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Abstract—Silicon photonics is a new technology that should at
least enable electronics and optics to be integrated on the same
optoelectronic circuit chip, leading to the production of low-cost
devices on silicon wafers by using standard processes from the mi-
croelectronics industry. In order to achieve real-low-cost devices,
some challenges need to be taken up concerning the integration
technological process of optics with electronics and the packag-
ing of the chip. In this paper, we review recent progress in the
packaging of silicon photonic circuits from on-CMOS wafer-level
integration to the single-chip package and input/output intercon-
nects. We focus on optical fiber-coupling structures comparing edge
and surface couplers. In the following, we detail optical alignment
tolerances for both coupling architecture, discussing advantages
and drawbacks from the packaging process point of view. Finally,
we describe some achievements involving advanced-packaging
techniques.

Index Terms—Hybrid IC packaging, optical fiber couplers,
photonic integration, silicon-on-insulator (SOI).

1. INTRODUCTION

OR MORE than 30 years, the optical interconnect solutions
have been gradually implemented from very long to short
distances due to the continuously increasing bandwidth demand.
As a result, optical fiber networks have been progressively de-
ployed, in long haul (>10 km) telecommunications links first,
down to enterprise LAN, metropolitan, and access networks.
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Nowadays, because of the intrinsic limitation of copper links in
high-data rate servers, Internet switches, and supercomputers,
optical links are widespreading also in very short reach (VSR)
systems [1]. In these systems, copper cables are typically re-
placed by active optical cables (AOC) using fiber ribbon, allow-
ing concatenated data rate of 120 Gb/s to be reached over tens
of meters of multimode fiber. Compared with the electrical in-
terconnect solutions, optical links exhibit several demonstrated
advantages, such as lower signal attenuation, lower dispersion,
and crosstalk leading to superior bandwidth by distance prod-
ucts. Another significant advantage of the optical solutions is
the immunity of the signals transmission to electromagnetic
interference, which makes them very well suited to mobile
systems. However, optical links remain more expensive than
electrical links. As a result, the next generation of optical com-
ponents needs to be low cost and compatible with high-volume
manufacturing.

An obvious way to achieve this requirement is to increase
the integration on optical devices. In spite of many technology
developments since the beginning of optical communications,
one should admit that the integration level has remained low
compared to the microelectronic technology, due to various rea-
sons, particularly the size of integrated optics components and
the heterogeneity of photonic materials [2].

Silicon photonics, using highly confined optical modes in sil-
icon waveguide, appears as a unique opportunity to cope with
this integration challenge. In addition, it opens the door to si-
multaneous manufacturing of electronic and optic function on
the same chip using CMOS fabrication lines [3], [4] and stan-
dard well-mastered microelectronics fabrication process. Thus,
it will allow manufacturers to build optical components using
the same semiconductor equipments and processes they use for
microelectronics ICs. The ultimate goal is to monolithically
integrate optical transceivers or circuits into silicon IC chips.
Recent developments have already shown an integration of sev-
eral elementary optical functions into nanophotonic silicon cir-
cuits [4] as laser emission, detection, modulation, multiplexing,
demultiplexing, and fiber coupling [5].

Such a monolithic implementation fulfills with the so-called
“more than Moore” developments leading to integrate more
nonmicroelectronic functionalities on a chip, which still keeps
decreasing in size. Then, beyond wafer-level heterogeneous
optic/electronic layer integration developments, this approach
raises new packaging challenges in order to deal mainly with
optical coupling and thermal cooling. Indeed, optical fiber is
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still the more relevant medium to transmit optical data, espe-
cially as compared with single-mode signals transmitted in tiny
silicon wires. Therefore, aligning and connecting one or several
fibers to a millimeter-squared-sized silicon photonics chip is a
challenge according to the selected fiber-coupling structure.

In this paper, we present results on silicon photonics tech-
nology packaging from the very first stage with on-CMOS pho-
tonics layer integration to the very last stage with electrical and
optical connections. In a first part, we present monolithic inte-
gration strategies with a focus on the embedding into the last
levels of metallization above the IC layer obtained by photonics
wafer to electronics wafer bonding. Then, we present fiber- to
silicon-wire-coupling structures comparing their performances
and how they can take advantage of the previous photonic layer
integration. Finally, the on-CMOS photonics chip packaging is
considered with optical alignment tolerances and assembling
strategies.

