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Abstract—We demonstrate a very compact multifunctional photonic-crystal demultiplexer on high index contrast InP-membrane
for coarse WDM applications. Polarization diversity is implemented using 2D-grating couplers. The performance of the device
is evaluated using integrated p-i-n photodetectors. Polarization
diversity from fiber to detector—without intermediate functional
device—results in a minimal polarization dependent loss (PDL)
of 0.2 dB. This value increases to 1.1 dB when including the
photonic-crystal demultiplexer.
Index Terms—CWDM, demultiplexer, integrated optics, photonic crystal, p-i-n photodetectors.

I. INTRODUCTION
OW-COST devices for metropolitan optical networks are
in high demand. To mass-produce them, the integration
of several active and/or passive functions is highly desirable,
which makes the nanophotonics approach very attractive. Isolated realizations of nanophotonic devices in the telecom wavelength range are numerous and extremely striking (nanocavities
[1], [2], lasers [3], [4], microdiscs [4], [5], etc.), but integration
has been hampered by a number of bottlenecks, for example i)
the extreme polarization sensitivity of most etched nanostructures; ii) fiber coupling to narrow wavelength-scale waveguides
or other tiny structures; iii) the difficulty of integrating passive
and active parts as well as coupling between them; and iv) bandwidth/spectral uniformity requirements that meet the strict demands of system engineers. Photonic crystals (PhC) exhibit virtually all of the above bottlenecks and most strikingly, polar-
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ization dependence. They almost exclusively operate in TE polarization due to the favorable bandgap and its associated light
control [6].
On the other hand, their polarization dependence can be
turned into an advantage and be used for realizing the polarization diversity approach. By deploying a polarization diversity
coupler [7], [8] and integrating it with a photonic-crystal demultiplexer as well as an array of integrated photodetectors,
we can, in fact, address all of the bottlenecks mentioned above.
We use a reliable polymer bonding technique [9] to create a
high-index contrast InP membrane structure as our material
platform. This choice for a high-index contrast layer structure is
motivated by the ongoing trend towards further miniaturization
and high density integration of optical components on a chip.
Our integration effort is thus the first to combine system-grade
functionality with the virtually exclusive use of miniature
nanophotonics elements to attain it.
The choice of InP-based technology over the more popular
silicon-on-insulator (SOI) platform is motivated by the need for
integrating active elements. While SOI has advanced in several respects [10]–[14], and both spectrograph type WDM demultiplexers like arrayed-waveguide gratings (AWG) [15]–[17]
and PhC type demultiplexers [18], [19] have now been demonstrated, realizing active components remains a major challenge.
Germanium photodiodes epitaxially grown on silicon have been
demonstrated [20], but this approach is not suited for making
lasers. Using heterogeneous integration of III–V on Si, both
lasers and detectors have been demonstrated [21]–[23]. In our
approach, both active and passive devices are implemented in
the same III–V material, and there is no need to combine different material systems in order to realize active–passive functionality.
In the following sections, we describe the realization of a polarization diversity demultiplexer chip with integrated photodetectors on InP-membrane. First results were outlined in [24].
Here, we go into detail with a focus on integration technology
and polarization diversity analysis of the device. The performance of detectors, demultiplexer, and polarization diversity
gratings is investigated first by evaluating device subsets before
combining the complete set of functions into the final component.
II. DEVICE LAYOUT
The device layout is shown in Fig. 1(a) and the different
building blocks in Fig. 1(c)–(f). The basic layer stack is a
300-nm-thick InP-membrane sandwiched between air and benzocyclobutene (BCB, a polymer whose refractive index is
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Fig. 1. Polarization diversity photonic-crystal demultiplexer and its different building blocks. (a) Complete device layout. Photonic-crystal demultiplexers are
indicated in yellow, array of photodetectors are indicated in blue. (b) Basic InP-membrane layer structure. (c) Fiber-to-waveguide grating coupler, separating orthogonal polarization components. (d) Focusing version of the grating coupler. (e) Multimode photonic-crystal waveguide acting as the demultiplexer. (f) Integrated
array of photodetectors at the demultiplexer channels.

Fig. 2. Coupling from InP-membrane waveguide to underlying detector. An
eigenmode expansion analysis provides the superimposed field.

