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Abstract. A series of on-chip optical links of 50-um length, utilizing 650 to 850 nm propa-
gation wavelength, with Si avalanche-mode optical sources, silicon nitride-based waveguides,
and Si Ge detectors, have been designed and realized, with a 0.35-ym SiGe radio frequency
bipolar integrated circuit process. The optical coupling between the optical source and the detec-
tors was realized by a set of dedicated designed optical waveguides, which were all fabricated
with components of the SiGe radio frequency process. All components were fully integrated on
the same silicon chip. The Si avalanche-mode light-emitting diodes (Si AMLEDs) emitted in the
650- to 850-nm wavelength regime. Correspondingly, small microdimensioned detectors utilize
SiGe detector technology with detection efficiencies of up to 0.85 in the same wavelength regime
and with a transition frequency of up to 20 GHz. Best performances for the optical links as
realized show optical coupling of up to 5 GHz with a total optical link budget loss of —40 dB.
A set of link results are presented and several interpretations are given on current realizations.
The technology is particularly suitable for realization of low-cost on-chip optical signal
processing, optical interconnects, and various types of on-chip microsensors. © The Authors.
Published by SPIE under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication,
including its DOL [DOI: 10.1117/1.0E.61.12.125109]
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1 Introduction

Various researchers in integrated optoelectronics have highlighted the need for small-dimension
optical communication systems, which can be integrated into mainstream silicon fabrication
technology and particularly in complementary metal oxide semiconductors (CMOS) technology
and silicon Bi-CMOS technology.'™

The on-chip optical coupling structures may replace the parallel metallic bus-based coupling
usually used for signal transmission between devices, facilitating higher rate of signal process-
ing. Particularly, the monolithic integration of SiLEDs, on-chip silicon-based waveguides, and
on-chip silicon detectors would offer low-cost communication, signal processing, all integrated
onto the same chip and utilizing adjacently lying analog and digital interfacing technology.
The low-cost aspects, submicron dimensioned processing, and on board integrated electronic
processing as offered by silicon mainstream bipolar and CMOS-based silicon technologies, offer
various advantages in terms of production costs and ease of manufacturing, even if systems and
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components do not compete with high-end, more complex, and more complex technologies.
Si avalanche mode light-emitting diodes (Si AMLEDs) that emit in the 450- to 750-nm regime
have been known since the 1950s.”* A particular pioneering revisit of the Si AMLEDs in n + p
guard ring protected structures, and that ensured more uniform planar emissions, was demon-
strated in the early 1990s.”!® Si AMLEDs that are completely compatible with mainstream
CMOS integrated circuit technology, however, only emerged in the 1990s.''"'?

In the early 2000s, optical links operating at 1550 nm wavelength have been realized in the
end process regime of a CMOS process, after completing all the high-temperature rapid thermal
annealing activation of CMOS implants.'®'® However, realization of practical and efficient
optical sources as well as detectors at 1550 nm offered substantial challenges.

Since 2000, our group has realized first iteration of all-silicon and CMOS on-chip optical
links, for operation in the 450- to 850-nm wavelength regime, utilizing an Si AMLED source,
a5 x 1 x 150 pm silicon nitride over layer waveguide and a specially designed, lateral incident
optimized, CMOS-based photodetector.'”!*** Operation at this wavelength would enable
integration of both optical source, waveguides, and detectors in this mainstream technology at
low-cost factors and possible widescale new applications. This would enable the realization of
an optocoupling system monolithically on the same chip using mainstream silicon fabrication
technology. We particularly endeavor design and realization of waveguiding structures, such that
the optical radiation can be transported some distance on the chip between the optical source and
the optical detector. Because of the low-cost manufacturing possibilities, relative simplicity in
the process, we believe that many applications may arise in future. Propagation of the optical
radiation in the silicon overlayers and leakage of the propagated light from bends in the
waveguide; however, it seemed challenging at the time.

Recently, Xu et al.>' introduced MOSFET gated modulation Si AMLEDs, which can in
simulation be modulated to 10 GHz plus.