II. ON-CMOS PHOTONIC LAYER INTEGRATION

The ultimate goal of silicon photonics development is to
monolithically integrate a photonic layer with optical functions
onto silicon IC chips [6]. By cointegrating optics and electron-
ics on the same chip, high-functionality, high-performance, and
highly integrated devices can be fabricated. While using well-
mastered microelectronics fabrication process lines, it would
make CMOS photonics accessible to a broad circle of users
in a foundry-like fabless way. In addition, advances in CMOS
photonics will move the emphasis from device component to
architecture. Industrial and Research and Technology Develop-
ment efforts could then be focused on new products or new
functionalities rather than on technology level.

Concerning the photonic layer, most of the building blocks
have already been fabricated using very standard wafer-level
process. For instance, detectors, modulators, multiplexers, fiber
couplers, and other passive circuits only required standard mi-
croelectronics process, such as epitaxy, coating, lithography, and
etching. Today, only the laser integration remains rather specific
either with an external laser source or with an integrated laser
source from III-V material (InP or InGaAs) bonded onto the
wafer during the process flow.

Then, we can find three main ways to perform this photonics
layer integration (see Fig. 1): embedded into the metal intercon-
nect layers, combined front-end, and backside.

The combined front-end approach (option 2) has been suc-
cessfully demonstrated by Luxtera Company [7]: both the pho-
tonics fabrication and the transistors fabrication are combined
at the front-end level. Photonics and electronics structures share
the chip footprint leading to moderate integration density. The
thermal budget then rules the process steps and is compati-
ble with rather high-temperature process, such as Germanium
epitaxy in order to implement high-speed photodetectors. The
back-end process is common to electronics and photonics. In
this approach, until now, the laser has not been integrated: an
external source is flip-chip bonded onto each chip and coupled
with silicon wire circuit. The packaging of such a chip is then
rather specific in order to deal with its laser assembly.
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The backside approach (option 3) is developed by Austri-
amicrosystems within the frame of the pHotonics ELectronics
functional Integration on CMOS (HELIOS) European project.
This solution takes advantage of the rear side of the electron-
ics wafer. Integration of photonic layers at the backside of the
CMOS wafer is performed by bonding and connecting a CMOS
wafer and a photonic wafer. First, the CMOS wafer is processed
up to the last metal layer and the backside is thinned and fine
polished to prime wafer surface quality. The photonic layers are
then added by wafer-to-wafer bonding at low temperature. After-
ward, electrical interconnects between the CMOS layer and the
photonic layer are obtained using through-silicon vias (TSV).
Deep silicon etching is performed down to the metal layer of
the photonic layers (see Fig. 2). Subsequent TSV isolation and
metallization are deposited. Then, the top metal, which connects
the TSV with the IC, and the passivation is deposited and struc-
tured. Finally, the substrate wafer is removed in order to release
the photonic structures. Advantageously, in this approach, the
IC and the photonic processings are rather independent and the
packaging of such double-side chip is developed for other appli-
cations, such as imaging devices. However, double-side thermal
management may be an issue.

In this paper, we will focus on the integration approach
(option 1) developed at Commissariat a 1’Energie Atomique,
Laboratoire d’Electronique des Technologies de I’Information
(CEA-LETI) and Interuniversity Microelectronics Centre
(IMEC), where the photonic layers are embedded into the last
levels of metallization above the IC layer (see Fig. 3). Thus, due
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Fig. 3. Illustration of a photonic layer integration at the last levels of metal-
lization above the IC layer.

Fig. 4. InP dies bonded onto a CMOS circuit wafer at the metal interconnect
layers before next steps processing.

to this 3-D stacking, a high-integration density can be performed
and multilevel process for silicon waveguide can be considered.

One of the main advantages of this integration approach is
the independence of electronics and photonics layers that avoid
any change in the electronics library design. Moreover, any IC
technology (e.g., CMOS, SiGe, and analog) can be used: it is
open to any standard front-end electronic technologies and full
integration of III-V on Si is available.

Depending on the devices to be processed two suboptions
are considered. The first consists in building the photonics layer
with only low-temperature processes (<400 °C). For example,
low-temperature deposition of amorphous layers or die-to-wafer
bonding can be used. The second consists in fabricating the pho-
tonic functions on a separate wafer and then to bond it on the
electronic wafer. The photonic layer is integrated by wafer-to-
wafer bonding above the IC layer at the last levels of metalliza-
tion with back-end fabrication. The substrate initially holding
the photonic layer is then removed and the last levels of metal-
lization are processed, including the interconnections between
the photonic and the IC layer. In this approach, high-temperature
processes can be used for the fabrication of photonic functions
(e.g., Si-based modulators and Ge-based photodiodes).

Considering the integration of III-V material for the active
parts, these two suboptions may also be combined. Indeed, mul-
tiple quantum wells layers on III-V dies can be mounted on top
of the waveguides by die-to-wafer bonding (see Fig. 4). The
substrate of these dies is then removed by chemical etching and
further processing steps are performed, which lead to sources

and detectors coupled to the silicon wires and connected to the
metallic interconnects of the IC.

