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A germanium-based platform with a large core-clad index contrast, germanium-on-silicon nitride
waveguide, is demonstrated at mid-infrared wavelength. Simulations are performed to verify the
feasibility of this structure. This structure is realized by first bonding a silicon-nitride-deposited
germanium-on-silicon donor wafer onto a silicon substrate wafer, followed by the layer transfer
approach to obtain germanium-on-silicon nitride structure, which is scalable to all wafer sizes. The
misfit dislocations which initially form along the interface between germanium/silicon can be
removed by chemical mechanical polishing after layer transfer process resulting in a high-quality
germanium layer. At the mid-infrared wavelength of 3.8 um, the germanium-on-silicon nitride
waveguide has a propagation loss of 3.35 = 0.5 dB/cm and a bend loss of 0.14 = 0.01 dB/bend for a
radius of 5 um for the transverse-electric mode. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4972183]

Silicon-based photonics has drawn much attention in
recent years due to its compatibility with the CMOS process
as well as its possibility of integration with microelectron-
ics.! Researchers have been trying to extend the operation
wavelength of photonics to mid-infrared (MIR) defined here
as 2—15 um because of the promising applications in MIR
such as next generation communication, biochemical sens-
ing, environment monitoring and so on.”® The standard
silicon-on-insulator (SOI) is not suitable for MIR since the
material loss of the buried oxide layer becomes substantially
high at 3.7 um and beyond. Many efforts have been put to
look for an alternative material system that can work in
MIR. The silicon-on-sapphire (SOS) waveguide technology
has been pursued to extend the operation wavelength range
up to 4.4 um.* Silicon-on-nitride (SON) waveguides, provid-
ing a wide transparent range of 1.2-6.7 um, also have been
proposed.” Germanium (Ge) has a wide transparency and
many optical properties®™® making it a good alternative for
SOI, thus many Ge-based platforms have been proposed and
studied. Germanium-on-insulator (GOI) has been proposed
and passive waveguides and active Ge modulator have been
fabricated on the platform but the buried oxide layer actually
limits the transparency of this platform as mentioned above.’
Germanium-on-SOI has also been reported with its electrical
advantages.10 Germanium-on-silicon (GOS) platform is
widely used in photonics research presently and many
impressive achievements have been done.''™'® The lowest
propagation loss Ge waveguides on that platform reported
only to have had a loss of 0.6 dB/cm.'* However, the refrac-
tive index contrast between Ge (n= 4.1)15 and Si (n= 3'.4)]5
is considerably less than that of SOI (An=2.01). The
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numbers of refractive indices are at 3.8 um. As a result, the
bend radii in GOS must be accordingly larger than those in
SOI, causing the footprint of GOS on-chip devices to be gen-
erally larger than those of SOI. What is desired is a better
alternative Ge-waveguide platform that will provide a larger
core-clad index contrast than GOS as well as useful trans-
parency and smaller channel-bend radii. To achieve these
goals, the structure proposed and realized in this work is
Germanium-on-Silicon Nitride referred to here as GON. The
refractive index of our PECVD silicon nitride (SiN,) is mea-
sured by an ellipsometer, and it is 1.9 at 3.8 um. SiNj is typi-
cally transparent up to about 7.5 um. So the index contrast in
GON is 2.2. Upon realizing this Ge platform operating in the
MIR range, there would be many passive photonic devices
that can be fabricated with a compact footprint such as Mach-
Zehnder interferometers, micro-ring resonators, and so on. To
make a compact ring, a small bend radius is required, and this
in turn is only possible with high-contrast waveguides having
strong optical confinement.'® Moving forward, compact sens-
ing devices'’ can also be realized based on micro-ring reso-
nators'® with this Ge platform. Most importantly, we have
developed a feasible and scalable wafer bonding and layer
transfer technique to realize GON.

