InP membrane [68].

Moreover, the Cgo/ZEP resist also helps in maintaining the
shape of the nanostructures. As observed in [67], the Cgo/ZEP
resist has an improved thermal stability during the baking
process, which helps to maintain the sub-100 nm critical
dimensions of the gap in the micro-rings and the gratings in
the distributed Bragg reflectors (DBRs).

3.4.2. Deep UV scanner lithography. InP membrane
photonics allows for devices with nano-scale features due
to the tight optical confinement in the membrane. A PhC
waveguide reflector with holes down to 110 nm radius, and
DBRs with 120 nm linewidth are examples of such nano-scale
devices. Currently EBL is used to pattern these small fea-
tures [67]. However this process suffers from accuracy drift
due to long exposure times and it is challenging to optimize
very high-density circuits due to secondary electron scattering
exposing resist up to 30 um away from the exposed feature.

SOI has similarly tight optical confinement. One can
therefore expect similar passive optical devices in SOI and
InP membranes with comparable dimensions and perform-
ance. Nano-scale features in SOI also used to be made
using EBL. Optical loss was significantly reduced by mov-
ing to 193 nm immersion lithography [69] and now benefit
from the advanced lithographic capabilities of modern silicon
foundries. Similar performance enhancement can be expec-
ted in InP photonics as the optical lithography processes for
InP have moved from contact lithography and 245 nm litho-
graphy to a 193 nm scanner process. Recently the perform-
ance of AWGs in the generic InP platform was much improved
by making use of an ASML 193 nm scanner lithography tool,
which demonstrated patterning of lines down to 90 nm on an
InP substrate [70].

Recently the 193 nm scanner process has been adapted for
the IMOS platform. The process can efficiently print nano-
structures at a full wafer scale. A picture of a 3 inch IMOS
wafer, patterned with the scanner and being probed with two
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Figure 11. Picture of a 3 inch IMOS wafer patterned by the 193 nm
DUV scanner [29].

vertically placed optical fibers, is shown in figure 11. DBRs
with dimensions down to 120 nm and PhC waveguide reflect-
ors with holes down to 110 nm have been successfully pat-
terned [71]. Record low-loss waveguides [71] and significant
improvements on AWG key parameters [72] have been repor-
ted (see sections 7.1 and 7.2).

Further improvement to the pattern profiles with the 193 nm
scanner tool was demonstrated by reflowing the photoresist
[71], a technique originally proposed by Kobayashi, et al [73].
After hard baking, the photoresist is exposed to an organic
solvent atmosphere that softens the edge of the photoresist.
When the photoresist is removed from the solvent atmosphere,
the surface tension smoothens the photoresist pattern. Using
this technique, the line edge roughness of typical IMOS fea-
tures was reduced, especially for narrow gratings. This may
lead to even lower propagation losses in the future.

3.5. Metallization

The enhanced optical confinement in the membrane-allowed
for smaller diodes, which however makes the distance between
the metal electrodes to the optical mode a very critical
parameter. A typical example is the UTC-PD on IMOS
(see section 5.2), where the position of the n-electrodes is
a trade-off between optical loss and electrical bandwidth.
Researchers at TU/e has developed a novel Ge/Ag ohmic con-
tact for n-type electrodes with reduced optical loss [74, 75].
Compared to conventional Ni/Ge/Au based n-type electrodes,
the Ge/Ag electrode showed an order of magnitude lower
optical absorption loss at 1550 nm wavelength, while still
maintain excellent contact resistance (10~7=10~% Qcm?) to
InP and InGaAs(P) materials.

Metal stacks may spike deep into the semiconductor mater-
ials and form metallic alloys which are even closer to the
optical mode. It is discovered also in [74] that the Ge/Ag
metal stack shows much less spiking into the semiconduct-
ors during annealing, as compared to the Ni/Ge/Au stack.
After an annealing at 400 °C for 15 s, the depths of spikes
into the InP membrane are 25 nm and 300 nm for Ge/Ag
and Ni/Ge/Au stacks, respectively. The much-reduced spik-
ing depth in Ge/Ag offers a promising electrode solution with
minimized influence on the optical mode.

An alternative technique to suppress the metal spiking is to
precisely control the alloy formation. This can be achieved by
using an ultra-thin (e.g. 20 nm of Ni) alloy formation layer on
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Figure 12. (a) Schematic illustration of the vertically coupled
waveguide NOEMS on IMOS. (b) Picture of a fabricated device
[77].

top of the semiconductor membrane during annealing [76]. A
uniform alloy is formed, which can support further deposition
of the full metal stack. The advantage of this technique is the
uniform and controlled metal-semiconductor interface, which
can prevent optical scattering at random spikes formed by an
uncontrolled alloying process.

3.6. Nano opto-mechanics

When using the correct acids, there is an excellent etch
selectivity between InP and its ternary and quaternary com-
pounds. Therefore, it is possible to utilize (part of) the exist-
ing heterostructure layer stack in active devices and cre-
ate wet-etched cantilever structures. Besides, doping III-V
materials for the purpose of electrostatic actuation is easier
than that in silicon devices. These factors create a unique
opportunity for realizing nano-opto-electro-mechanical sys-
tems (NOEMS) integrated into the InP PICs.

Recently a novel NOEMS scheme has been demonstrated
on the IMOS platform at TU/e. The compact SOA diode
and the high optical confinement have enabled a vertically
coupled waveguide system [77], as shown in figure 12. Based
on this technology, highly efficient phase modulators and
ultrawideband displacement sensors have been developed, see
section 6.2 and 9.3, respectively.

4. InP membrane light sources

4.1. Lasers constructed with an independent SOA building
block

The twin-guide SOA on IMOS offers seamless integration
with submicron passive waveguides (see section 2.2). This
allows the SOAs to be connected to a large variety of unique
passive components such as micro-ring filters, PhC mirrors,
ultra-sharp bends, etc, many of which are not available in
conventional InP platforms due to the weak optical confine-
ment of the latter. Using the single-mode membrane wave-
guide as the connecting interface, the SOAs and the pass-
ive components can be optimized individually and assembled
to construct various types of laser cavities, as illustrated in
figure 13. This shares the same philosophy with the generic
InP photonic integration [4], and so far several lasers have been
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Figure 13. (a) Schematic illustration of the membrane DBR laser,
with SEM pictures showing the grating-based and PhC-based DBR
mirrors. (b) Schematic illustration of the membrane tunable laser,
with SEM picture showing the thermally tunable micro-ring
resonators. (c¢) Schematic illustration of the membrane DFB laser,
with SEM pictures showing the quarter-wavelength shifted DFB
grating and the active-passive interface.

demonstrated on the IMOS platform. A summary of the per-
formance details of the demonstrated lasers on IMOS can be
found in [29].