The aforementioned IC integration option appears to be very
promising in term of integration density and straightforward
implementation with the microelectronic process lines as the
photonic layer can be treated as any additional metallic layer
on the top of the electrical interconnect layers. Moreover, com-
pared with option 3, photonic functions are very close to IC
blocks, which is a mandatory condition to reduce the noise sig-
nals introduction at high-frequency operations. Nevertheless,
this integration approach must consider the final packaging. For
instance, the thickness between the optic and the electronic lay-
ers can be optimized according to the heat dissipation, which
may be performed either at the frontside or the backside of the
chip. It will depend on the selected package, which is mainly
defined by the number of electrical I/O, the speed of electrical
I/0O, and the heat to be dissipated. Finally, the fibered optical
I/O must be introduced as a new package design parameter de-
pending on the number of fibers to connect and to the optical
fiber-coupling structures.

III. OpTICAL FIBER-COUPLING STRUCTURES

Silicon nanophotonic circuits can exhibit a very high level
of functional integration due to the very small cross sections of
the silicon waveguides with less than 1 zm mode-field diameter
(MFD). However, to be implemented in data optical transmis-
sion networks, such circuits still must be interfaced with optical
fibers having much larger dimensions with about 10 ;zm MFD.
Due to this mismatch in size, a coupling structure is required
in order to minimize the coupling loss that is obtained. This is
achieved by computing and maximizing the recovering integral
between the two modes. This coupling structure must adapt a
wide fiber mode with a narrow silicon wire mode defining the
insertion loss. Another issue is the polarization management: in
their topology, silicon waveguides are generally highly birefrin-
gent, and in the other hand, polarization in fiber-based networks
is unpredictable and varies randomly with time.

The insertion loss between an optical fiber and a nanopho-
tonic circuit is definitively a big issue as it directly determines
the link performances, such as the link reach, the signaling rate,
the receiver sensitivity, etc. Moreover, in order to be compatible
with functions for fiber to the home (FTTH) or wavelength-
division multiplexing (WDM) applications, for instance, a good
coupling structure is also required to be broadband and polariza-
tion nonsensitive. Finally, beyond the performance, the selection
of the coupling structure is also related to the cost issue by con-
sidering the wafer-level testing capability and the packaging
requirements with fibers assembling and thermal management.

Experimentally, various solutions have already been imple-
mented, each one having some significant advantages, but also
significant drawbacks. In this chapter, we will describe the two
structures, which exhibit very complementary performances:
edge fiber coupler with adiabatic inverse tapers and surface fiber
coupler with gratings. Edge fiber couplers are in-plane spot size
converters that increase the MFD to several micrometers in or-
der to match with the optical-fiber-mode diameter. The coupling
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Fig. 5. Tllustration of the spot size converter with the Si wire into a larger
SiOx rib waveguide in front of a lensed fiber.

is performed at the edge of the chip and the fiber is in the plane
of the chip. However, surface fiber couplers are out of plane spot
size converters: the beam is first laterally expanded, and then,
extracted from the surface to a quasi-perpendicular direction.
The coupling is performed anywhere on the chip and the fiber
is rather perpendicular to the chip.

A. Edge Fiber Coupler

The most efficient edge fiber coupler today is a spot-size con-
verter that gradually transforms a highly confined mode into a
wider mode supported by a low-index-contrast waveguide, such
as an optical fiber [8]-[12]. Typically, in silicon wire exhibiting
a large refractive index contrast with the cladding (An ~ 2),
the propagating-mode diameter may be reduced to less than
1 pm, while it is about 10 pm into standard single-mode opti-
cal fibers, which are ITU-T G.652.D compliant and used with
legacy single-mode networks.

The mode-size converter, we present in this part, is con-
structed from silicon-on-insulator (SOI) wafers with a 2-D
tapered Si wire and an overlaid high-index silicon-rich oxide
(S10x) waveguide [13]. With a fabrication based on microelec-
tronics technology, a silicon strip waveguide having a width of
500 nm and a thickness of 220 nm is laterally tapered down to
80 nm by means of deep ultra-violet (DUV) 193 nm lithography
and reactive-ion etching (RIE) techniques. The linear variation
of the Si wire width is rather smooth with a length between
200 and 300 pm depending in the structure design. The overlaid
waveguide is a 3.5-um-thick layer of SiOx: the amount of sili-
con nanocrystals is tailored to obtain a refractive index about 1.6
in order to be very close to that of the single-mode fiber (SMF)
core. This thick layer is partially etched (1.5 pm) to form a rib
waveguide “the injector” exhibiting a few micrometers mode-
field size. This mode size is then compatible for a coupling with
state-of-the-art high-performance lensed fiber (see Fig. 5).

