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Abstract: Three-dimensionally (3-D) integrated photonic structures in
multiple layers of silicon are reported. Implantation of oxygen ions into a
silicon-on-insulator substrate with a patterned thermal oxide mask, followed
by a high temperature anneal, creates photonic structures on 3-D integrated
layers of silicon. This process is combined with epitaxial growth to achieve
devices on three vertically integrated layers of silicon. As a demonstration
vehicle, we report a multistage optical filter that comprises of coupled
microdisks on two subsurface silicon layers with bus waveguides on the
surface (3rd) layer. The optical filter shows extinction ratios in excess of 14
dB, with excess insertion loss of less than 1 dB.
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1. Introduction
Recent advances in silicon based photonics [1-12] have brought the much anticipated
integration of photonics and electronics closer to reality. Transistor size continues to shrink —
a trend that is fueled by the economic benefit gained when a larger number of circuits are
obtained from a single silicon wafer. While today’s electronic chips boast critical dimensions
of 35 nm [13], the dimensions of optical waveguides have a hard lower limit of more than 200
nm, set by the optical wavelength in silicon [14,15]. These differences together with the high
premium on the silicon real estate [16] serve as motivation for technologies that facilitate the
integration photonics on a silicon chip in a real estate efficient three-dimensional (3-D)
manner [17]. Here we demonstrate a Complimentary Metal Oxide Semiconductor (CMOS)
compatible technology that features devices on 3 vertically stacked device layers.
2. Fabrication of multilayer structures
Devices on multiple layers are fabricated using a technique called the SIMOX (Separation by
IMplantation of OXygen) 3-D sculpting [18], a modified form of the conventional SIMOX
process. The SIMOX process is conventionally used to obtain thin silicon layers (~ 3000Å) on
top of a buried oxide layer of thickness of the same order of magnitude, to produce high
quality silicon-on-insulator (SOI) substrates [19-20].
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Fig. 1. Schematic of the process flow for the fabrication of multilayer
structures using SIMOX 3-D sculpting. (a) Starting SOI wafer, with a
semitransparent silicon oxide mask on it, is implanted with oxygen ions.
(b) High temperature anneal after the implantation results in the
formation of a continuous buried oxide layer. (c) Epitaxial growth of
silicon. (d) Silicon dioxide is grown thermally and patterned using
photolithography to create a semitransparent oxide mask. This wafer then
undergoes oxygen ion implantation as in step a. (e) High temperature
annealing results in the realization of the second layer of sub-surface
waveguides separated from a surface silicon layer. (f) Photolithography
and reactive ion etching performed on the surface silicon layer to create
devices on the surface silicon layer.
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Figure 1 depicts the process flow for creating multilayer structures. Implantation of
oxygen ions is performed on an SOI substrate that has been patterned with thermally grown
oxide. The semi-transparent thermal oxide mask produces a difference in the penetration
depth of the oxygen ions between regions with and without thermal oxide, as they traverse the
substrate. A high temperature anneal (~ 1300°C) after the implantation cures the damage
created on the silicon crystal due to the implantation process. It also aids the formation of a
continuous layer of silicon dioxide. This leads to the formation of sub-surface waveguide
structures separated from a surface silicon layer by the silicon dioxide layer formed as a result
of the oxygen implantation and anneal. This surface silicon layer is used as the seed layer to
grow silicon epitaxially on the substrate. After the epitaxial growth, the substrate goes through
another set of implantation and annealing steps, resulting in the formation of a second layer of
buried devices and a surface silicon layer. Photonic or electronic devices may be defined on
the surface silicon layer using conventional lithography and etching process, resulting in the
realization of three layers of 3-D integrated devices. There has been an attempt previously to
fabricate multilayer 3-D structures in SOI wafers using the SIMOX process, combining it with
epitaxial growth of Silicon [21]. The complete process involved two implantation steps and
two epitaxial growths in order to grow vertically integrated SOI waveguides. The waveguides
fabricated in this case were planar in nature with a guiding layer thickness of 2 microns.
Figure 2 shows the cross sectional SEM pictures of rib waveguides realized in the three
vertically stacked layers of silicon. It is very clear that the process of SIMOX 3-D sculpting
has successfully been employed to realize multilayer nanophotonic structures in silicon.
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Fig. 2. Cross-sectional Scanning Electron Microscope (SEM) pictures of devices
fabricated in a multilayer structure.a) Sub-surface waveguides in the first layer of the
structure after oxygen implantation and high temperature anneal. Two layers of silicon
are seen above the waveguide structure.b) Sub- surface waveguides in the second layer
of the structure. A layer of silicon above and another layer of silicon below the
waveguides in this layer are also seen.c) Rib waveguides in the surface silicon realized
by photolithography and etching. Two layers of silicon below this surface layer are also
seen in the picture.