One of the most straightforward laser design realized is
the DBR laser [78]. The cavity is formed with two PhC-
based DBR reflectors [79] in the passive areas of the cir-
cuit (see section 7.2). An alternative realization of the DBR is
based on conventional gratings [80]. By simply adjusting the
number of periods, the reflectivity can be flexibly tuned. For
instance, on the front side these reflectors can have five peri-
ods which gives 60% reflectivity. On the back side the PhCs
have eight periods which gives 99% reflectivity [79]. Such
high reflectivity and the tuneability are not offered in the con-
ventional InP platforms. The fabricated conventional DBR and
PhC reflectors are shown in figure 13(a). Knowing the achiev-
able optical gain from the amplifier and the reflectivity from
the DBRs, the length of the laser can be determined to meet the
desired laser specifications [81]. The realized PhC DBR laser
device showed 20 mA threshold current (2 kA cm™2 threshold
current density) with 1 mW power in the waveguide [82]. This
basic DBR laser configuration can be used for designing more
complex devices, such as mode-locked lasers with centimetre
long cavity length, leveraging the ultra-sharp bends offered in
the InP membrane platform.

As an extension to the simple DBR lasers, we demonstrated
a Vernier tunable laser based on the PhC DBR cavity. The tun-
ability is realized by two thermo-optically tunable micro-ring
resonators with slightly different FSRs, acting as wavelength
selective elements in the cavity, as shown in figure 13(b). The
3 dB bandwidth of the optical gain from the amplifier is over
50 nm [28], which is sufficient for tunable lasers. All the ele-
ments except the SOA are fabricated in a single passive etch-
ing step. Tunable lasers in the IMOS platform show tuning
of the lasing wavelength up to 25 nm when exploiting the
Vernier effect [83]. The tuning coefficient is 2.5 nm mW~!
and can be further improved by optimizing the design of the
thermo-optic heaters. Furthermore, the SMSR of the device
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Figure 14. Lasing spectra of (a) the Vernier tunable laser and (b)
DFB laser on IMOS [32].

ranges from 31 dB to 44 dB within the tuning range, which
makes the devices suitable for WDM systems. Measured las-
ing spectra of the tunable laser are depicted in figure 14(a) with
a wavelength tuning interval of 5 nm.

Furthermore, a membrane quarter-wavelength shifted DFB
laser has been demonstrated with more than 60 dB SMSR [84].
The lasing spectra are plotted in figure 14(b) for three different
pump currents. The DFB grating is defined on top of an SOA
area using the same etch depth and processes as for the DBR
reflectors, as shown in figure 13(c). Unlike the SOI platform
where gratings are etched in silicon and have a bonding inter-
face from the III-V gain structure, the grating etch in IMOS
is performed above the SOA structure. Thus, the coupling
strength is insensitive to the bonding process and can be con-
trolled more precisely. The DFB laser showed 2.5 kA cm™?
threshold current density and 20 mW total output power in
the waveguides [29]. The high SMSR values of 60 dB in the
demonstrated laser is a good indicator of the low noise opera-
tion.

With the continuous expansion of the passive compon-
ent portfolio in the IMOS platform, more types of lasers
can be designed using the generic integration concept. The
wafer-scale technology can enable future membrane-based
multi-project wafer (MPW) runs [85] acting as a vehicle for
application-oriented laser circuit designers.

4.2. DR lasers for low threshold, high efficiency
and high speed

Whereas the IMOS platform aims at high flexibility in build-
ing a laser cavity, the DR lasers presented in this section have a
focus on extreme speed and energy performance for the inter-
connect applications using a fixed laser cavity concept. The
most important design considerations are discussed below.
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For the purpose of on-chip optical interconnections, the
energy cost (which is the energy to send 1 bit) of a light source
should be less than 100 fJ bit~! [86], which corresponds to an
operation current of 1 mA, considering a voltage of 1 V and
a speed of 10 Gbps. Also, for detection by PIN photodiodes,
more than —13 dBm of received power is desired to achieve a
low bit error rate [87]. Considering a 5 dB loss budget in the
circuits, the output power of the lasers should be more than
—8 dBm (0.16 mW). Therefore, an output power of 0.16 mW
at the operating current of 1 mA, as well as >7.7 GHz band-
width (for 10 Gbps), are needed. These are quite challenging
values for conventional lasers.

To reduce the threshold current of lasers, of course, intro-
duction of higher reflectivity (lower mirror loss) is effect-
ive. On the other hand, too high reflectivity makes the output
efficiency too low. In case of DFB or DR lasers, the effect-
ive reflectivity depends on their cavity length. Figure 15(a)
shows the DFB section length dependence of the threshold
current and the external differential quantum efficiency of a
membrane DR laser. The stripe width and the core thick-
ness are 1 pm and 250 nm, respectively. The grating depth
is 50 nm, which corresponds to a coupling coefficient s of
1800 cm~!. The internal quantum efficiency and the wave-
guide loss are assumed to be 75% and 42 cm™', respect-
ively. The minimum threshold current reaches to 155 pA at
a cavity length of 22 ym. Although the external differential
quantum efficiency increases with shorter cavity lengths, the
threshold current drastically increases as well. Actually, the
value of the threshold current is not important for applications,
but the operating current is. Figure 15(b) shows the DFB sec-
tion length dependence of the required bias current to obtain
an output power of 0.16 mW. Note that the coupling coeffi-
cient k at each section length is adjusted to achieve minimum
values at each length. We can see that the optimum section
length in terms of operating current becomes much shorter
than that in terms of minimum threshold current as shown in
figure 15(a). We also need to consider the modulation band-
width. In figure 15(b), the current for the output power of
0.16 mW cannot achieve enough bandwidth for DFB section
length of >40 pm. Figure 15(c) shows the DFB section length
dependence of the required bias current to obtain a modulation
bandwidth of 7.7 GHz for 10 Gbps operation. The required
bias current for the bandwidth of 7.7 GHz cannot produce at
the same time enough output power for DFB section lengths
of <50 pum.

In the above discussion, we do not consider power con-
sumption, which is also important for real applications. To
consider power consumption, we have to take into account
the operating voltage, which is determined by electrical res-
istance. A very short section length gives a higher electrical
resistance. Therefore, the electrical resistance is another trade-
off factor. Figure 15(d) shows the total power consumption
as a function of the DFB section length, in terms of out-
put power and modulation speed. As we can see, the out-
put power limits the power consumption for lengths <50 ym
and the modulation speed limits it for longer sections. The
power consumption reaches a minimum at the section length
of 19 pum. At this length, 63% of the total power consumption
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Figure 15. DFB section length dependence of (a) the threshold
current and the external differential quantum efficiency of a
membrane DR laser with a core layer thickness of 250 nm; (b) the
required bias current for a light output power of 0.16 mW; (c) the
required bias current for a modulation speed of 10 Gb s~'; (d) total
power consumption for the required light output power and that for
10Gbs™! operation [87].

is due to Joule heating. To reduce the total electrical resistance,
reducing the electrical resistance of the p-type side cladding is
a key. Mainly, we have two points to be optimized. One is the
doping level. This has a trade-off with the waveguide loss. The
other one is the distance between the edges of the electrodes
and the active region. This has a trade-off with the waveguide
loss, too, since a too small distance results in an optical field
overlap with the electrode metals. By optimization of these
points, the energy cost can be reduced to 63 fJ bit~!. In addi-
tion to this, if we can reduce the system loss budget to 1 dB,
and increase the modulation speed to 20 Gbps, an energy cost
of 21 fJ bit~! can be achieved in theory.