Firstly, modeling has been performed to study the feasi-
bility of bent waveguides with smaller radius realized on the
GON platform. Finite difference time domain method
(FDTD) was utilized to verify the lower waveguide-bend
propagation loss of GON versus GOS. Assuming an opera-
tion wavelength of 3.8 um, the thickness of the Ge strip core
and the SiN, layer thickness were set to be 1 um each. The
cross sectional dimensions of both waveguides on these two
platforms were determined to support a single TE mode
propagation and the mode profiles are illustrated in Figure 1.
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The simulation results demonstrate that only single modes
are allowed at the size of core. From simulation results, it
can be observed that GON has a better confinement on the
mode at the core-cladding interface which is 4% less com-
pared to the mode of GOS at the interface according to the
overlap analysis. Unit power was launched into a 90° bend
whose inner radius R was varied from 2 to 18 um. Figure 2
shows the bend loss of the waveguide as a function of R and
the cross sectional dimension of waveguide on GOS was
also changed to demonstrate that the GON has a better con-
finement on the propagating mode even with a smaller
dimension. WG in Figure 2 stands for “waveguide” and dif-
ferent cross-sectional dimensions are indicated in the annota-
tion of Fig. 2. This simulation reveals the smaller bend loss
of waveguides on GON. Specifically, at R =35 um, GON has
a loss of ~0.013 dB/bend versus ~1.74 dB/bend of WG4 on
GOS. The performance gap becomes wider as the bend radius
decreases. Therefore this GON structure has the potential for
compact efficient networks on-chip. The bend loss of the bent
waveguides on GOS shows gradual improvement as the
cross-sectional dimensions increase showing that mode con-
finement is better in GON, allowing smaller W x H.

The Ge/Si platform can be fabricated by several techni-
ques. These include Ge condensation,'® liquid phase epi-
taxy,?’ and layer transfer techniques.”' However, when Ge is
grown directly on SiN,, the quality of the Ge crystal is
expected to be poor and a high density of defects is formed
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FIG. 2. Simulated bend losses in GON compared to those in GOS, showing
lower bend losses of waveguides on GON.
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FIG. 1. Simulation results (a) mode
profile of waveguide on GOS with
width=2pum and height=1 um; (b)
mode profile of waveguide on GOS
with width =3 ym and height =2 um;
(c) mode profile of waveguide on GON
with width =2 um and height =1 pum.

at the interface since SiNy is amorphous. As a result, these
defects will increase the scattering loss. In this work we uti-
lize the wafer bonding and layer transfer technique to fabri-
cate the GON as summarized in Fig. 3. In this process,
1.5 pm thick single crystal Ge is grown on a 6-in. Si donor
wafer using reduced pressure chemical vapor deposition
(RPCVD) with three-step Ge growth method.”* The Ge epi-
layer is then coated with silicon nitride and transferred to
another Si substrate to obtain the GON wafer. For compari-
son, some Ge-on-Si (GOS) wafers (grown in similar manner
but not transferred) are included in the subsequent experi-
ments. The final Ge layer has a threading dislocation density
(TDD) typically <5 x 10°cm ™2, surface roughness <1nm,
and a tensile strain of 0.2%.%> Further, cleaning of the donor
wafer is carried out to obtain a surface free of oxide and con-
taminants, followed by a deionized water (DI water) rinsing
and N, drying. After the cleaning process, the donor wafer is
loaded into a Cello PECVD system for the deposition of ten-
sile strained SiN,. A post deposition annealing for several
hours can ensure the release of gases trapped in the wafer
during the deposition process. All the thermal processes are
done at a temperature below 400 °C. Further, another 1 yum
of SiN is deposited on the backside of the wafer to compen-
sate for the bowing effect. The final deposition of 300 nm of
the bonding layer is processed via low temperature PECVD.
This bonding layer is SiO, which enables the ease of bond-
ing with another Si handle wafer. Since a hydrophilic type of
bonding is used in this work, there will be water molecules
forming during the bonding reaction. Therefore, SiO; is cho-
sen as the bonding layer as it can absorb these water mole-
cules hence providing a high bonding quality.?* The bonding
layer is subjected to chemical mechanical polishing (CMP)
down to 100 nm, in order to reduce the surface roughness so
that it is suitable for wafer bonding. The donor wafer can
then be bonded onto a Si substrate wafer. Prior to bonding,
both the wafer surfaces are to be exposed to O, plasma for
about 15 s to improve the hydrophilicity of the surface. After
that, a DI water rinsing step is incorporated to improve the
density of the surface hydroxyl group to initiate bonding.
The bonded wafer pair is then subjected to post-bond anneal-
ing at a temperature below 300 °C for about 4 h to improve
the bond strength. The bonded wafer is inspected using IR
imaging to check for the formation of interfacial voids. To
complete the layer transfer process, the top Si donor wafer is
subjected to grinding in order to transfer the Ge/SiNy layer
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stack on the substrate wafer. This is followed by wet etching
using tetramethylammonium hydroxide (TMAH) to
completely remove the Si donor wafer. Given the high selec-
tivity of TMAH for Si over Ge, etch stop takes place at the
original Ge/Si interface. This Ge/Si interface layer will then
be removed by chemical and mechanical polishing (CMP).
Our process uses two silicon wafers, the Si donor and the Si
substrate wafers, and is therefore scalable to all wafer sizes.
X-ray Diffraction (XRD) analysis was used to characterize
the Ge film quality with reference to the GOS after the fabri-
cation of GON wafer and the results are shown in Figure 4.
The XRD analysis shows that the crystal quality of Ge epi-
layer on GON does not change significantly as signified by
the peak intensity and curve shape that are comparable with
that of the Ge on Si wafer. The Ge peaks are shifted to the
right with reference to the Ge bulk substrate as a result of a
tensile strain (due to thermo-mechanical mismatch) which is
0.17% for GOS and 0.13% for GON, respectively. The
0.04% strain relaxation is due to the removal of Si donor
wafer and this tensile strain will not affect the transparency
of Ge at 3.8 um.