It may be seen from Fig. 2(b) that the oxide layer that defines the second layer of buried
devices is discontinuous. This is due to the fact that the amount of oxygen ion dose that
entered the wafer is less than the optimum value of 5×1017 ions per cm2 required for the
formation of a continuous oxide layer. This can be verified by measuring the thickness of the
second buried oxide layer that was formed, which is around 85 nm. For a dose of 5×1017 ions
per cm2, the thickness of a stoichiometric oxide layer is expected to be around 115 nm, as is
measured in the case of the oxide layer formed in the first implantation step. We surmise that
the difference in the dose that penetrated the wafer during the second implantation step must
arise from the process variations at the commercial implantation facility where the
implantation was performed. By ensuring the presence of optimum dose inside the substrate, a
continuous layer of oxide can be realized. It needs to be mentioned here that, even though the
oxide layer is discontinuous, finite element method based simulations show that the structure
supports guided optical modes. Figure 3 depicts the electric field profile of the fundamental
mode of the rib waveguides formed in the second silicon layer. The 2 μm wide waveguides
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fabricated in this case are multimode in nature. However, by choosing the input coupling
conditions appropriately to launch the fundamental mode, it is possible to avoid the excitation
of higher order modes that might affect the performance of the filter.
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Fig. 3. The electric field profile of the fundamental mode of a waveguide
in the second silicon layer. a) Fundamental mode field profile of the
waveguides defined in the second silicon layer, calculated using a finite
element mode solver.b) Waveguide structure used for the simulation
results shown in part a, which closely matches the experimentally
observed structure, with a discontinuous oxide layer, shown in Fig. 2.