The coupling mechanism between the fundamental modes of
the Si wire and the SiOx overlaid waveguide is based on a phase-
matching condition. The operation principle of the adiabatic
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Fig. 7. Modal effective indexes as a function of the SOI waveguide width and
coupling efficiency along the taper length. The relative Z-position of the taper
is associated with the corresponding SOI nanowire width.

taper structure is shown in Fig. 6, where the effective indexes of
the supermodes of the entire structure, as well as the effective
indices of the local modes are plotted, which are the modes
of the uncoupled waveguides, according to the SOI waveguide
width. When the local mode of the SiOx overlaid waveguide
excites a supermode, and that this supermode is adiabatically
transformed over the phase-matching region, light is coupled
into the SOI waveguide. At the Si nanotip, the supermode-field
profile is delocalized from the Si wire core. This delocalization
of the field profile ensures a strong overlap with the local mode
of the SiOx overlaid waveguide.

Using the beam propagation method, simulation results of a
fiber coupler with a 300-um taper length performed at 1.5 pm
(TE case) are presented in Fig. 7. The field patterns show how the
mode is evanescently coupled from the wide injector waveguide
to the narrow SOI waveguide along the taper length (see Fig. 8).
Coupling losses below 1 dB were calculated over the 1550—
1600 nm wavelength range. Simulation results do not present
significant changes of the coupling efficiencies for taper lengths
varying between 200 and 300 pm.

For the experimental characterization, a single-mode lensed
fiber with a MFD = 3 pm was used as an input reference. For
each sample, light transmission is measured from input fiber
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Fig. 9. Coupling efficiency measured as a function of the injection angle.

to output fiber through a waveguide with a coupler at both
ends. The transmission characteristic includes then the losses at
the facets between the fiber and the SiOx injector, the mode-
conversion losses toward the silicon wire, and the waveguide
propagation losses, which are negligible in our study. The cou-
pling efficiency of one coupler is extracted from this measure-
ment, assuming that the input and output couplers have identical
performances, so as the fibers. Additionally, a tunable polarizer
has been implemented in the optical setup to investigate the
polarization behavior of the fiber couplers.

The experimental results are reported in Figs. 9 and 10. The
coupling efficiency remains high in a broad spectral range: the
bandwidth at 1 dB is around 100 nm (>300 nm at 3 dB) for
both TE/TM polarization states. We can also notice that less
than 0.25 dB coupling losses were measured at 1550 nm.

Three additional samples, selected over the whole 200 mm
wafer, were characterized. Similar performances were obtained
in the 1500-1600 nm spectral range (variations <0.2 dB). We
observed variations of the coupling efficiency close to 0.6 dB at
1400 nm and 1 dB at 1300 nm.

In this paper, we have demonstrated a very efficient spot size
converter between Si wire and silica optical fibers. The fiber-to-
waveguide insertion loss appears to be lower than 1 dB in the
wide 1520-1600 nm spectral range. Moreover, the polarization
sensitivity is lower than the measurement accuracy. Such a high-
performance level has been obtained due to the resolution of
standard CMOS technology on 200 mm SOI wafer to fabricate

Il

dij-ouBU UODI|IS pappaqW3

| Injector
SiOx rib-wg

Fig. 10. Top-view images of the couplers (middle, right) associated with an
infrared picture taken at 1300 nm (left) showing the end of the coupling transition
to the overlaid waveguide (the injector).

silicon features smaller than 100 nm width required for this
coupling structure.

Such an edge fiber coupler makes on CMOS photonic chips
fully compatible with state-of-the-art planar lightwave circuits
(PLC) packaging using actively aligned lensed fibers into metal-
lic or ceramic packages. Nevertheless, further developments are
planned on such edge fiber couplers in order to make them com-
patible directly with standard no-lensed fibers by increasing the
overlaid waveguide-mode size. Such an improvement will al-
low to develop passive fiber alignment approaches in order to
reduce the cost of assembling and packaging especially when
considering multiple fiber connections. Finally, another point
to develop is how to make such edge couplers compatible with
wafer-level testing as it is for surface couplers.