1.54 at 1.55 m) on a host-substrate [Fig. 1(b)]. This type of
layer structure has a large index contrast which is comparable to
SOI. Compact (12 12 m ) surface grating couplers are used
to inject light (near) vertically from a standard single-mode fiber
(SMF-28) to a pair of nearly orthogonal waveguides [7], [8],
ensuring a coupling efficiency around 50% [25], [26]. Fig. 1(c)
shows the original polarization diversity coupler that requires
a relatively long ( 150 m) taper. Alternatively, by using a
curved crossed grating [Fig. 1(d)], the device footprint could be
reduced substantially [27], [28]. Apart from facilitating polarization diversity another major benefit of the vertical coupling
approach is the ability to perform wafer-scale testing, in stark
contrast to edge-coupling methods [29]–[31]. This particular
implementation of polarization splitting at the coupling stage is
certainly the most compact. The focusing grating version results
in a total size of the coupling/polarization diversity structure of
18.5 30 m . When, conversely, the polarizations are split
and rotated at a later stage, nanophotonic high-index contrast
designs have provided interesting solutions, but often these are
not miniature enough. For example, in [32], a 600- m-long polarization splitter/rotator was used. No details on fiber coupling

were given. In [33], the combination of spot-size convertor
(200 m, to lensed or high NA fiber [29]), polarization splitter
(10 m), and polarization rotator (30–60 m) results in a total
length of around 250 m.
The second building block—the core of the device—is a
photonic-crystal wavelength-division demultiplexer [Fig. 1(d)]
based on multimode PhC waveguides. Its operating principle
is extensively described in [34]–[36]. As the fiber core size
( 8-10 m) sets the lower limit of the in-coupler grating size,
demultiplexing structures do not need to be much smaller per
channel. In order to attain a sufficiently large photon residence
time to meet Coarse WDM channel specifications (20-nm-intervals, or subintervals of it) within these 10–20 m of device
size, it is desirable to use a resonant approach. The alternative
“Phasar” spectrometer (AWG, etc.) approach is nonresonant
and its footprint therefore scales with the square of the spectral
resolution. For comparison, a InP based 4 4 AWG in [37] has
a channel spacing of 3.2 nm and a footprint of 230 330 m .
A 3 9 AWG in SOI in [15] has a footprint of 70 60 m and
a channel spacing of 11 nm. The 4 4 AWG in -Si in [16] has
a footprint of 40 50 m with a channel spacing of 11 nm.
The InP-membrane PhC device shown here is also very compact and performs coarse-WDM demultiplexing with a standard
channel spacing of 10 nm, each wavelength channel directly
feeding into an integrated waveguide detector [Fig. 1(e)]. Each
channel needs to be around 30 m long, resulting in a footprint
of 120 5 m for a four-channel device. The wavelength
spacing can be chosen at will, e.g., not regularly spaced nor in
any particular ascending or descending order, which is a clear
advantage of this realization. It also leaves room for unaffected
through-channels that could be used for extended network
management and other functions.
The third building block is an array of integrated p-i-n photodiodes [Fig. 1(f)] that are discussed next.
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Fig. 3. Integration scheme and fabrication of the devices. (a) Detector mesa definition. (b) Definition and etching of gratings, waveguide, PhC devices and via
holes aligned to the detector mesa. (c) Definition of the detector p-contact. Sample now ready for bonding. (d) Sample after DVS-BCB bonding. (e) Substrate and
etch-stop layer removal of the InP-die. (f) Definition of detector n-contact and access to the p-contact through a via-hole.

