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Location of Bragg angle, input coupling measurements of slab
diffraction gratings that will serve as the bottom and top
substrates for grating-to-grating coupling measurements. 233

Bragg angle, input coupling measurements of dab diffraction

grating prior to channdl patterning and encapsulation in SO, and
Avatrel that will serve as the top-substrate. A peak input

coupling efficiency of 59% is observed around 0.25° and 0.55°. 234

Micrograph of two-material grating-in-the-waveguide
optical interconnects composed of Avatrel waveguide regions
and Omnidex grating coupler regions. 236

a) Writing scribe line into patterned grating substrate;
b) Mounting substrate, breaking cleave line. 237
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Reflected optical power from a poorly-cleaved waveguide
facet. The image was captured using the Q-Color 3 digital camera
using an extended exposure time. 238

Cleaved edge using procedure described in Fig. 7.8. 238

Location of Bragg angle, input coupling measurements of
patterned top-substrate. 240

Bragg angle, input coupling measurements of patterned top

substrate. A collimated HeNe test beam is used to excited the
substrate during measurement. The nature of the transmitted

intensity profile matches that exhibited in Fig. 7.6 in both overall

form and in the specific location of the the maximum dip in
transmitted intensity, which occurs around 0.25°. 241

Top-view micrograph of bottom-substrate depicting
grating/waveguide channels 1-8 and waveguide channels 1-7.

Black magic marker applied to the bottom of the substrate prior

to imaging contributes to a non-uniform background in theimage. 242

Robust bisquare linear least square fit to out-coupled intensity data
for grating #4 on bottom-substrate resulting in a coupling
coefficient ag = 1.77 mm™, 243

Robust bisguare linear least square fit to scattered intensity

data for Avatrel waveguide leading into grating #4 on bottom

substrate resulting in a propagation |oss coefficient owg =

-6.89 dB/cm. 243

Robust bisguare linear least square fit to scattered intensity data
for stand-alone Avatrel waveguide #4 on bottom substrate,
resulting in a propagation loss coefficient awg = -6.78 dB/cm. 244

a) View through Cohu CCD, Optem microscope tube, and 20x

Mitutoyo objective during characterization of agrating
channdl; b) Schematic of view depicted in a). 246
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Comparison of image-capture and detector-scan methods of
characterizing coupling coefficient data for a volume

grating. Both methods result in a coupling coefficient of

2.5 mm™. The data corresponding to the image-capture method
was acquired using a 1.6 ms exposure time and an applied laser
current of 50 mA. The data corresponding to the detector-scan
method was acquired using an applied laser current of 70 mA.
Both sets of intensity data are normalized for comparison
purposes.

Grating-to-grating measurement setup. The top-substrateis
suspended above the bottom-substrate during measurement
using the rotation arm such that the relative lateral, longitudinal,
and vertical position of the top-substrate is controlled with
micron resolution. The relative roll and pitch of the top
substrate is controlled to within 0.02°, while the relative yaw is
minimized by aligning waveguides on both substrates through
visual ingpection using the tranglatable microscope.

Image of top, bottom-substrates taken during pitch
initialization. The relative angular position of the top substrate
isinitialized to ~0°.

Images of top, bottom-substrate during roll initialization: a) A
relative roll angle of 1.25°; b) A relative roll angle of
0° after initialization.

View of light coming from bottom-substrate waveguide/grating
channel under excitation and corresponding reflection from top
subgtrate. The background light from the input fiber is minimized
dueto the removal of the fiber cladding modes by winding the
input fiber present prior to the fiber chuck around a small circular
object.

View of grating-to-grating optical coupling in presence of
unfocused background light from bottom-substrate
waveguide/grating channel and corresponding reflection.
The top-substrate waveguide/grating channel is positioned
laterally outside of the range for grating-to-grating coupling.
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View of grating-to-grating optical coupling in presence of

unfocused background light from bottom-substrate

waveguide/grating channel and corresponding reflection.