The characteristics of a recently fabricated DR laser [25]
are shown in figure 16. Figure 16(a) shows a SEM cross-
sectional view of the fabricated DR laser. The threshold cur-
rent and external differential quantum efficiency are 0.21 mA
and 32%, respectively, under room temperature CW condi-
tion, as shown in figure 16(b). The stripe width, DFB section
length and backside DBR section length are 0.8 pm, 32 um,
and 50 pm, respectively. Figure 16(c) shows the small sig-
nal modulation characteristics. At a bias current of 0.77 mA,
the bandwidth f343g reached 11.2 GHz, which is sufficient
for 10 Gbps operation. From this small-signal modulation
response, the relaxation oscillation frequency f; and the 3 dB
bandwidth f34g as a function of the square root of the bias
current can be obtained. The slopes of f; (modulation cur-
rent efficiency factor: MCEF) and 345 were 12 GHz mA~12
and 15 GHz mA~"2, respectively. These values are quite
high compared to conventional DFB and DR lasers. With this
device, eye opening at a bit rate of 20 Gbps could be observed
with a bias current of 1.06 mA. Bit error rates as low as
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Figure 16. (a) SEM sectional view of the fabricated DR membrane
laser. (b) The current-light and current—voltage characteristics. (c)
Small signal modulation characteristics and (d) 20 Gbps Eye
diagram at the bias current of 1.06 mA [25].

6.4 x 1070 are obtained and the energy cost of this condi-
tion reaches 93 fJ bit~!.

4.3. Nanopillar-cavity light sources

Nanoscale light sources with metal cavities have been invest-
igated intensively for slightly more than one decade. In these
devices, the metal cladding is employed to achieve a strong
spatial confinement, while preserving a sufficiently high qual-
ity factor to achieve lasing. Furthermore, the metal clad-
ding can efficiently remove the heat generated by the diode
electrical resistance. Early work on metal cladding cavities
exploited two configurations: nanopillars and metal-insulator-
semiconductor-insulator-metal waveguides. Both configura-
tions achieved sub-wavelength confinement in at least one
dimension and allowed electrical injection which is funda-
mental for most of the practical applications [88, 89]. Later,
some of these structures demonstrated CW operation at room
temperature [90].

More recently, significant progress has been made in the
field of metal cladding nanopillars in InP membrane plat-
forms, which allowed the outcoupling of optical power into
a single-mode InP waveguide channel [91, 92]. Such a wave-
guide integration is a significant advancement in this field,
since the nanopillar light sources can be connected directly
to the wide portfolio of active and passive BBs offered in the
same InP membrane platform. This ranges from higher-power
amplifiers and high-speed detectors to filters and switches.
Highly integrated, fully functional nanophotonic circuitry then
becomes feasible.

In [91], light coupling from the nanopillar to the low-
loss waveguide was achieved through the evanescent field.
An SEM picture of the fabricated nanopillar, integrated on
top of an InP membrane waveguide and before being encap-
sulated by the metal cladding, is depicted in figure 17. The
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Figure 17. SEM picture of a fabricated nanopillar on InP membrane
waveguide [91].

devices are characterized through grating couplers, which are
standard BBs of the InP membrane platform. While these
waveguide-coupled nanocavities have not reached lasing due
to a detrimental combination of high non-radiative recombin-
ation and a dedicated waveguide (cavity loss channel), the
devices operated as nanoLEDs with record on-chip external
quantum efficiency [91] (10~* and 10~ for room-temperature
and 9.5 K, respectively) and tens of nW optical power, far
exceeding the previous nanoscale LEDs. Contrary to cavity-
less nanoLEDs which could support a high number of confined
and radiating modes, metal-cavity nanoLEDs support very few
optical modes, therefore the radiation efficiency into the mode
of interest can be drastically improved.

Capsule-shaped nanopillar cavity with curved metallic
facets has been first proposed in [93]. The enhanced confine-
ment of the cavity modes can lead to an improved quality
factor and a reduced threshold. This idea has been further elab-
orated in [92] with a similar evanescent-field based waveguide
output. Preliminary results have shown spontaneous emission
successfully generated under electrical pumping and coupled
and collected from the InP waveguide [92].

Further technological improvements in order to achieve las-
ing in these devices include novel metal claddings and con-
tacts (e.g. silver-based contacts which are able to provide low
electrical and optical loss at the same time) [74]. Better pas-
sivation techniques can also result in much improved cav-
ity performance in such nanopillars, which have exception-
ally high surface-to-volume ratios. For example, colleagues at
TU/e have demonstrated a surface recombination velocity as
low as 260 cm s~! in InGaAs, through a combined passiv-
ation process of ammonium sulphide and SiO, sealing [94].
Finally, the atomic layer deposition technology can be used
to significantly improve the optical quality and uniformity of
the deposited metals [95, 96] as well as to reduce the interface
damage and break the feature size bottleneck in conventional
lift-off processes [97, 98].

5. Photodiodes

5.1 Photodiodes based on membrane laser stacks

Photodiodes are another important device in PICs. Structures
similar to the membrane laser can be used. Figure 18(a) shows
a microscope image of a fabricated membrane photodiode
with a lateral diode scheme [99, 100]. The structure is basically
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Figure 18. (a) A microscope image of a fabricated membrane
photodiode. (b) Bit error rate and eye diagrams of the device
[99, 100].

as same as that of the DR membrane lasers, except for the
introduction of a GalnAs bulk absorber instead of the QWs.
The responsivity of 0.95 A W~! was achieved with a stripe
width of 0.7 pm and a device length of 30 ym. Using this
device, a bit error rate measurement has been performed, as
shown in figure 18(b). Clear open eye diagrams and error free
operation are achieved up to 20 Gbps. For membrane photo-
diodes, the detection speed is limited by the carrier transition
time, especially for holes, due to their low mobility, and by the
capacitance. These parameters are determined by stripe width
and device length. The carrier transition time and capacitance
have trade-off relations in terms of the stripe width. At nar-
row stripe widths, the capacitance is the dominant factor. At
wide stripe width, the carrier transition time is the dominant
factor. A shorter device length is better in terms of capacit-
ance. However, a shorter length gives a lower responsivity. To
maintain enough responsivity, even with short device length,
introductions of DBR and PhC structures were proposed and
demonstrated [100, 101]. With these structure, fF-level capa-
citance can be realized. Such small capacitances may enable
the realization of trans impedance amplifier-less operation for
low power consumption detection.

With combinations of lasers, photodiodes and waveguides,
a first fully integrated on-chip interconnect PIC has been
demonstrated [102] as shown in figure 19. A DFB laser and
a PIN-photodiode are connected by a 500 pm long GalnAsP
membrane waveguide. A bit error rate of 6 x 1077 was
achieved with a bias current of 2.5 mA for the laser and a bias
voltage of —3 V for the detector. At the moment the perform-
ance of each component in this PIC is not as high as that of dis-
crete devices. Electrical isolation may be an important factor
to improve the overall performance.