We have fabricated waveguides on GON and GOS
wafers to verify our simulation results. In the simulation, we
set the width and height of the waveguide to be 2 um and
1 um, respectively, thus the GON wafer is thinned down by
CMP to obtain 1 um thick Ge. Post CMP, the Ge layer is pat-
terned using standard optical lithography. Reactive Ion
Etching (RIE) in Oxford Plasmalab 80 with Cl, gas is uti-
lized to etch the Ge layer all the way down to SiNy layer to
form the strip waveguide. The final Ge strip waveguide has a
width of ~2 um and a height of ~1 um (Fig. 5(a)). SEM
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FIG. 4. The XRD profile of the Ge epilayers on GON and GOS with refer-
ence to bulk Ge.

Appl. Phys. Lett. 109, 241101 (2016)

Grinding

+
TMAH

FIG. 3. Watfer bonding and Layer trans-
fer process to obtain Ge on SiNy struc-
ture is illustrated. The bonding layer
refers to SiO,.

1 pum SiN,

Si substrate

images at different orientations have also been taken to show
the sidewall quality (Fig. 5(b)). It can be seen from Fig. 5(a)
that the sidewalls are not very vertical using RIE with a
power of 200 W and chamber pressure of 20 mT. What’s
more, the quality of the surface of the sidewall which can be
observed from Fig. 5(b) is not perfect.

The propagation loss and bend loss measurements are
carried out by employing the cut-back method.? This method
is based on a comparison of transmission through waveguides
of different lengths or number of bends and fitting the depen-
dence on the length or number of bends assuming identical
coupling conditions and an identical surface roughness. We
have fabricated waveguides whose total length changes from
2mm to 12mm with a step of 2mm. Each waveguide has
8 bends (R =50 um) and we assume that the total bend loss in
8 bends at this large radius is negligible.