The top-substrate is shifted laterally such that grating-to-grating
coupling occurs, as indicated by the light emitted from the

waveguide region. 256

Grating-to-grating coupling vs. relative longitudinal position
of top-substrate: a) Initial reference location; b) +300 pm;
¢) + 500 um; d) + 900 um; €) +1660um. 259

Grating-to-grating coupling vs. relative vertical placement

of top-substrate: a) Initial reference location; b) + 1000 um;

¢) + 2000 pm; d) +3000 pm; €) +4000 um. Note the gradual reduction
in the unfocused background light as the height of the top

substrate increases above the bottom-substrate. 262

Top-down view of bottom-substrate diffraction grating as seen
through objective/detector configuration used to monitor the
relative change in transmitted intensity. 263

M easurements of Bragg angle, input coupling efficiency for
un-patterned, un-passivated top-substrate referenced in

Table 7.5. Measurement locations referenced in the figure

correspond to the locations depicted in Fig. 7.5. 265

Transmitted intensity vs. angle of incidence measurement

data corresponding to a patterned bottom-substrate with an
encapsulated grating coupled optically to a patterned top substrate
with an encapsulated grating (case #1 of Table 7.5). The peak
grating-to-grating coupling efficiency is 12%. 266

Transmitted intensity vs. angle of incidence measurement

data corresponding to a patterned bottom-substrate with an
encapsulated grating coupled optically to an un-patterned

top substrate with an un-encapsulated grating (case #2 of Table

7.5). Each of the two lines corresponds to a different test location

on the top-substrate. The peak grating-to-grating coupling

efficiency is 19.8%. 267
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Transmitted intensity vs. angle of incidence measurement

data corresponding to a patterned bottom-substrate with an
encapsulated grating coupled optically to an un-patterned top

substrate with an encapsulated grating (case #3 of Table 7.5).

The peak grating-to-grating coupling efficiency is 26%. 269

Transmitted intensity vs. angle of incidence measurement
corresponding to an un-patterned bottom-substrate with

an un-encapsulated grating coupled optically to a patterned

top substrate with an encapsulated grating (case #4 of Table 7.5).
Thelack of full coverage of the optical power diffracted from the
bottom substrate by the top-substrate contributes to the reduced
magnitude of the dip in transmitted intensity and the discrete nature

of the data points. The peak grating-to-grating coupling efficiency

in the presence of poor coverageis 3%. 270

Transmitted intensity vs. angle of incidence measurement

data corresponding to an un-patterned bottom substrate with

an un-encapsulated grating coupled optically to an

un-patterned top substrate with an un-encapsulated grating

(case#5 of Table 7.5). 271

Transmitted intensity vs. angle of incidence measurement

data corresponding to an un-patterned bottom substrate with

an un-encapsulated grating coupled optically to an un-patterned

top substrate with an encapsulated grating (case #6 of Table7.5). 272

Transmitted intensity vs. angle of incidence measurement

data corresponding to an un-patterned bottom substrate with

an un-encapsulated grating coupled optically to an un-patterned

top substrate with an encapsulated grating (case #6 of Table 7.5). 273
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Summary

The concept of polylithic integration of electrical and optical interconnect
technologies is presented. The use of a two-grating, or grating-to-grating, coupling path
for board-to-chip coupling of optical signals is proposed for fiber-to-the-chip and intra-
chip optical clock distribution applications. An estimate for the increase in eectrical 1/0
and substrate-level eectrical interconnect layers required for a 40 Th/s fiber-to-the-chip
communication system using grating-to-grating board-to-chip coupling of optical signals
is provided. An estimate of the ITRS technology generation within which alternate
methods of intra-chip clock distribution are required is identified, and the strengths and
weaknesses associated with different methods of optical clock distribution are
summarized. A partition length between and routing area associated with on-chip optical
waveguides and board-level electrical exterconnects is provided for signal distribution in
gigascale microprocessors.

In addition, Avatrel 2190P is investigated as a candidate material for the creation of
integrated optical waveguides and power splitters. Low-decomposition-temperature
sacrificial polymers are used to construct chip-length embedded air-clad optical
waveguides for on-chip signal and clock distribution. A wafer-level batch package
exhibiting compatible electrical and optical /O interconnects is presented, where two-
material index-defined and air-clad waveguide/grating channels are fabricated and tested.
Finally, grating-to-grating coupling over a quasi-free space coupling path is demonstrated
and quantified for the first time to illustrate the feasibility of board-to-chip optical 1/0 in

gigascale microprocessor systems.
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