5.2. Ultrafast UTC photodiodes

In PIN photodiodes, the photogenerated holes with their slow
transit velocity will limit the highest achievable electrical
bandwidth. UTC photodiodes were proposed to overcome this
bottleneck [103]. Realizing UTC photodiodes on photonic
membranes brings additional advantages regarding the optim-
ization of efficiency and speed.

A substrate-free UTC photodiode on the IMOS plat-
form has been developed [104]. The device uses the IMOS
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Figure 19. First on-chip interconnect PIC with membrane
components [102].
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Figure 20. (a) Schematic of the membrane-based UTC photodiode
and (b) measured electrical bandwidth [104].

waveguide layer as the intrinsic layer, which is sandwiched
between a p-doped InGaAs absorption layer and an n-doped
InP collector layer. P- and n-metal electrodes are designed
at opposite sides of the membrane, respectively, using the
double-sided design and processing technique. The cross-
section schematic is depicted in figure 20(a). The tight optical
confinement in the InP membrane has led to a high respons-
ivity (0.8 A W~!) due to strong overlap with the absorp-
tion layer, low RC contacts (junction capacitance < 10 fF)
and taper-free butt-joint integration with nanophotonic wave-
guides. The double-sided metal electrodes significantly reduce
the sheet resistance from the p-doped absorption layer. An
electrical 3 dB bandwidth of beyond 67 GHz (instrument limit)
fora3 x 10 ,um2 device has been measured (see figure 20(b)),
with an extrapolated bandwidth reaching 100 GHz.

Such UTC photodiodes, featuring high speed and integra-
tion with waveguides and gratings, are of high potential in
optical communication (see section 9.2) and microwave to
terahertz photonics applications [105].

6. Modulators

6.1. Electro-optic (EO) phase modulators

Phase control and modulation are essential in any photonic
circuits. In this section we review EO phase modulators
on InP membranes based on several different mechanisms.
The carrier-induced effects are dominant in conventional
InP/InGaAsP based phase modulators [4]. Their operation
is based on a p-i-n diode structure without the active gain
medium. This requires additional regrowth steps.
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A promising alternative takes advantage of the high optical
confinement in such membranes by creating slot waveguides
filled in with EO polymers. The refractive index of the EO
polymer will change under an electric field, resulting in a phase
shift. Studies have been conducted intensively on silicon-
based slot waveguides, leading to the so-called silicon organic
hybrid (SOH) modulators [106]. The r33 coefficients in EO
polymers that are used typically range from tens to several
hundreds of pm V~! [107], enabling record performances
such as VL values down to a fraction of one V mm [108],
100 Gbit s~! data rates [106] and power consumption below
1 f1 bit™" [109].

InP in comparison to Si features higher carrier mobility
and lower optical loss at the same doping level. Therefore,
InP based slot devices are capable to achieve lower optical
loss with lower doping levels, while still maintaining high
electrical conductivity and electrical bandwidth. Theoretical
investigations on an InP membrane organic hybrid modulator
has been reported in [110]. The study shows that, to achieve
the same 100 GHz bandwidth, the InP membrane-based device
only requires a 1/10 of the doping level that is used in
SOH devices. This lowered doping level leads to a 30 times
reduction in optical loss induced by free-carrier absorption
(FCA).

Preliminary experiments have been carried out on a fab-
ricated device, designed and realized on the IMOS platform
[111]. The schematic cross section of the InP membrane slot
modulator is shown in figure 21(a). The 300 nm thick InP
membrane contains a 270 nm intrinsic waveguide core and a
30 nm n-doped (2 x 10'® cm™?) conductive layer for electrode
contacting. The free carrier induced optical loss is calculated
to be below 0.02 dB cm~!. The 200 nm slot width gives an
optical confinement factor of 17% in the slot. After the fabric-
ation of the slot waveguide, commercially available EO poly-
mer with a moderate r33 value of 63 pm V~! is applied on
the device and poled. A cross-sectional picture of a fabricated
device is shown in figure 21(b). A VL value of 3 V. mm has
been obtained, which can be further improved by using EO
polymers with higher r33.

Another type of phase modulator on InP membranes is a
carrier-injection phase modulators. There are also advantages
of using InP-based materials for carrier injection modulators
as compared with silicon. The carrier induced refractive
index change in Q1.25/InP waveguides is about four times
higher than that in silicon at a carrier concentration of
10" ¢cm~3 [112]. Therefore a much-reduced driving current
for a carrier-injection phase modulator can be expected by
using InGaAsP/InP membranes.

Ikku et al have proposed a lateral diode structure on a
350 nm thick Q1.25 InGaAsP membrane layer for the carrier
injection modulator [112]. The p and n doping are realized
by ion implantation, similar to that used in silicon devices.
The first demonstration has shown good loss management
(4 dB cm~ ") even with dopants close to the optical waveguide
and a low half-wave current-length product of 0.1 mA mm.
This is lower than in silicon devices reported at the time.

This lateral current-injection phase modulator has been
further developed for co-integration with an InGaAs-based
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Figure 21. (a) Schematic illustration of the slot waveguide hybrid
modulator on InP membrane. (b) The SEM picture of the slot
waveguide cross section, with the slot filled with EO polymer.

MOSFET (see section 8.2). A few process steps for the mod-
ulator have been changed in the co-integration process flow.
For instance, the p-doping step was changed from ion implant-
ation of Be to Zinc diffusion by spin-on glass [57]. The co-
integration has been successfully demonstrated with both the
modulator and driver operating as expected [57]. However the
reported current-length product is about 10 times higher than
in the early work of [112], probably due to the high uncertainty
of the Zinc profile. The electrical bandwidth is still yet to be
demonstrated with a predicted value of over 10 Gbit s~ .

6.2. NOEMS phase modulator

Besides the conventional phase modulators which use the field
and carrier effects within the semiconductor, another type of
efficient phase modulator is based on a vertically coupled
double waveguide system fabricated using the NOEMS tech-
nology on membrane (see section 3.6). The mechanically
induced change of the coupled waveguide geometry will result
in a great change of the effective refractive index.

An IMOS-based NOEMS phase modulator has been
recently demonstrated [77]. The phase modulator is based
on a compact twin-guide layer structure very similar to the
one described in section 2.2.2. By selectively removing the
active core layer, the p-doped layers form a top waveguide
which evanescently couples with a bottom waveguide which
is formed by the n-doped layers. A picture of the fabricated
device is shown in figure 12(b). By applying a reverse bias,
the electrostatic force created from the accumulated charges
in the coupled waveguide system will result in a significant
change of the effective index. A maximum of 4.8 phase shift
has been recorded under a bias voltage of 6.5 V for a 140 um
long device [113]. An ultra-low VL value of 0.056 Vmm can
be obtained by pushing the device operation (with a 5.1 V
pre-bias) close to the mechanical instability regime [77]. The
electrical bandwidth of such a device is determined by the
mechanical resonance frequency of the system. The reported
device shows a bandwidth at the MHz level, which makes
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Figure 22. (a) Schematic cross-section of the band-filling EAM. (b)
Calculated optical absorption of the InGaAs core for different
n-doping levels [114].

it more suited for low-energy optical switching applications
[29].