B. Surface Fiber Coupler

Grating couplers lead to a vertical or quasi-vertical optical
coupling of the light between a fiber and a nanophotonic cir-
cuit. This way, they can be located anywhere over the chip and
not only at the edge. Therefore, compared with edge-coupling
structures, such surface couplers allow light coupling without
the need for dicing and polishing the chip edge, which also
makes wafer-scale testing of nanophotonic circuits possible.
This is the reason why grating coupler may appear to be one of
the most relevant fiber-coupling structures for silicon photonics
devices today. However, the high sensitivity of these structures
to the operating wavelength and to the polarization state may
limit the targetable applications. In this part, we present a grating
structure that is robust to the integration of the photonic layers
onto the electronics layers by wafer-to-wafer bonding. Indeed,
the coupling efficiency of such gratings is very sensitive to the
layers below.

Physically grating couplers are diffractive structures that are
placed at the end of a lateral adiabatic taper. They produce
an exiting mode, which may have the same dimensions as a
diameter 10 pm SMF making possible a direct butt-coupling
between the fiber and the chip. Typically, the grating couplers
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and the out-coupled beam from the waveguide toward the fiber through the
grating.

are made on a SOI substrate. The silicon structure is sandwiched
between a thick SiO, buried oxide (BOX) layer and a thinner
SiOy CVD cladding (see Fig. 11). At the grating level, the silicon
layer is partially etched by a RIE process after a DUV 193 nm
optical lithography.

If we focus on 1-D grating, some parameters can be given an-
alytically according to the following formula. First, the grating
period is optimal for the TE mode coupling at a given wave-
length A and a coupling angle 6 with respect to the vertical
according to the phase-matching condition

ksin(@)—HDQX7T =f (H

where k& = 27/ is the modulus of the out-coupled wave vector, p
is the diffraction order, A is the grating period, 5 = (27 /A )neg
is the real part of the propagation constant, and n.g is the mean
effective index along one grating period.

Using typical photonic SOI wafers with 220-nm-thick sili-
con layer [14], state-of-the-art of 1-D grating couplers exhibit
between 40% to 50% fiber-coupling efficiency [15]. For these
optimized designs, the BOX layer thickness is optimized in or-
der to generate constructive reflection from the silicon substrate
of the transmitted beam through the grating. This contribution
may also be enhanced by increasing the reflection ratio using
a bottom mirror, such as a single-metallic layer or a multilayer
Bragg mirror [6], [16], [17]. Anyway, the oxide thickness be-
tween the silicon grating and the reflective surface underneath
appears to be a very sensitive parameter, as a not adapted value
may reduce the fiber-coupling efficiency by a factor of more
than 2 (see Fig. 12).

We can note as a rule of thumb that 80% of the maximal
value is reached for a BOX thickness precision of less than
100 nm from the optimal value. With current SOI fabrication
processing, the BOX layer thickness is very accurate with, for
instance, 2 pm =+ 50 nm. Such a fabrication tolerance has then
no significant effect on the grating performance: it leads to a
fiber coupling decreasing of less than 2% and a coupling angle
variation of less than 1° [18]. However, when considering the
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Fig. 13. Illustration of the face-down grating coupler and its mirror below
after the photonic layer integration onto the electronic wafer.

3-D integration of the photonic layer above a IC layer at the
last levels of metallization, neither the oxide thickness nor the
substrate reflectivity under the grating coupler can be expected to
be optimal (see Fig. 3). This way, the photonic layer integration
may strongly reduce the fiber-coupling performance.

In order to overcome this issue, we present a ready to wafer-
bonding fiber grating design. In this approach, a grating bottom
mirror in made at the photonic layer by anticipating the struc-
ture flip. In this approach, the mirror is first made above the
encapsulation layer of the fiber grating coupler in order to ap-
pear below it after the optical layers integration onto an IC
wafer [19]. Indeed, after the substrate removing at the photonic
wafer side, the optical structures appear then face down when
compared with the initial fabrication (see Fig. 13). This way the
thickness between the grating and its bottom mirror, which is
a very sensitive parameter, remains under control whatever the
wafer-to-wafer bonding process tolerances. Indeed, the bottom
mirror reflectivity remain under control whatever the electronic
layers or the interconnect layers are below.

The initial grating, we model in 2-D finite-difference time
domain (FDTD), is based on a 220-nm-thick silicon core sand-
wiched between silica layers, the grating period is A = 632 nm
and the partial etching depth is 70 nm: the optimal angle at
1550 nm is then 14° in the air with a fiber-coupling ratio of 40%
for no layer at all and a nonreflective surface below. The very
first structure, we have experimented, is a single 100-nm-thick



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

KOPP et al.: SILICON PHOTONIC CIRCUITS

Si grating layer

Si mirror layer

det
mm | TLD | 52

Fig. 14. Picture of a flipped grating coupler with its bottom mirror above
several metallic layers.