III. INTEGRATED PHOTODETECTORS ON INP-MEMBRANE
A. Principle
The detector coupling arrangement is shown in Fig. 2.
Light guided in the InP-membrane refractively couples into
an underlying InGaAs absorbing layer. In this type of structure,
absorption losses in the metal contacts play an important role.
As can be seen in Fig. 2, the light reflects back and forth between
the two contact layers. While this ensures a sufficiently long
path to ensure absorption in the thin InGaAs layer, it also incurs
competing absorption losses in the metal contact. If the InGaAs
layer were thicker, light could be absorbed along a shorter path,
thereby, minimizing losses in the metal contacts. The thickness
of the absorber layer influences also the speed of the detector.
A thick absorber layer results in lower capacitance, but carrier
transit times are increased [38]. The chosen InGaAs absorber
thickness of 500 nm is a reasonable compromise between efficiency and speed and a detector length of 10 m is sufficient to
absorb all the light.
B. Integration Scheme and Fabrication
The layer structure of the initial epitaxial material consists
of (from top to bottom) an 80-nm highly p-doped InGaAs contact layer, a 500-nm intrinsic InGaAs absorbing layer, a 300-nm
n-doped InP-membrane layer, and a 500-nm InGaAs etch-stop
layer on an InP-substrate. The fabrication scheme is illustrated
in Fig. 3. First, detector mesas are defined by optical lithography and (dry and wet) etching down to the InP-membrane
layer [Fig. 3(a)]. Second, gratings, waveguides and PhC devices
are defined by e-beam lithography and aligned to the detector
mesas, then etched into an SiO hard mask. Also, large vias

(50 50 m ) are defined by optical lithography and etched
into the hard mask. We use a two-step etch process for the
InP-etching. First, we perform a 300-nm InP-etch (CH –H inductively coupled plasma reactive ion etching) for the vias and
those devices requiring the full membrane etch, while protecting
other areas (e.g., the gratings) under a photoresist cap. Afterwards, the cap is removed and all patterns are etched by another
90 nm in order to obtain the gratings. The complete pattern, after
etching, is shown in Fig. 3(b).
In the next step, a 700-nm BCB layer is spin-coated onto the
sample for passivation. After curing the BCB, p-contact windows are opened, and a Ti–Au (20 nm/200 nm) p-contact, also
covering the vias, is deposited using lift-off [Fig. 3(c)].
The die is then bonded onto a GaAs host-substrate using another BCB layer that is approximately 1 m thick [Fig. 3(d)].
After curing for 1 h at 250 C in a nitrogen atmosphere, the
InP-substrate is removed (using lapping and wet etching) down
to the etch-stop layer. The etch stop layer is then dissolved by
wet etching [Fig. 3(e)].
Finally, another passivation BCB layer is spin-coated onto
the sample. After curing, n-contact windows are opened and the
access to the bottom p-contact is provided by etching the via
(now filled with BCB) down to the p-contact. In the last step, a
Au–Ge–Ni n-contact is deposited using lift-off [Fig. 3(f)].
C. Detector Characterization
We characterized the detectors by measuring the I–V curves
of the detectors for different optical input powers. The procedure is shown in Fig. 4. A standard cleaved single-mode fiber
connected to a tunable laser is positioned above an input grating,
at 10 from vertical in order to avoid reflections. Light is first
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Fig. 4. Characterization of p-i-n photodetectors on InP-membrane. (a) Layout
for characterizing the detectors (SEM-picture prior to bonding). Grating couplers are used for coupling from fiber to waveguide. (b) SEM-picture of a detector after cross section by Focused Ion Beam. (c) I–V curves of the detector
for different input powers. (d). Wavelength dependence of the grating coupler.

Fig. 5. Photonic-crystal demultiplexer based on multimode waveguides. (a)
FDTD simulation, showing the extraction of higher order modes. (b) Layout
of the device (SEM-picture prior to bonding).

coupled to a waveguide by the grating [Fig. 4(a)] and then refractively coupled to the underlying detector [cross-section in
Fig. 4(b)]. In this single-waveguide configuration, the gratings
are almost 100% polarization selective [39], so we use birefringent fiber loops (Lefevre loops) [40] to select the TE-polarization (electric field parallel to the grating lines).
The results for a 12 10 m detector are shown in Fig. 4(c).
The dark current of the detector is 4 nA at 0.5-V reverse bias.
After taking into account the loss in the polarization loops (0.9
dB), the external responsivity (fiber-to-detector) is 0.4 A/W.
The grating coupler efficiency is estimated to be 30%–40%,
which could be further increased by adding a bottom mirror to
the grating [25]. The wavelength dependence of the grating coupler efficiency, measured with the integrated detector is shown
in Fig. 4(d). The 1-dB optical bandwidth is 40 nm. We have verified that this wavelength dependence is due to the grating coupler alone, by comparing this curve with a grating coupler spectrum measured without integrated detector. Both curves nearly
coincide, and small differences are attributed to deviations in
parameters between the different fabricated gratings.
IV. PHOTONIC-CRYSTAL DEMULTIPLEXER
We have applied the integration scheme described above
to elaborate a compact photonic-crystal (PhC) demultiplexer
(demux) with photodetectors (Fig. 5). The device is a membrane
version of the demultiplexer described in [34]–[36]. Basically,
it exploits resonant intermodal coupling at the mini-stopband
(MSB) of a multimode PhC waveguide (here: “W5” type) [41].
The input signal is converted into a higher-order mode and then
extracted through one side of the PhC, which is made thinner
in order to facilitate leakage of the mode [Fig. 5(a)]. Demux
operation is obtained by adapting the PhC guide width locally,
thereby tuning the MSB to the desired extraction wavelength.
A section length of 30 m is sufficient for good extraction,
resulting in an extremely compact device.
The device layout is shown in Fig. 5(b). Using a 1D-grating
coupler, light from a tunable laser is again coupled into a membrane waveguide, feeding the PhC demultiplexer. The optical