6.3. Band-filling based EAM

Recently a novel operating principle for an InP membrane
modulator based on the band filling effect was presented
[114]. The schematic cross-section of the device is depicted
in figure 22(a). By filling the conduction band, the apparent
bandgap increases which can be used to modulate the optical
transparency over a wide wavelength range. This is different
from the quantum confined Stark effect where the absorption is
modulated by changing the overlap between quantum states in
a QW with an electric field, which is inherently narrow band.

For efficient modulation of the apparent bandgap, a mater-
ial with a small conduction band density of states is desirable.
InGaAs fulfills this requirement for materials lattice matched
to InP. For InGaAs to become transparent at 1550 nm, the elec-
tron concentration needs to be higher than 2 x 10'® cm—3. The
electron concentration is modulated in a p—n junction by chan-
ging the applied reverse voltage. A reverse voltage of 1.5 V
depletes 8 nm of the material. While the depletion is shallow,
comparable to the dimension of a QW, the material absorption
when depleted is very high. Still tight optical confinement of
the mode to this thin layer is needed for sufficient extinction
ratio. InP membranes are ideally suitable for integrating such
a layer due to the high optical confinement.

The band-filling effect is inherently broadband (see
figure 22(b)) because it is the apparent band edge that is
being modulated. It is predicted that the modulator will oper-
ate on a CMOS compatible 1.5 V voltage swing, over a
wavelength range of 100 nm with modulation speeds in excess
of 50 Gbit s~! and a power consumption of 53 fJ bit~! at a
length of only 80 pum [114].

7. Passive components

71 llI-V membrane waveguide system

The high optical confinement in InP membranes leads to wave-
guide dimensions and bend radii comparable to those of the
SOI platforms [29]. This created new opportunities for InP
integrated photonics with reduced footprint, enhanced per-
formance, as well as new functionalities.

The single mode waveguides on InP membranes have typ-
ical dimensions of 400-600 nm in width and 150-300 nm
in height, when fully etched. The waveguide widths and
membrane thicknesses are chosen to maintain single-mode
condition with low optical loss. The materials used for the
waveguide core can be either InP [67, 115], InGaAsP [56] or
InGaP [116]. Typical linear propagation losses of the wave-
guides range from >10 dB cm ™! to below 2 dB cm™!, depend-
ing on the material for the core and the lithography process
used. It has been observed that by using improved litho-
graphy processes (for instance improved EBL resist [67, 68] or
DUV lithography [71], see section 3.4 for details), the linear
propagation losses can be greatly reduced due to the reduc-
tion of sidewall roughness. The record low propagation loss
demonstrated so far is 1.8 dB cm™! on the InP-based IMOS
platform [71], which is comparable to the typical loss value
in fully etched SOI waveguides [117]. On the route to fur-
ther reduction of the propagation loss, partially etched InP
membrane waveguides can be considered, inspired by the
0.7 dB cm™! achieved in partially etched SOI waveguides
[117].

The high optical confinement in the InP-based membrane
waveguides leads to a much-increased photon density and
therefore to a reduced threshold for nonlinear processes. This
makes them attractive for all-optical and quantum applications
[118, 119]. However undesired two-photon absorption (TPA)
and FCA co-exist in these waveguides and can be more pro-
nounced due to the higher photon density as well as the mater-
ial direct bandgap. A brief survey of the nonlinear properties
in an InP membrane (IMOS platform) and a comparison with
SOI can be found in [29].

A practical approach to suppress the TPA effect at telecom
wavelengths is the bandgap engineering. One can increase the
bandgap such that half of the bandgap is larger than the photon
energy. This can be done by tuning the composition of the ITI-
V compound [116, 120] or by replacing a large part of the pass-
ive circuits with high-bandgap dielectrics [121].

72. BBs portfolio

A wide range of passive BBs have been developed in the
InP/GalnAsP membranes (mainly on the IMOS platform). The
similar index contrast and propagation loss as in the SOI plat-
forms lead to a similar device portfolio with comparable foot-
prints and performances. The following list describes a num-
ber of important devices that have been demonstrated on the
InP membranes.

Waveguide bends are essential for optical signal routing
and building of complex devices and circuits. Conventional
arc bends down to 3-5 pm radius [122] and special corner-
mirror-based bends of 1 um effective radius [123] have been
reported in InP membranes. The corner mirror offers a low
loss, high optical bandwidth (>100 nm) and fabrication tol-
erant solution for low-footprint redirecting and decoupling of
the optical signals. For instance, when used in the directional
couplers, the corner-mirror bends ensured smaller footprint
as well as reduced parasitic coupling as compared to arc
bends [124].



Semicond. Sci. Technol. 36 (2020) 013001

Topical Review

On-chip parasitic back-reflections can be significant in InP
membrane waveguide systems due to the tight optical confine-
ment. Back-reflections in optical couplers can be detrimental
to high-precision interferometer circuits on the chip. A novel
MMI coupler layout, originally proposed for the conventional
InP waveguides [125], has been adapted and optimized for the
IMOS platform [126]. More than 10 dB reduction of the back-
reflection, as compared with the conventional MMI design,
has been predicted by simulations.

In conventional InP platforms, creating controlled and
broadband on-chip mirrors rely on either end facets or MMI-
based reflectors [127]. The former restricts the location of the
mirrors, while the latter gives a significant optical loss. On the
InP membrane, a new type of on-chip mirrors based on 1D PhC
has been developed [79], showing high reflectivity (>95%),
broad optical bandwidth (>100 nm) and ultracompact footprint
(4 pm in length).

Interfacing the InP membrane devices and circuits with the
outside world, e.g. with an optical fiber or a free-space object,
is facing the problem of a large mode mismatch, similar as
the SOI platforms. Therefore, surface grating couplers (SGCs)
are commonly used for the coupling of the light in and out of
the circuits. Grating couplers on InP membranes with simple
etched pitches in the waveguide show typical coupling loss of
5.5 dB [34] (using InP as the core material) and 4.2 dB [128]
(using InGaAsP as the core material) to single-mode fibers.
By incorporating the double-sided design and processing tech-
nique uniquely available in the InP membrane platforms, the
efficiency of the grating couplers can be significantly boos-
ted. For instance, backside metal mirrors can be deployed to
harvest the light diffracted downwards, resulting in a record-
low fiber coupling loss in InP membranes of 1.2 dB [129].
The grating structures can be even realized directly in a metal
layer next to the InP waveguide core, using the double-sided
technique [130]. An alternative way of optical interfacing is
through spot-size converters (SSCs) with edge coupling. SSCs
are intrinsically wavelength independent, and therefore suited
for broadband coupling. Recent results demonstrated a SiO,-
based SSC on InP membrane with 2.2 dB coupling loss to a
fiber [131].

Wavelength multiplexing and demultiplexing devices are
essential for WDM applications. AWGs have been developed
on InP membranes. Such a device is highly sensitive to
fabrication-induced phase errors in the arrayed waveguides
and to additional losses at waveguide interfaces. It is repor-
ted that by using a DUV scanner lithography process, both
insertion loss and crosstalk of the AWGs can be greatly
improved (3.7 dB and —15.3 dB, respectively) as compared
to those obtained with EBL (6-10 dB and —10 dB, respect-
ively) [72, 132]. This brings the performance of the AWGs on
an InP membrane close to those reported in the SOI platforms
[133].