Fabrication of 3-layer structures using the SIMOX process poses several processing
challenges. Epitaxial growth and a second implantation step are required to realize devices on
more than two layers of silicon. Tolerance on the epitaxial silicon thickness grown on the
substrate, for the thickness that was used in this work (~ 600 nm), is around ±5%, as specified
by the epitaxial service provider. It is found from our previous experience that the
reproducibility of implantation range is around ± 35 nm. Together with the uncertainty in the
thickness of the epitaxial silicon, this corresponds to a total uncertainty of ±65 nm in the range
of implanted oxygen ions, and hence the depth at which the buried oxide layer is formed.
Thus, after the epitaxial growth, thicknesses of the surface silicon layer and the
semitransparent thermal oxide mask used in the SIMOX 3-D sculpting process need to be
adjusted carefully before the second implantation and anneal step in order to realize the
desired multilayer structure. It may be added, that the present devices were realized using
commercial epitaxial growth and ion implantation services for the purpose of proving the
concept of 3-layer photonic structures. Stricter tolerances may be realized if dedicated growth
and implantation systems are available for process optimization.
It may be noted that the approach used here to realize multilayer 3D photonic structures
differs from that of [22] where deposition of nanocrystalline silicon upon oxidized SOI was
used to form a surface guiding layer in a 3D silicon photonic structure. In [22], there is one
guiding layer which is situated on the surface, in contrast to the present work where there are
three different guiding layers that are evanescently coupled to each other. Also, the SIMOX
process used in the present work preserves the crystalline nature of the surface silicon, thereby
making it possible to realize CMOS devices on this surface layer, as has been demonstrated
previously [23].
3. Multilayer 3-D photonic devices
As a vehicle for the proof of concept, an optical filter was fabricated by cascading multiple
microcavities, the schematic of which is shown in Fig. 4(a). Here, the microresonators are
realized in the two buried layers of silicon that are coupled to each other and to the bus
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waveguides fabricated on the surface silicon layer through intervening oxide layers (the
intervening layer of oxide through which the evanescent coupling of light takes place is
omitted in Fig. 4(a) for the simplicity of illustration). Figure 4(b) shows the optical
micrograph of the top view of the fabricated device with the arrows indicating the direction of
flow of optical energy through these devices. The microdisks have a radius of 20 μm, and the
bus waveguides have a width of 2 μm. When optical energy is introduced to the input port of
the device, resonant wavelengths are transmitted to the drop port, after traversing through
vertically coupled silicon layers. The complete path of the optical field (from the input bus
waveguide to the output drop port waveguide) includes five layers of silicon and four
evanescent coupling stages.
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Fig. 4 Three-dimensionally integrated microcavity structures in multilayer silicon structure.a)
Schematic of the three-dimensionally coupled microcavities realized using SIMOX 3-D
sculpting, where the blue features represent silicon. Microdisk resonators are realized in two
sub-surface silicon layers that are coupled to each other and to bus waveguides fabricated on
the surface silicon layer. b) The optical micrograph of the top view of the fabricated device
where the arrows indicate the direction of flow of optical energy through the multilayer
structure. Resonant wavelengths are transmitted to the drop port after traversing through the
vertically coupled silicon layer structure. Non-resonant wavelengths appear at the thru port.

The spectral characteristics of the filter at the drop port of the filter were measured by
launching the optical power from an Amplified Spontaneous Emission (ASE) source at the
input port of the device and collecting the optical spectra at the drop port using a spectrum
analyzer, the results of which are shown in Fig. 5. The distance between two consecutive

Relative Power (dB)

0
-2
-4
-6
-8
-10
-12
-14
-16
1542

1547

1552

1557

1562

1567

1572

1577

Wavelength (nm)
Fig. 5. Spectral characteristics of the drop port of the multistage microdisk filter device.
Wavelengths that are resonant with the microdisk structure travel through the multilayer
structure and get collected at the drop port of the device. Non-resonant wavelengths are
collected at the thru port of the device.
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resonant wavelengths, free spectral range of the device, was found to be around 5.6 nm. The
extinction ratio, as measured by the ratio of the maximum power (at the resonant wavelength)
to that of the minimum power (at the off-resonance wavelength) is found to have a maximum
value of ~ 14 dB in the wavelength range of measurement. The excess insertion loss of the
multistage filter structure was measured to be ~1 dB. This is done by tuning the wavelength of
a laser through a resonance of the device and comparing the optical power at the thru (out of
resonance) and drop (in resonance) ports of the device. The normalized spectral characteristics
of the thru port are shown in Fig. 6. These results validate the capability of the SIMOX 3-D
sculpting technique for fabricating complex 3-D integrated devices.
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Fig. 6. Spectral characteristics of the thru port of the multistage
microdisk filter device. Non-resonant wavelengths are collected at the
thru port of the device. By comparing with Fig. 5, it may be seen that
every peak in Fig. 5 corresponds to a dip in Fig. 6.

5. Summary
A method to create photonic devices that span multiple vertically-coupled layers of silicon has
been demonstrated. 3-D integration facilitates the synthesis of devices with precisely
controllable coupling characteristics and can lead to efficient use of silicon real estate. The
latter is realized when different layers are used for create independent devices that reside on
top of each other. A particularly logical arrangement will be to confine photonics devices to
the two sub-surface layers and dedicating the surface silicon layer to electronic circuits.
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