Dutta et al.>> and Agarwal et al.> recently presented optical coupling in a monolithic laterally
coupled wide-spectrum (350 nm < A < 1270 nm), optical link in a silicon-on-insulator CMOS
technology. The link consists of a silicon (Si) light-emitting diode (LED) as the optical source and
a Si photodiode (PD) as the detector; both realized by vertical abrupt n + p junctions, separated by a
shallow trench isolation composed of silicon dioxide. Medium trench isolation around the devices
along with the buried oxide layer provides galvanic isolation. Optical coupling in both avalanche-
mode and forward-mode operation of the LED is analyzed for various designs and bias conditions.
The novelty of this work is the use of highly sensitive single-photon avalanche diodes for photo-
detection to compensate for the low internal quantum efficiency of SIAMLEDs. They investigated
their optocoupler realized in a standard 140-nm CMOS SOI technology, without postprocessing,
for various LED designs and points of operation. The power consumption of the AMLEDs was
minimized through a design and employment of a low-power LED driver circuit. For the best
AMLED design, the achievable data rate was a few Mbps and the energy consumption a few
nJ/bit. The active area of the proposed systems is <0.01 mm? over a distance of 50 microns.>*

Recently, our group has realized a new set of optical sources, three different waveguides, and
a new set of SiGe detectors for operation in 450 to 850 nm wavelength, which could boost the
responsivity as well as the upper frequency and cut-off frequency of such links.?*?” We utilized a
combination of high-speed SIAMLED sources, Si nitride waveguide technology, and high-speed
Si-Ge detector technology to achieve this goal. An overview paper of our achievements with
regards to realizing first iteration complete optical link structures operating utilizing Si Ge bipo-
lar technology in the 450- to 850-nm band was published in SPIE Optical Proceedings of 2014.%
We, in overview, highlighted the design of the optical link structures, utilizing the SiGe 0.35-pym
processing technology. However, we observed high losses, presumably caused by means of
weak aligning of optical source to waveguide and from waveguide to detector structures.

In this paper, more detail about our design strategies with regard to realization of optical links
in a SiGe 0.35-um bipolar radio frequency (RF) process is given. Several new results are pre-
sented, especially for the vertical pillar like structures, as previously reported in Ref. 28.
Particularly, we present more detail about the direct current (DC) and RF coupling results that
have been observed for the structures. We analyze the various resistive and capacitive parasitic
coupling effects that occur in the overlayers and also through the substrate, itself. Finally,
we highlight potential high-impact applications for these Si AMLED-based optical links.
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2 Design Strategies as Implemented in Our Latest Optical Link Designs

The optical wave guiding characteristics as associated with our optical sources and detector
structures as implemented in our optical links have recently been reported extensively in
Refs. 12,13,29. Only the major design aspects of the Si AMLED Technology with the 0.35-pm
SiGe RF process technology and design detail of the latest silicon oxide and nitride-based
optical waveguides are reviewed here.

2.1 Utilization of Si AMLEDs as Optical Sources in the Optical Links

Si AMLEDs offer the following advantageous for integration into Si mainstream technology.

1. They can emit up to 10 to 100 nW/um? at 450 to 750 nm regime at compatible CMOS
operating voltages and currents levels (3 to 8 V and 0.1 to 5 mA).>*

2. The emission levels of the Si CMOS AM LEDs are 10*3 to 10 higher than the detec-
tivity of silicon p—i—n detectors and hence offer good dynamic range in detection and
analyses.”™

3. Very high modulation speed possibilities (>10 GHz) with direct driving as well as MOS
gate circuit modulation of the sources.*

4. They can be incorporated at the silicon—-SiO, interface level since they are high-temper-
ature processing compatible. The emission wavelength can be reasonably engineered from
very broadband to quite narrow band emissions by incorporating specific wavelength
engineering processing procedures. Particularly, p + n designs show strong spectral emis-
sions around 0.75 pum.