Fig. 6. (a) Typical output spectra obtained by Coupled Mode Theory. (b) Measurement of the photocurrent at the channel and through port detectors. Spectra
are normalized to the grating coupler spectrum.

signals are extracted in four broad channels towards integrated
photodiodes, where the photocurrent is generated. The through
signal goes to another integrated detector. The results are
shown in Fig. 6. Good agreement between simulation [Coupled
Mode Theory, Fig. 6(a)] and experiment [Fig. 6(b)] is obtained.
The crosstalk between 20 nm-spaced channels (required for
CWDM) is around 6–8 dB, which can be improved further by
engineering the transfer function of the MSB, e.g., through
fine-tuning the size and number of holes of the PhC cladding
through which the signal is extracted.
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Fig. 7. Polarization diversity using 2D-gratings. Sample layout prior to
bonding.

V. POLARIZATION DIVERSITY COUPLERS
A. Principle
Polarization diversity can be used in order to overcome
the polarization sensitivity of nanophotonic devices. In this
approach, the two orthogonal polarization components of the
incident light are split, and one is rotated by 90 , resulting in
two channels of identical polarization (here: TE). These two
beams then feed two identical (polarization sensitive) devices.
At the output, one polarization component is rotated by 90 ,
and both (now orthogonally polarized) signals are recombined,
without interferences, at the exit. In our device, we exploit
2D-grating couplers that perform polarization splitting, and
polarization rotation function in the same structure [7], [8].

Fig. 8. Measurement of the PDL. (a) Wavelength dependence. (b) Detector
photocurrent under random polarization change ( 1570 nm).

=

B. Polarization Diversity from Fiber to Detector
First, we implemented polarization diversity between an
input fiber and a detector. The layout is shown in Fig. 7. Six
nested independent fiber-to-detector optical links are shown.
Each time, a 2D-grating is placed at the intersection of two
(near) orthogonal waveguides. The two orthogonal polarization
components from the fiber couple to the TE-mode of their
associated waveguide which then feed into adjacent sides of the
photodiode detector pad.
To assess the polarization dependence of this arrangement,
the photocurrent is measured while randomly varying the polarization state of the input light using polarization loops. The ratio
defines the polarization dependent loss (PDL). The
PDL measured at wavelengths of interest is shown in Fig. 8(a).
The minimal PDL is 0.2 dB and the PDL is smaller than 1 dB
over more than 45 nm. The PDL increases rapidly on the long
wavelength side, while it only increases slowly on the short
wavelength side, as explained below. The variation in photocurrent with a random variation of the polarization state over time
is shown in Fig. 8(b). In this case, the fiber-to-detector responsivity is 0.23 A/W. This value is lower than the 0.4 A/W of the
1D-grating detector case (Section III-C), which is caused by a
slightly lower grating coupler efficiency and losses in the bends.
The wavelength dependence of the PDL is caused by the tilt
of the fiber. This tilt along the bisection line of the grating is
needed to cut off second-order reflection. The waveguides then

Fig. 9. Configuration for polarization diversity coupling. The fiber is tilted
along the bisection line of the grating, and the waveguides are tilted inwards.