)

3

a

82

S 3 T

3 PN

2 4 (

s 5 / i\

S /

g ° /

s 7

£ / \

3 -8

Q2

2 1 |
-9
1480 1500 1520 1540 1560 1580 1600 1620

wavelength (nm)

Fig. 15. Measured fiber to waveguide insertion loss of a grating integrated on
CMOS with a silicon single-layer bottom mirror.

silicon layer as a bottom mirror below 800 nm of silica below
the grating. Below this structure, we can find several metallic
layers (see Fig. 14).

In this configuration, the theoretical fiber- to waveguide-
coupling ratio increases to 64% corresponding to about 2 dB
insertion loss. Experimentally, we have reached less than 2.5 dB
insertion loss at 1550 nm in the TE mode (see Fig. 15). This
efficiency level value has been extracted from the measurement
of the fiber-to-fiber transmission through a circuit with inputand
output gratings connected by a 500 x 220 pm? silicon wire. The
measured propagation losses of the silicon wire are 2.2 dB/cm.

We have then demonstrated how to make a grating-based
coupler that can anticipate the wafer-to-wafer photonic layers
integration in order to be insensitive to metallic levels under-
neath. Our next developments on this approach will consist in
improving the reflectivity of the bottom mirror in order to in-
crease the grating efficiency. For instance, we will consider two
kinds of silicon bottom mirrors: multilayer Bragg mirror and
grating single-layer mirror.

The multilayer Bragg approach has been efficiently demon-
strated by Selvaraja er al. [20] with a nonflipped integrated
grating reaching experimentally about 69% fiber-coupling effi-
ciency. In our design, considering a quasi-normal incidence at
1550 nm, the quarter wavelength thicknesses of the silicon and
silica layers correspond, respectively, to 111 and 269 nm. By

optimizing the oxide thickness between the grating and the first
Bragg mirror silicon layer to 1.3 pum, we calculate an optimal
fiber-coupling ratio of 75% for three silicon layers. It is inter-
esting to observe that this ratio decreases down to 70% for two
silicon layers and 64% for one silicon layer to be compared with
40% for no layer at all and a nonreflective surface below.

Even if it should be very efficient, a three-layer mirror may
complexify very much the fabrication process as it is a rather
thick structure with six silicon and silica layers coating that
may require to be removed beyond the grating coupler area.
If at normal incidence, the reflection ratio of a single-quarter
wavelength thick silicon layer embedded into silica is limited to
about 50%, this reflectivity may be increased to almost 100%
by implementing a subwavelength grating structure. Theoreti-
cally, we find that by implementing a 950-nm period grating
in a 130-nm-thick silicon layer as bottom mirror, the optimal
fiber-coupling ratio should be again in a range over 75%. It
corresponds to the optimum found previously for a three-layer
Bragg bottom mirror with a simplified fabrication process flow.

IV. CHIP PACKAGING

Like for nonintegrated optoelectronic devices, packaging of
CMOS photonic devices is a keypoint to be considered when
designing a component that intend to be connected to an optical
fiber network. It is all the more critical than CMOS photonics
mainly targets mass production devices. As a result, CMOS
photonics devices cannot withstand being packaged at the same
cost level as legacy devices (e.g., telecom laser diode modules),
for which packaging hold for 80% of the overall cost of the
product. The target for CMOS photonics-packaging architecture
is to get closer to the microelectronic industry model, i.e., around
20% of the overall cost for packaging [21], [22]. Moreover,
additional characteristics should be taken into account: high
number of electrical inputs/outputs, good thermal resistance,
low-profile geometry (intended to be mounted on an electronic
board), compatibility with high-speed data rate up to 40 Gb/s,
and finally, high-efficiency optical coupling.

A. Package

In order to achieve these goals, the package itself has to shift
from expensive Kovar hermetic packages [23] used for telecom
laser diode modules to microelectronic Joint Electron Devices
Engineering Council (JEDEC)-style package, like ceramic pin
grid array package [24] (see Fig. 16) or leadless chip carrier [25].

Recently, quad flat no leads (QFN) air cavity package (see
Fig. 17) has also been implemented in order to package an
SOI-based Ge-on-Si high-speed photodetector [26]. This type
of package exhibits bandwidth that could enable the packag-
ing of integrated device with high I/O count (32 or more) and
high-bandwidth characteristics (20 GHz or more). This is not
a hermetic package, as it is assumed that targeted application
will not specify reliability level as high as telecommunication
standards, and because the structure of CMOS photonic devices
itself can withstand to be packaged with low-permeability pack-
age, as the active area of the devices are not directly exposed
like in InP laser diode modules.
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Fig. 17. Pigtailed optical high-speed receiver, embedding a Ge-on-Si photo-
diode and related electronics in a QFN package multichip module.