Recently, particularly, promising results have been obtained through introducing injection of
additional carriers into avalanching junctions,”” and depletion layer profiling and applying
dedicated carrier and momentum engineering.*%*’

2.3 Developing Silicon Nitride-Based Optical Waveguides in
Silicon RF 0.3 Bipolar Technology

Our optical waveguide design, take advantage of the different oxide layers of the Si-Ge 0.35
bipolar technology as outlined in Sec. 2.1. Detail results have already been given about our
waveguide design strategies and corresponding simulation results. Only a brief review is hence
presented here.”’-*

Figure 1 shows some conceptual aspects of our latest waveguide design strategies, utilizing
the 0.35-um Si Ge RF bipolar process. In a first design (waveguide design 1), as in Fig. 1(a), the
waveguide structure was placed in the outer overlayers of the plasma deposit layers. These con-
sisted mainly of tetra-ethoxy silane (TEOS) overlayers of n = 1.46 and then filled with a second
TEOS layer (darker yellow in this figure), as densified by thermal process, increasing its refrac-
tive index to about 1.48. A V-shaped cross-section as defined by built-in processing procedures
(“bonding pad” definition) was used to ensure etching of crevices down to the silicon substrate
level. This confined lateral waveguiding of the propagated light, while vertical confinement of
the propagated light was ensured by the difference in the refractive index vertically in the center
TEOS layers. The optical source was slightly subsurface of the top layer of the pillar structure
and good optical coupling were presumably facilitated by light radiating spherically from the
source and coupling both laterally and vertically into the waveguide.

In a second design (waveguide design 2) as in Fig. 1(b), an etched crevice of 0.4 ym in the
first TEOS layer was filled up with a silicon nitride over layer, using the “capacitor’ definition of
the RF 0.35 pm RF process, followed by further CVD deposited TEOS oxide over layers. Hence
a high refractive index core of n = 2.4 were formed with a surrounding index of n = 1.46.

In a third design, as in Fig. 1(c) (waveguide design 3), the lateral width of the silicon nitride
layer was reduced to 0.3 ym in order to form a narrow higher index core, which would enable
a less multimode propagation and lower optical dispersion of the optical radiation from the source.
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Fig. 1 Schematic presentations showing the three basic designs (a) OLTS1, (b) OLTS2, and
(c) OLTSS3 of waveguides as implemented in this study. All dimensions are given in um. A lateral
and cross-sectional layout is presented in each case.

At the shorter wavelengths, silicon nitride reveals higher absorption coefficients.*’
Simulation results for waveguide design 1, as in Fig. 1(a), at 650 nm revealed broader propa-
gation with some loss in the beginning of the waveguide near to the source position.”” Simulation
results reveals a narrower core waveguide narrower propagation, with very low loss and with a
multimode propagation. Multimode propagation has the advantage of allowing both a large
acceptance angle for coupling of the optical radiation from the silicon LED into the waveguide
as well as for emission of light out of the waveguide at the end of the waveguide, and they can
also accommodate high curvatures in the waveguides. With waveguide design 3, a single-mode
propagation prediction was indeed achieved. Although much more difficult to couple light into
the smaller core, we see lower modal dispersion loss along the waveguide. This design hence
enables extreme high modulation bandwidths to be achieved in the waveguides with dispersion
of 0.5 pscm™! and a bandwidth-length product of a value higher than 100 GHz cm for a 0.2-ym
silicon nitride-based core. A maximum modal dispersion of 0.2 pscm™' and a bandwidth-length
product of higher than 200 GHz cm for a 0.2-uym are observed for this design.