have to be rotated slightly inwards [8]. This inward tilt of the
waveguides is 2.8 for the measured device and can also be
seen in Fig. 7. In Fig. 9, we show the coupling configuration.
As a result of the fiber tilt, both orthogonal polarizations do not
experience the same coupling efficiency, as one polarization is
tilted out of a plane parallel to the grating. This also causes the
coupling curves for both polarizations to shift in wavelength,
which causes a wavelength dependence of the PDL. In addition, the optimal waveguide angle is not the same for both polarizations, causing a difference in transmitted power. We have
verified this experimentally. In Fig. 10, we show the wavelength
dependence of the coupling efficiency (which is proportional to
the photocurrent measured at the detector) for the two input polarizations where the transmission (photocurrent) is maximum
and minimum at a wavelength of 1600 nm (where the PDL is

Authorized licensed use limited to: University of Gent. Downloaded on June 24, 2009 at 03:44 from IEEE Xplore. Restrictions apply.

422

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 4, FEBRUARY 15, 2009

Fig. 10. Wavelength dependence of the coupling efficiency for input polarizations where transmission is maximum and minimum at  1600 nm.

=

Fig. 11. Polarization diversity PhC demux with integrated photodetectors.

high). Therefore, we aligned the fiber for minimum PDL, which
occurs at a wavelength of 1570 nm. The wavelength was then set
to 1600 nm, the polarization was set for maximum photocurrent
and the wavelength dependence of the coupling efficiency was
measured. Afterwards, this was repeated for the input polarization where the photocurrent is minimal at 1600 nm (at the same
fiber alignment). A wavelength shift of 18 nm is observed between both curves. At the wavelength where both curves cross
(i.e., 1570 nm), the PDL is minimal. At longer wavelengths,
the PDL increases rapidly since the ratio between maximum
and minimum signal becomes large. At shorter wavelengths, the
PDL is increasing slowly, since the maximum and minimum signals lie closer together.

Fig. 12. Detector output for the polarization diversity PhC demux (not normalized to the grating coupler, linear scale).

Fig. 13. PDL as a function of wavelength for the polarization diversity PhC.

device is shown in Fig. 12. As before, the difference in photocurrent between the different channel detectors is caused by
the wavelength dependence of the grating coupler.
The corresponding PDL measurement is shown in Fig. 13,
again for the three channels and the through signal. The minimum PDL is 1.1 dB, and a wavelength dependence similar to
Fig. 8(a) is obtained. The PDL is larger for this device, which
is due to the increased complexity of the circuit. To reduce the
PDL, both arms (one for each orthogonal input polarization)
would need to be as identical as possible, which is not easy to
achieve, since each arm includes a single-mode bend (500 nm
wide), a strip waveguide-to-PhC transition, and shared detectors.
VII. CONCLUSION

VI. POLARIZATION DIVERSITY PHC DEMUX
Finally, we implemented a polarization diversity version of
the PhC demultiplexer from Section IV. The layout is shown in
Fig. 11. A 2D-grating coupler (12 12 m ) is used for coupling
to the TE-modes of two (near) orthogonal waveguides. The demultiplexer is duplicated and the corresponding channel outputs
and through signals of both demultiplexer arms are combined
into common integrated detectors. The detector photocurrent is
measured for three channels (the detector of channel 4 was damaged) as well as the through signal. The proper operation of the

We have demonstrated a number of grating-coupled functional devices integrated with photodetectors on an InP-membrane. The external responsivity (SMF-28 fiber-to-detector) is
0.4 A/W. Using the same integration scheme, a very compact
photonic-crystal demultiplexer with photodiodes was obtained.
Future work will concentrate on measuring the bandwidth of the
detectors and reducing the crosstalk of the demultiplexer. We
have also implemented polarization diversity using 2D-grating
couplers. A simple configuration from fiber to detector results in
a very low PDL of 0.2 dB. This value increases to 1.1 dB when

Authorized licensed use limited to: University of Gent. Downloaded on June 24, 2009 at 03:44 from IEEE Xplore. Restrictions apply.

VAN LAERE et al.: NANOPHOTONIC POLARIZATION DIVERSITY DEMULTIPLEXER CHIP

adding the PhC demultiplexer (with integrated photodiodes) to
this polarization diversity scheme. We believe that this value
can be decreased by taking special care to the identical fabrication of the two arms in the functional device. These improvements (PDL and crosstalk) will confirm that a compact photonic-crystal integrated device is a genuine technological option
for miniature telecom heads at both sides of the access networks
(user and metro).
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