B. Optical-Coupling Configurations

Even if demanding in term of high-frequency characteristics,
designing the optoelectronic IC (OEIC) case is actually not the
most challenging part. Indeed, optical-coupling architecture and
assembly definitely remains the key point in order to achieve
high-yield low-manufacturing cost components.

This was already the case for legacy telecom laser diode mod-
ules, and solutions have been extensively described in the liter-
ature [27], [28]. It is well known [29] that two main strategies
are used to achieve optical alignment.

1) Active alignment, combined with laser welding, is

widespread in the field of telecom laser diode modules, but
has also been implemented in InP-based photonic ICs [30].
In this later case, a lensed fiber is aligned and attached at
a given working distance from the optical output of an
integrated dense WDM (DWDM) transceiver. This kind
of process is a noncollective process, time-consuming es-
pecially when a multiple fibers have to be connected to
an array of output optical ports. However, it has been
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Fig. 18. Insertion loss and alignment tolerances between a diameter 3 pm
MEFD and a beam with 3 6, or 10 zm MFD.

implemented in various integrated optics devices using a
butt-coupling architecture (a flat cleaved optical fiber or
a multifiber ferrule is attached to the optical plane us-
ing optical adhesive). For example, company Kotura has
demonstrated PLC-based devices using this kind of archi-
tecture [31].

2) Passive and self-alignment are promising strategies in term
of throughput and cost, and multichannel compatibility.
However, it leads to lower mean performances because
mechanical tolerances statistically combine to get the fi-
nal distribution of the optical-coupled power. This technol-
ogy, involving microelectromechanical systems (MEMS)
processes, like silicon wet etching, has mainly been im-
plemented for low-cost devices like access and datacom
modules [32], including PLC-based diplexers [33].

Whatever the optical-coupling strategy is, alignment toler-
ances are obtained from the values of the mode-field radii (MFR)
in the X - and Y -axes of the optical output coupler and from the
mode-field radius of the fiber (e.g., 5.2 um at 1550 nm for a
standard flat cleaved SMF).

One can easily evaluate the theoretical coupling losses and
related tolerances using classical formulas, and assuming Gaus-
sian modes. Considering a 3 x 3 ym MFD in the output plane
of the SOI chip (case of a state-of-the-art inverted taper), the
optimum coupling ratio is expected to be close to -5 dB when
coupled to a flat-cleaved standard SMF, at wavelength 1550 nm,
with 1-dB attenuation radial tolerance of +1.75 pym. When us-
ing a lensed fiber with matched MFR toward the 3 x 3 ym MFD
beam, one can observe (see Fig. 18) that the expected coupling
ratio, theoretically, increases to 100% (neglecting Fresnel losses
and any misalignment of the lens to the fiber axis), and the align-
ment tolerances drop to +0.75 pm, leading to delicate alignment
processes.

Considering an output grating coupler with a MFD is
around 10 pm, the expected 1-dB-loss radial tolerance becomes
+2.5 pm. Figure 19 illustrates various tolerance curves for var-
ious gap values between a typical output grating coupler and a
standard flat cleaved SMF.

This level of tolerances has been experimentally obtained
on gratings (see Fig. 20). Alignment tolerances are usually
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Fig. 20. Measured fiber to waveguide insertion loss (in dB) tolerance through
a surface grating coupler.

calculated on the basis of a pure z- or a y-displacement.
However, one cannot avoid having misalignment in z-AND in
y-direction. Therefore, the tolerances in z- and y-alignment
drop by (approximately) a factor of 2. For example, in case a
1 dB drop is observed for a misalignment of 1 pum, one needs
an alignment process, which manages better than about 0.5 um
in z-direction and about 0.5 pum in y-direction. This only un-
derlines how easily submicrometer precision is required for a
spotsize smaller than SMF.

As a conclusion, coupling architectures relying on inverted
tapers (lateral coupling) suffer from two main drawbacks: sub-
micronic alignment tolerance, leading to difficult multichannel
alignment and precise preparation of the edge of the die (e.g., by
use of optical quality polishing) leading to additional manufac-
turing costs. On the other hand, grating vertical structures show
some benefits, such as good mode matching with SMF, leading
to alignment tolerance of 1 pm, on-wafer test capability, and
capability to be coupled with multichannel fiber arrays [34],
[35].

In spite of this advantageous mode-matching property, there
are some drawbacks in the use of vertical couplers. First of all,
they are limited in term of bandwidth. For a given design based

TABLE I
ADVANTAGES AND DRAWBACKS OF COUPLING ARCHITECTURES.
Lateral (inverted taper) | Vertical (Grating
[12,13] coupler) [15, 20]
Coupling loss to SMF -7dB (single stage) -4.5 dB (standard
flat cleaved fiber, butt ti
(flat cleaved fiber, bu -1.5 dB (double stage) grating)
coupled) .
-1 dB (optimized

grating)
Coupling loss to SMF -1.5 dB (best)
(lensed fiber) .

