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Vertically-coupled micro-resonators realized using
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A modified separation by implantation of oxygen process has been developed to sculpt vertically
coupled microdisk resonators in silicon. The approach involves the implantation of oxygen ions into

a silicon substrate, patterned with thermal oxide, to define waveguides on the bottom silicon layer,
and photolithography and reactive ion etching to define the microdisk resonators on the top silicon
layer. The top and the bottom silicon layers are separated by the oxide layer that was formed after
the oxygen implantation. Fabricated microdisk resonators show resonancesQwtidwe of 10 300

and a free spectral range of 5.4 nm.2004 American Institute of Physics
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Optical microcavities are versatile devices, with applica-silicon substrates. More significantly, these vertically inte-
tions ranging from add-drop WDM multiplexers, optical fil- grated structures are realized through a monolithic fabrica-
ters, to microdisk lasers. Fabrication of vertically coupledtion process. This is considerably simpler than the wafer
microring/microdisk resonator structures has received conbonding technique that was previously employed in fabricat-
siderable attention in recent yeéF§.VerticaI integration al-  ing vertically coupled devices on IlI-V substrates.
lows for the fabrication of densely integrated three-  The SIMOX process involves the implantation of oxy-
dimensional optical structures, enhancing the functionality ofyen ions into a silicon substrate, followed by a high tempera-
the optical chip. Apart from the inherent advantage ofture (around 1300 °¢ anneal of the substrate in order to
achieving densely integrated three-dimensiqi3f) optical ~ cure the implantation damage and to effect Sf@rmation.
structures, vertical integration offers the prospect of precisd he thickness and the depth of the buried oxide layer are,
control of coupling coefficient in vertically coupled devices. respectively, determined by the implantation dose and en-
Here, the control over the critical dimension is more precise€rgdy. It has been observed that, in order to achieve good
than laterally patterned structures, where the limits are set b§uality buried oxide and to keep the defect densities in the
the photolithography. Thus, complex optical circuitry with fange of<10°/ cn?, implantation dose should be in the range
accurately controlled evanescent coupling between devices & 19X 10" ions/cnf, with implantation energies in the
possible by employing vertically integrated optical struc-fange of 40—200 keV¥The process is conventionally used to
tures. obtain thin silicon layergof the order of 3000 Aon top of

Optical miniaturization, employing nanophotonic de- @ buried oxide layer of thicknesses of the same order of
vices such as ring and disc resonators, and two-dimensiongfagnitude. There has been an attempt previously to fabricate
photonic crystal cavities, requires tight confinement of the3D Structures in SOI wafers using the SIMOX process, com-
optical field within these tiny structures. This necessitates th@iNng it with epitaxial growth of silicort” The complete
use of high index contrastAn) material systems such as process involved two implantation steps and two epitaxial

those provided by Si/SiOwith a An of ~2. Silicon-on- 9roWths in order to grow vertically ‘integrated SOl
insulator (SOI) structure provides an excellent platform for wavegwdes. The .wavegu.|d.es fabncatgd in this case were
the fabrication of a variety of integrated optical structures,planar In nature .V\."t.h a gwc_img Iayer_ thickness Qﬂ.ﬁ' .

with the prospect of full integration of electronic and optical A method, utilizing the |_mplantat|on of oxygen ions into
devices on the same substratéhere have been reports of a maskgd SOl subst_rate, IS em_ployeq to reghze bu”ed.”b
laterally patterned ring resonators in SOl substrates ®ith waveguides of submlcrometgr d!mensmns.. Flgur_e 1 depicts
values greater that 3060The tight confinement of the field the process .ﬂOW of the fabrication of vert|cal!y integrated

in SOIl-based waveguides also leads to an enhancement (s%tfruc_tures using the SIMOX process. Implantation of oxygen
optical nonlinearities in silicon. This has been utilized inI ns is performed on an SOI substrate that has been patterned

d trat i R froct h timulat ith thermally grown oxide. The thickness of the oxide mask
emonstrating noniinear raman €fiects such as, stimu aE%ay be chosen suitably to decelerate the oxygen ions that
Raman amplification and Stokes to anti-Stokes wavelengt

conversion in silicon waveguidés.We have previously re-

ported the fabrication of 3D integrated nanooptical structures = Silicon
in SOI substrates, including low-loss buried waveguides, us- _ g W ' = Silicon DioxIde
ing a modified process of separation by implantation of oxy- m m
gen (SIMOX sculpting.? This letter reports the demonstra-
tion of vertically coupled microdisk resonator structures on Substrate Substrate Substrate
Oxygen Implantation After Anneal After disk definition
¥E|ectronic mail: prakash@ee.ucla.edu FIG. 1. Process flow for the SIMOX fabrication of microdisk structures
PElectronic mail: jalali@ucla.edu (cross-sectional vieyw
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FIG. 2. SEM picture of buried waveguide structure fabricated using SIMOX
3D sculpting.
FIG. 3. SEM picture of the fabricated microdisk resonators of radiugrd3
on the top silicon layer with bus waveguides underneath.