Work has also been done to reduce the footprint of
the AWGs. Reflective-type AWGs have been developed on
InP membrane, showing a 35% footprint reduction with no
compromise on the device crosstalk and only a slight increase
in the insertion loss [134]. It is worth mentioning that this
device is designed by combining a standard AWG and a PhC

reflector BB, and that it is realized in an internal MPW run of
the IMOS platform.

Planar concave gratings (PCGs) are promising alternat-
ives to AWGs with reduced phase-errors and better crosstalk.
PCGs on an InP membrane, with DBR structures as broad-
band reflectors at the diffraction grating facets, have been pro-
posed and demonstrated [135], showing —18 dB crosstalk.
With improved EBL patterning on the DBR sections, a PCG
with crosstalk as low as —25 dB has been reported [136].

The crystal structures in InP and its compound materials
enables a new type of triangular waveguide for fabrication-
tolerant polarization manipulation devices [137]. This concept
has been adapted to the InP membrane (the IMOS platform)
and resulted in a polarization converter with 99% polarization
conversion efficiency with an ultracompact footprint (<10 ym
in length) [138]. This device is now being further optimized for
active-passive integration with lasers and modulators [139]. In
this way, advanced functionality, such as Stokes vector mod-
ulation, can be enabled.

Plasmonic slot waveguides have also been proposed and
demonstrated on the IMOS platform [140]. The metal—
insulator-metal slot waveguide structure provides stronger
optical interaction with the materials in the slot and requires
less length as compared to conventional slot waveguides. A
propagation loss of 0.43 dB ym~! and a waveguide-to-slot
coupling loss of 4.2 dB have been demonstrated from the first
attempt. This BB can be valuable for high-speed optical inter-
connects and plasmonic sensing applications.

8. InP membrane on electronics

The substrate-free nature and high flexibility of the InP
photonic membrane make it suitable for direct integration
with electronics. Two main technology approaches have been
investigated: heterogeneous vertical integration using wafer
bonding developed at TU/e and monolithic integration of
photonics and electronics in the same membrane developed at
the University of Tokyo (UTokyo). In this section, we discuss
in detail the latest developments in both approaches.

8.1. Heterogeneous integration on electronics

Standard techniques to combine optical and electrical func-
tions are wire bonding and flip-chip bonding using stud bumps.
These approaches however limit the electrical bandwidth,
since for high frequencies the path lengths are on the order
of the wavelength of the RF-signal. Furthermore, they take
up a large footprint, which is at odds with the desire to reach
high density integration. Monolithic integration of photonics
and electronics has been also demonstrated [57]. This will be
discussed in the next subsection. In that case, a compromised
performance may be implied in order to realize these differ-
ent functionalities in the same material stack and processing
flow. The idea described here avoids these issues; based on
the InP membrane technology, creating an intimate heterogen-
eous integration of separately realized electronic and photonic
functions can be obtained.
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Figure 23. (a) Artist’s impression of the InP membrane photonics
vertically integrated with a CMOS electronics wafer [34]. (b)
Photronic wafer (BiCMOS wafer with InP membrane) with SiO;
hard mask (dark blue) for etching windows into the InP membrane.

A major advantage of using InP membrane photonics is
the possible vertical combination with microelectronics at
wafer-to-wafer level. The electronic circuits (e.g. CMOS) and
the InP photonic circuits can be realized independently in
separate fabrication processes. Therefore these processes can
be kept in their optimized and standardized conditions. The
hybrid integration of the two occurs in a backend process.
An artist’s impression on InP membrane integrated on, and
interconnected to, a CMOS electronics wafer is depicted in
figure 23(a) [34].

The integration is done by placing a photonic membrane
circuit on top of an electronic circuit, which reduces the
physical distance greatly. This enables a new design dimen-
sion for the hybrid devices. Short interconnects between the
two circuits are a key requirement to increase the electrical
bandwidth and reduce electrical power consumption. Within
the European ‘WIPE’ project [141] researchers at TU/e have
developed such a technology by integrating photonics with
electronics on a wafer level. The technology uses an adhesive
wafer bonding approach based on [60]. The starting point is
the two wafers from the two different domains: photonics and
electronics. The photonic wafer is based on InP and has a dia-
meter of 3 inch. The electronic wafer is fabricated in a 0.25 ym
SiGe:C BiCMOS process on a 200 mm (8 inch) wafer. Both
wafers are made in mature foundry processes. At the end of
the process the InP membrane, containing the photonic ICs, is
bonded to a BICMOS wafer (i.e. 3 inch wafers cut out from
the original 8 inch wafer for size matching), containing the
electrical circuits. They are electrically connected with inter-
connects through the adhesive bonding layer. The designs on
the photonic and electronic wafers match each other, which is
obtained by co-designing the InP wafer based on the layout of
the BICMOS wafer. Care needs to be taken to correct in this
design for the different thermal expansion of InP and Si, since
the bonding will take place at an elevated temperature.

A back-side alignment is performed before the bonding
and the substrate removal. The thickness of the BCB-layer is
24 pm in total, which is essential to accommodate the topolo-
gies on the two wafers [60]. The alignment accuracy obtained
with such a thick BCB layer thickness is better than 4 pm,
which is sufficient for aligning the metal electrodes of the
photonic and electronic devices.

Creation of interconnects and heat sinks is done after the
bonding and substrate removal. Windows are etched through

Figure 24. Picture of the InP-based photonic membrane layer with
windows to access and interconnect the photonic (gold) and the
electronic contact pads (aluminium). Picture credit to F Lemaitre.

the InP membrane to expose the underlying InP contact pads.
In figure 23(b) the bonded wafer is shown just before etch-
ing the windows into the InP membrane (covered with SiO,
hard mask patterns). The BICMOS contact pads are opened
next by etching a sloped via through the BCB. Finally, the
via interconnect, connecting InP and BiCMOS contact pads,
is formed by the electro-plating [142]. Figure 24 shows a pho-
tograph of a created co-integrated wafer, presenting the etched
structures used to access the photonic (gold) and the electronic
(aluminium) contact pads [64].

This vertical integration concept can be further extended to
a wide range of electronics, since the entire membrane-based
photonic layer is completely independent from the carrier. An
interesting development is the integration of an InP photonic
membrane on an organic substrate [143], developed at Tokyo
Tech. The feasibility study in [143] has shown that the InP
membranes can be bent to a very short radius (up to 100 pm for
a 200 nm thick membranes). Such a combination can enable a
complete optical sensor circuit integrated on large-area, flex-
ible and ultralow-cost electronics printed on organic and other
flexible substrates [144, 145]. Potential applications include
e.g. wearable smart sensors for sport and health monitoring.

8.2. Monolithic integration of electronics

Apart for the integrated photonics, the InP material system
also excels at high-power and high-frequency electronics [146,
147]. Integrating InP photonics and electronics on the same
InP substrate is challenging, because the large difference in
dimensions and layer stacks. The InP membrane allows for
more freedoms in diode structure design, which opens up a
unique opportunity for a monolithic integration with electron-
ics.