The device under test is mounted on a XYZ translational
stage. Light source with 3.8 um wavelength from a rapid-
scan CW-Pulsed quantum cascade laser of DAYLIGHT
SOLUTIONS goes through a polarization controller and is
then coupled into a single mode ZrF, fiber from Thorlabs. In
our measurements, we choose the TE mode for each mea-
surement. Further, the fiber tip is aligned with the facet of
the strip waveguide for coupling the light into the wave-
guide. For efficient and reproducible coupling from a fiber to
single mode waveguides, taper geometry were designed on
each side of the waveguides with a total length of 800 um,
long base of 20 um, and short base of 2 um. After passing
through the device, the light is collected by a similar fiber as
that at the input. The output power of the light is analyzed by
an InSb photodiode photodetector with a high sensitivity
from HORIBA. Same waveguides were also fabricated on
GOS wafer using the same processes, in order to make a
comparison. All the devices have been measured multiple
times to ensure repeatability and the results are confirmed to
be reproducible. The propagation loss measurement results
are shown in Figure 6. It can be seen that the propagation
loss of waveguide on GOS is 8.18 = 0.6dB/cm which is
much higher than that of the waveguide on GON whose
propagation loss is 3.35 = 0.5dB/cm. The higher propaga-
tion loss of GOS wafer is mainly caused by the poor confine-
ment of the propagating mode. The mode has larger overlaps
with the sidewall and the interface between Ge and Si. There
are misfit dislocations in the interface because of the lattice
mismatch between Ge and Si. However, the misfit disloca-
tions which are previously hidden along the Ge/Si interface
now can be exposed on the top of the wafer with layer trans-
fer method and can be removed by CMP. The defective layer
actually was removed when we performed CMP to thin
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FIG. 5. (a) Cross-sectional image of
patterned GON wafer; (b) SEM image
at a different orientation to show the
sidewall quality.
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down the Ge layer to 1 um after wafer bonding and layer
transfer. The propagation loss of GON can be further
reduced with a better quality of sidewall in the waveguides
to reduce the scattering loss, which can be realized by better
precision in lithography and deep silicon etching. For certain
applications, we can design the rib structure to realize a bet-
ter mode confinement thus further reducing the propagation
loss."*

We have also fabricated the bent waveguides with a
radius of 5 um on GON and GOS for comparison. The num-
ber of 90° bends on both wafers varies from 4 to 36. The
bend loss measurement results are illustrated in Figure 7. As
shown in Fig. 7, the bend loss of waveguides on GON is
much smaller than that on GOS due to the better confine-
ment, and the bend loss is only 0.14 = 0.01 dB/bend com-
pared to 2.54 = 0.15dB/bend of that on GOS. The total
length of each waveguide is fixed at 5 mm and the length of
the straight waveguide decreases as the number of bends
increase. The influence of the length change has been ruled
out when we calculated the bend loss using the propagation
loss of 3.35 dB/cm. The higher bend loss of GOS is because
the mode interacted intensively with the interface and side-
wall due to poor optical confinement. The largest source of

T T T
08 1.0 1.2

Waveguide length (cm)

bend loss is actually the mode mismatch loss. It is due to the
imperfect mode overlap between the straight and the bent
waveguides. This leads to scattering at the start and end of
fixed-radius bends. We expect to further reduce the bend loss
of GON by varying the curvature of the bend continuously
rather than abruptly.?® There is discrepancy between the sim-
ulation and measurement results of bend loss because the
sidewall is assumed to be free of roughness in the simulation
which means that there is no scattering loss caused by the
interaction between light mode and waveguide sidewall.
However, this loss cannot be ignored in real measurements.
In summary, a Ge based platform was proposed and fab-
ricated. The defective layer containing misfit dislocation can
be exposed by layer transfer and removed by CMP, thus pro-
viding a high-quality Ge layer on SiNy under the cladding
layer. Simulation was carried out to study the feasibility of
GON platform for providing smaller channel-bend radii.
Waveguides were fabricated on the GON wafer and were
characterized at the 3.8 um wavelength. The bend loss on
GON at radius of 5 um is 0.14 = 0.01 dB/bend and the propa-
gation loss is 3.35 = 0.5 dB/cm. These losses are expected to
be further reduced by improving the sidewall quality with
advanced processes like E-beam lithography and Deep RIE

FIG. 7. Measurement results of bend
losses on GON and GOS. The bend loss
of GON is 0.14 = 0.01 dB/bend and the
bend loss of GOS is 2.54 = 0.15dB/
bend.
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or by a different structure. This GON platform has potential
making passive photonic devices with small footprint possi-
ble which can be useful for compact sensor devices on-chip
for MIR sensing applications, as well as for active devices
like micro-ring modulators.
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