penetrate into the area underneath the mask. The angled side-

wall of the buried rib waveguide formed after the high tem-|ayer of silicon, straddling the buried bus waveguide. The
perature anneal arises due to the lateral straggle of the ingjjicon nitride disk used as the oxidation mask is also seen in
planted oxygen ions. After the anneal, microdisk structureghe picture, on top of the microdisk. It may be noted here that
may be defined on the top layer using conyentpnal lithograthe silicon dioxide that was formed after the oxidation, and
phy and an etching process, as shown in Fig. 1. In thene puried oxide layer formed during the implantation, were
SIMOX process, there occurs an inherent sidewall smoothremoved to obtain scanning electron microscé®gM) pho-
ening due to the lateral straggle of the oxygen ions, whichographs that clearly illustrate the structure of the device.
helps in the formation of high quality waveguides and high  Figure 4 shows the transmission properties of the
Q cavities. throughput port of the resonator, characterized using an am-

A SOI wafer (made by SOITEC Ing.with 0.6 um of  piified spontaneous emissi¢ASE) source, for the TE polar-
silicon on top of a buried oxide layer of 04m thickness ized light. The unpolarized light from the ASE source was
was oxidized and patterned using a reactive ion etching propassed through an inline fiber polariz&eneral Photonics
cess to form oxide stripes of thickness 0@, with widths  make, extinction ratio 40 dBand a polarization controller
varying from 2 to 12um. The patterned wafer was then (General Photonics make, extinction ration 30)dat can
implanted with oxygen ions with a dose of 5 rotate the state of polarization of the light to any desired
X 10" ions/cn¥, at energy of 150 keV. The implanted wa- state. This polarized light was coupled into the bus
fers were then annealed at 1320 °C for .50 an ambient  waveguides using a tapered fiber that has a spot diameter of
of argon, with 1% oxygen, to cure the implantation damage2 um. The light output from the throughput port of the reso-

Figure 2 shows the SEM photograph of a buried ribnator was collected using a tapered fiber, similar to the one
waveguide structure that was fabricated employing the aforeused at the input. For a power of 1 mW coming out the input
mentioned technique, the dimensions of which are shown ifiber, 1 uW of power was measured after the output fiber,
the figure. It may be seen from the figure that the process hasrresponding to a fiber-to-fiber insertion loss of 30 dB for
resulted in the formation of submicron rib waveguides in thethe setup. This includes the mode mismatch loss and reflec-
bottom silicon layer, separated from the continuous silicortion losses at the input and the output facets of the device,
layer on the top by the oxide layer formed after the oxygerand the propagation losses in the waveguides. The collected
implantation and subsequent anneal. These buriefight was observed using an optical spectrum analyzer
waveguides act as bus waveguides to the microdisk that IGANDO Model: 6319 that can measure power levels as low
fabricated on the top silicon layer. The buried oxide that was
formed after the implantation and anneal is found to be very 0
uniform, which is very important in achieving accurate con-
trol of evanescent coupling from the rib waveguides to the
devices on the top silicon layer. It has been observed that,
under nonideal conditions, the SIMOX process can result in
the formation of a high density of silicon islands inside the
buried oxide** The optimized SIMOX process employed in
this work has been successful in preventing the formation of
these islands that degrade the quality of the buried oxide.

A silicon nitride layer of thickness 0.&Am was depos-
ited, and patterned using standard lithography and reactive
ion etching to form circular discs of radii 2@m, straddling
two adjacent buried bus waveguides. The substrate was then 4 |
oxidized to remove the silicon on the top layer, everywhere 25
except underneath the circular silicon nitride disks. This re- 35 . . 30 ,
sults in the formation of a microdisk structure on the top 1520 1530 1540 1550 1560 1570
silicon layer that is coupled vertically to the buried
waveguides in the bottom silicon layer through the oxide

layer formed after the oxygen i_mpla_ntation. Figure 3 ShowssiG. 4. TE polarized transmission characteristics of the fabricated microdisk
the SEM photographs of the microdisk resonator on the topesonator.
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as 1 pW. The spectrum displayed in Fig. 4 is normalizedwould like to thank Dr. Jag Shah of DARPA for his support.
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