Takenaka et al from UTokyo has proposed a membrane-
based monolithic integration scheme, named ‘III-V CMOS
platform’ [57, 148, 149]. The key demonstration on this
platform so far is the monolithic integration of a lateral
PIN InGaAsP MZI optical switch (see section 6.1) with an
InGaAs driver MOSFET in the same membrane [57, 149].
The InGaAsP membrane waveguide layer is reused as part
of the MOSFET layer stack. The integration scheme has also
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Figure 25. (a) Schematic illustration of the monolithic integration
platform. (b) Picture of a fabricated MZI optical switch with
integrated MOSFET driver [149].

been designed such that a significant part of the process steps
is shared between the realizations of the PIN and MOSFET
structures, including the dry etching, n-doping, metallization
and passivation [57]. This can greatly reduce the complexity of
the monolithic integration technology of completely different
structures. The schematic illustration of the monolithic integ-
ration and a picture of a fabricated MZI with integrated MOS-
FET driver are shown in figure 25. Preliminary experiments on
the monolithic MZI-driver circuit showed encouraging results,
with a 7 phase shift under a gate voltage of 1 V [57].

The single process flow on the other hand implies a com-
promise between photonics and electronics device perform-
ances. Relatively high optical losses in the MZI and low effect-
ive mobility in the MOSFET are observed, which suggests that
further process optimization is necessary [57].

Other photonic functionalities have been demonstrated as
well in this [II-V CMOS platform, including waveguides and
bends [122], grating couplers [128], AWGs [132] and photode-
tectors [150]. However, they have been fabricated so far with a
photonics-only process flow. Realization using the full MOS-
FET process flow has not yet been shown, except for the MZI
optical switch device mentioned above. Although a laser/amp-
lifier function has not been demonstrated yet on this platform,
it is suggested that the lateral laser diodes can be a feasible
approach to create a complete platform [148].

9. Applications for InP photonic membranes

In this section we present several application domains in which
the InP photonic membranes have a high potential.

9.1. Optical interconnects

Optical inteconnection is one of the promising applications for
membrane PICs, to overcome the speed-energy bottleneck in
current electrical wire connections in the electronic chips [86],
which is the reason why the clock speed of commercial pro-
cessors is limited to around 3—4 GHz. By replacing these elec-
trical global wire layers with optical interconnections, such
as the recent demonstration shown in figure 19, the perform-
ance of electronics improves in terms of clock speed. To real-
ize this, ultra-low energy cost and ultra-small photonic devices
are needed. Membrane PICs can be promising candidates for
this, since they can achieve ultra-low energy cost, ultra-small
device size and complete active-passive integration.

Extensive studies on the energy efficiency and direct mod-
ulation speed in lateral diode membrane lasers have been con-
ducted by the researchers at Tokyo Tech. Details can be found
in sections 4.2 and 5.1. The demonstrated data rate of 20 Gbps
and energy efficiency of <100 fJ bit~! make this technology
already practically suited for optical interconnects.

Electronic chips could further benefit from the InP mem-
branes with high density light sources, having extremely small
footprint and energy consumption. Especially in applications
like optical interconnects [151] and neuromorphic photonics
[141] this can be expected. Recent theoretical work suggests
that metal-cladding nanopillars of a few 100 nm diameter
should be able to operate at <10 fJ s~! with current densit-
ies below 100 kA cm™2, at data rates up to 40 Gb s~! [152],
which is very attractive for optical interconnects.

Regarding the links between the on-chip photonic compon-
ents and their drivers, the WIPE approach (see section 8.1)
provides a very low loss and low latency solution, using the
vertical electrical connection which features ultra-short link
lengths (of only few to several tens of microns).

9.2. Optical wireless communication (OWC)

OWC has been regarded as a promising free-space indoor
communication technology, which can overcome the capacity
bottleneck in today’s WiFi technology [153]. Both visible and
infrared light can be used for OWC. Instead of omnidirectional
illumination in visible light OWC, the infrared light OWC
uses a concentrated and steerable infrared pencil beam, which
brings the benefits of higher data capacity, longer reach and
enhanced security [154].

One key challenge of the OWC is its receivers, which are
embedded in every end terminals. The receivers have to be
compact and highly integrated to be suitable for in smart-
phones and smart house appliances. Their performance must
also meet the tens of Gbit/s data rate from the transmitter. In
this context, the photonic integration technology appears to
be the most promising candidate. A detailed review of cur-
rent photonic integration technologies for indoor OWC can be
found in [155]. Among the technology choices, the InP mem-
brane technology is considered to have several advantages for
this application domain.

The InP membrane platform contains an active-passive InP
photonic layer with high optical confinement and strongly
reduced parasitics. Therefore one can create a compact
receiver device which monolithically integrates flexible and
high-efficiency surface grating antennas and broadband pho-
todiodes [156]. A step further can be the addition of directly
modulated laser diodes and on-chip amplifiers, to form end-
terminal transceivers [157, 158], or wavelength multiplexers
to enable WDM [155]. InP membrane technology can offer
all of these BBs in a single material system, thereby greatly
reducing the complexity and cost of processing and assembly.

A novel OWC receiver concept has been proposed on
the IMOS platform by researchers at TU/e which breaks
the speed-aperture barrier in conventional top-illuminated
receivers [156]. The proposed device uses two apertures to
decouple optical collection from optical detection, as shown
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Figure 26. (a) Artist’s impression of the IMOS-based OWC
receiver. (b) Picture of the fabricated device. (c) Proposed receiver
module with a micro-lens collimator assembled with the receiver
chip [156].

in figure 26(a). The first aperture is the large-area SGC and
it is designed with an optimal efficiency to collect optical
power. Analysis also shows that apodization of the grating is
beneficial for maintaining high efficiency when enlarging the
aperture aperture [156]. The collected optical signal is guided
by a waveguide to a compact waveguide coupled photodiode,
whose responsivity and bandwidth are optimized and insens-
itive to the optical collection part. This is attractive for optim-
izing aperture and PD separately, without the trade-off seen in
conventional top-illuminated receivers.

A first generation of the receiver has been fabricated, as
depicted in figure 26(b). A uniform 10 x 10 zm? SGC is util-
ized as the aperture for collecting light. The aperture size of the
grating was chosen to match to the fiber-launched beam dia-
meter used in a later system experiment. The >67 GHz UTC-
PD (3 x 10 pm?) was employed as the light detection part.
Details of the UTC-PD on IMOS can be found in section 5.2.
The two parts are interconnected with a 400 nm wide single-
mode InP waveguide. The receiver has been demonstrated
in an OWC test bed with 2.4 km SMF and 2 m free pace
propagation to simulate the indoor situation. Data transmission
of 40 Gbit s~! OOK signal at a single wavelength of around
1550 nm has been achieved, showing the high potential of this
concept.