-3 dB (typical)

1dB tolerance (radial +/- 0.3 um (single +/-2um
offset) stage)
3 dB bandwidth Broadband 60 nm
Polarization Weak Strong
dependance
Suitable for multiple No Yes
/o

on a nominal wavelength of 1525 nm, expected 1 dB bandwidth
is 1500-1550 nm typically [15]. Moreover, 1-D grating are po-
larization sensitive: they behave as polarization filter. However,
2-D gratings can be used to solve this problem [36].

Pros and cons of these two main architectures are summarized
in Table I.

In addition, it may be required to keep the output fiber in
the chip’s plane, in order to get low-profile components. Thus,
if vertical grating are used, an additional optical part needs to
be assembled in order to rotate the beam perpendicularly to
the grating output axis. This can be done by using a reflector
part, e.g., a microferrule including a cleaved optical fiber and a
mirror, or a waveguide with a 45° polished tip [37].

C. Advanced Packaging

As mentioned earlier, passive alignment is an alternative way
to achieve low-cost mass production compatible assembly pro-
cesses. It requires accurate mechanical-guiding structures ob-
tained by various MEMS processes, like silicon wet etching
or polymer patterns. With the aim to achieve waveguide align-
ments, we call these techniques “advanced packaging.” Such a
typical approach has been described in [38]. In this study, an
SOI optical chip with waveguide made of silicon (oversized rib
waveguide) is considered. The MFD at the output of the chip is
close to 10 pm. The SOI chip is passively coupled to a standard
SMFs array set in wet-etched v-grooves on a silicon bench. Sil-
icon wet-etched structures (rib—grooves combinations) serve as
mechanical standoffs. They are structures on the silicon bench
and on the optical chip, the later being the exact negative of the
first, allowing the optical chip to be flip-chipped on the silicon
bench, with aligned optical axis.

This architecture is made possible for edge-emitting optical
chips because MFD allows positioning tolerance of 2 ym, com-
patible with silicon wet-etch process.

A very similar architecture has been proposed by De
Labachelerie et al. [39] with “mushroom” structures machined
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Fig. 22.  V-shaped dry film structures processed onto a SOI photonic device
(Ge-on-Si photodetector) enabling a fiber to be passively aligned. Yellow circle
symbolizes fiber final position.

on the optical chip (see Fig. 21). These mushroom structures can
be mechanically inserted into apertures obtained by combining
KOH wet etching and RIE of silicon. The alignment accuracy
of +2 pm has been reported.

It should be noted, however, that these two solutions require
some space to be allocated on the optical chip in order for the
alignment structures to be built. For CMOS photonics devices,
this is a drawback because the area of the chip has to be kept as
low as possible, and because complicated processes should be
avoided.

In the case, the optical output is vertical, polymer structures
obtained by patterning of dry-film photoresist has been applied
to SOI optical devices. Total dispersion of such a process has
been demonstrated to be £2 pm [40], and is thus compatible
with fiber alignment with grating, as described in Fig. 22. Fiber
is inserted in “v” shaped structures of polymer, for which a
100-pm thickness is sufficient to achieve passive alignment of
a fiber or an array of fibers.

V. CONCLUSION

Recent developments have demonstrated the interest of sili-
con photonics technology to implement several optical and op-
toelectronic functions in tiny chips. This footprint reduction
and the use of microelectronics fabrication lines make then
this approach fully compatible with on-CMOS integration at
wafer level. This integration can be considered as the very first
level of the packaging technologies of silicon photonic circuits.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS

Then, innovative packaging and integration technologies must
be considered in order to jump from photonics- to electronics-
packaging ratio cost models.

We have seen how the photonic circuit layers can be integrated
at wafer level with electronics circuit layers. Each approach may
require different electrical interconnect technologies and may
lead to the use of different fiber-coupling structures. However, as
they exhibit very complementary performances and alignment
tolerances, the targeted application will also contribute to the
fiber coupler selection.

Finally, current silicon photonics circuits can, of course, be
integrated in current packages that have been developed for pla-
nar optical IC. But this photonic packaging that includes optical
fibers pigtailling remains very expensive. In order to be compat-
ible with mass production at low cost, advanced-packaging ap-
proaches may be developed by integrating MEMS-like features
at wafer-level above the photonics layers. Packaging technolo-
gies for optoelectronic and nanophotonic at chip level requires
integrated technologies at wafer level.
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