Since the device used an off-the-shelf grating coupler
design, the field of view (FoV) was limited to about 7°-8°.
Micro-lens collimators can be assembled into the receiver
module to magnify the FoV, as illustrated in figure 26(c) [156].
The grating-based optical antennas are typically very flexible,
thus can be engineered in the future work (e.g. by apodiza-
tion [159] or controlled coupling [160]) to match to a specific
far-field pattern determined by the OWC system. Metasur-
faces have shown promising performances in terms of optical
beam shaping, with much more compact form factors than
conventional lenses [161, 162]. Recently Yulaev et al have
reported the first on-chip metasurface integrated directly on
top of waveguides and grating antennas, with simultaneous
control over the emitting beam profile and the polarization
[163]. This concept, so far demonstrated on Si, can be read-
ily adapted to the InP membrane platforms due to their simil-
arly high optical confinement and serves as a valuable BB for
OWC antennas.

9.3. Light-based ranging and sensing

9.3.1. Non-contactranging and sensing.  Light-based detec-
tion and ranging (LiDAR) has an enhanced resolution limit due
to its shorter working wavelength compared to radio wave sys-
tems. There are several technological approaches for LiDAR,
but the scanning LiDAR is widely believed to meet require-
ments of future self-driving cars. The core of a scanning
LiDAR is an optical beam steerer, mainly by which the LIDAR
resolution, refresh rate and detection range are determined.
Due to the lack of a high-performance and low-cost optical
beam steerer, commerical LIDAR nowadays are mostly bulky
and expensive [164].

By leveraging the photonic integration technology, on-chip
optical beam steerers can be realized, but their performance
is still insufficient for real-life use. Beam steerers for auto-
mobile sensing should feature a detection distance of more
than 200 m, a beam width of 0.1° or less, and a FoV of
more than 90° [165]. To fufill these requirements, it is essen-
tial to have high optical output powers in the order of hun-
dreds of mW and a large channel number in the order of 500.
This results in a component count of more than 1000 on a
single chip. Today’s on-chip optical beam steerers are mainly
made in InP-based [166] or Si-based material systems [165,
167-169]. However, neither Si nor conventional InP platforms
provide out-of-the-box solutions for a fully-integrated high-
performance optical beam steerer.

On one hand, with Si being a indirect bandgap material,
it is still challenging to produce efficient gain on the nat-
ive Si platform. Heterogeneous III-V integration does enables
optical gain on Si, but efficient and compact active-passive
coupling remains a challenge. The complex and hundreds-of-
microns-long tapers [170, 171] will be a bottleneck for dense
integration of actives. On the other hand, it is difficult for the
conventional InP platform to integrate nearly 1000 compon-
ents in one single chip, due to the large waveguide dimension
and bend radii. Furthermore, considering the large component
count, dense electrical interconnection for control circuits will
be challenging on both platforms.

InP membrane technology can tackle these challenges
by providing active-passive integration together with sub-
micron highly confined waveguides. Both efficient gain and
dense circuits can be realized in a single membrane layer.
Dense electrical interconnects can be realized with through
polymer vias (TPV, see section 8.1), which can potentially
integrate the InP beam steerer with the control circuits in
one chip.

Recently, Wang et al have demonstrated a grating antenna
BB for beam steering on the IMOS platform [172], which
exhibited a beam width of 0.05°, setting a record for InP-
based beam steerers. The antenna features a fabrication insens-
itive design and utilizes the double-sided processing for per-
formance boost. By tuning the wavelength of the input light,
the beam can be steered in one dimension. The other dimen-
sion can be tuned by forming a 1D phased array. The char-
acterization of a fabricated standalone antenna is shown in
figure 27. The length of the grating is 2 mm. The measured
angular beam width is 0.05°, which set a record for InP-based
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Figure 27. Measured far-field pattern of a 2 mm long grating
antenna on IMOS [172]. (a) far-field beam profile (dotted) and
gaussian fit (red line). Inset: schematic illustration of the grating
antenna. (b) Steering map of the grating antenna by tuning the input
wavelength.

Figure 28. (a) Picture of the fabricated NEOMS displacement
sensor on IMOS platform. (b) Schematic illustration of the working
principle [173].

optical beam steerers. A FoV of 14°, which corresponds to
a spatial resolution of 280, has been achieved by tuning the
input wavelength over 110 nm. Integrated metalenses can be
used to further increase the FoV. This BB contributes crucially
towards a fully integrated high resolution beam steerer on InP
membrane photonics.

9.3.2. Displacement sensing. IMOS platform is also prom-
ising for contact sensing applications such as displacement
sensing for atomic force microscopy, using the integrated
NOEMS technology (see section 3.6). A four-core coupled
waveguide scheme has been proposed and demonstrated [173]
for the displacement sensing. Unlike conventional approaches
using resonant structures, this scheme takes advantage of the
high sensitivity of the propagation constants of the supermodes
to the change of the coupling condition (e.g. a slight displace-
ment of one of the waveguides). The fabricated device and it
is working principle are shown in figure 28. The sensor has
a state-of-the-art sensing accuracy at fm Hz~ 2 level and a
record wide optical bandwidth of 80 nm, thanks to its non-
resonant nature.

More interestingly, the displacement sensor is equipped
with on-chip photodiodes for direct readout. The photodi-
odes and the sensor share a membrane layer stack which
is very similar to the compact twin-guide SOA described
in section 2.2.2. This will enable future fully integrated
optomechanical sensors, removing the need of bulky free-
space sources and detectors.

10. Conclusion

The photonic integration on a thin membrane composed of InP
and its III-V compounds is a relatively new research domain.
It combines several features from different existing photonic
integration platforms; on one hand it offers intrinsic active-
passive integration; on the other hand it offers sub-micron
sized nanophotonic circuitry. It has high potential to miniatur-
ize active devices and break the bottleneck of integration dens-
ity. This field, pursued by several research groups globally,
has resulted in highly versatile technology platforms, which
are reviewed in this paper.

The lateral diode scheme aims for the highest laser effi-
ciency for the application domain of optical interconnects.
The extremely thin (~300 nm) and short (<50 pym) mem-
brane lasers have achieved <100 fJ bit~! energy efficiency at
20 Gbps, while at the same time they enable monolihtic integ-
rated optical interconnect links with passive waveguides and
photodiodes based on the butt-joint regrowth technology.

The vertical diode scheme focuses on generic integration
using regrowth-free twin-guide integration for complete func-
tionality. A wide variety of lasers can be constructed by com-
bining the highly efficient amplifier BB with nanophotonic
passive components. The double-sided processing technology
also enables the integration of highly different layer stacks
(e.g. for an ultrafast UTC photodiode or for a wideband band-
filling modulators) in the membrane.

Co-integraiton with electronics will maximize the speed
and energy advantages in InP membranes. The heterogeneous
integration approach can combine mature foundry produced
wafers and co-integrate them in a post-processing step. Least
performance compromises in photonics and electronics can
be achieved with coordinated co-designs. The monolithic
approach, on the other hand, can achieve photonic and elec-
tronic components using a single combined process flow. The
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wafer size mismatch in the heterogeneous approach is thereby
solved. However, it will be challenging to manage the impact
of the combined flow on device performances.

Finally, similar to the path of the generic InP and silicon
photonics platforms, the InP membrane (the IMOS platform)
has now moved to wafer-scale processes and initiated the
development of a process design kit, both of which will pave
the way towards an open access of the fully integrated nano-
photonic platform to a wide range of optical designers.
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