3 Realization of Complete On-Chip Optical Link Structures in
a 0.35-um Si Ge RF Bipolar Process

The whole optical link structure was realized on the silicon substrate of very high resistivity
(500 MQ cm). Channel doping layers were used to contact bottom layers of the detectors, and
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Fig. 2 More detailed design layouts of the three different optical link structures, showing the differ-
ent building blocks of the structures using the 0.35-um Si Ge Bi CMOS process. (a)-(c) OLTS1 to
OLTSS3. The SIAMLED emission points in the structures are correspondingly indicated.

micron-dimensioned metal contacts were used to access topmost device regions, including the
Ge-based-doped layers used in the Si-Ge phototransistor designs (as were illustrated in Fig. 1).
Typical doping, resistivity, and dielectric coefficients of the respective oxide layers were
numerically calculated. The resistances of the respective components were, such as the isolation
p+ channel stop implant region resistance and p+ reduce substrate resistance.?> Three different
optical link structures were realized in these analyses and subsequently analyzed in terms of
forward transmission parameters, reverse scattering parameters, and gain between the optical
source and the detector.

In a first test structure 1 (TS1), as shown in Fig. 2(a), an n—p-n columnar structure was
designed as a optical source structure that was arranged laterally on the semi-insulating substrate,
and perpendicular to the propagating direction. A similar structure was used to realize the inte-
grated phototransistor structure with a Ge-doped base. The columnar structures were all of
micron dimension, such that the structures were composed of about 1 gm cube substructures.
The various regions were doped as indicated. The regions were appropriately electrically con-
tacted during experimental measurements to reverse bias the first p™n junction. Upon reverse
biasing, the depletion region penetrates through to the n+ region in order to strengthen and uni-
fied the electric field in the lowly doped n region. From our previous device designed experience,
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we established that the light emission would occur at the p™n interface near the surface region,
and with increase in voltage bias, extend over the middle n region toward the second np+ junc-
tion. The region between the Si Av LED source and SiGe detector was filled with normal TEOS
plasma deposited oxide as part of the available process procedure.

This specific design included positioning of several different thicknesses of TEOS layers, as
in waveguide design 1, in Fig. 1(a), with air side slots and a densified middle TEOS layer. The
purpose of the design was to place components such that light as emitted from the optical source
were aligned optimally such that light could couple effectively into the higher indexed layer and
that light would then be propagated along the waveguide over some 50 ym toward the detector
structure. In the real structure, the source lateral structure was in fact orientated 90 deg with
respect to the inlet of the waveguide structure. A SiGe heterojunction bipolar transistor
(HBT) was selected with a width of 5 ym and a length of 1.2 ym. The base—collector regions
were reversed biased to separate the photogenerated electron—hole pairs. The base emitter struc-
ture was short-circuited with a 50-Q load resistor to operate in the PD mode to simplify initial
detector measurements and to maximize the operating bandwidth, at the expense of reduced
responsivity.

In a second test structure 2 (TS2) as in Fig. 2(b), the same basic lateral columnar structure was
used, but a rectangular Schottky contact of aluminum on n-silicon was fabricated in the columnar
structure middle lowly doped n region. The two p+ columnar regions were grounded as required
by the RF probe bias and measurement process, and the modulation signal was applied on the
Schottky contact. Positive voltage bias placed the Schottky contact in forward bias mode making
it ohmic in conduction. Reverse biasing the p+ n region at the one column side, a triangular
depletion region would form and extend toward the p+ region. This configuration reduced the
total depletion region volume and hence reduces the total depletion layer capacitance as com-
pared with the previous design. The elongated and uniform electric field region, and its asso-
ciated minimized capacitance, would enable higher modulation frequencies of the Si avalanche
mode optical LED source. Since small dimensions were used and the light emission processes
are impact ionization and avalanche related, calculations showed that modulation frequency of
up to 300 GHz could potentially be reached. A V-shaped groove waveguide design waveguide
design 2 as in Fig. 1(b) was used, in order to optimize coupling of light from a circular and
spherical nature and to improve optical coupling with the micron dimensioned emissions from
the Si Av LED. The same detector structure design was used as in TS1.

In a third test structure 3 (T'S3) as in Fig. 1(c), a vertical cubical columnar structure was used
for both the optical source as well as the detector. The Si-Ge-based region in the same volume
structure was used for optical detection. Si-Ge pn junction (HBT emitter collector junction) was
placed in reverse bias and biased into avalanche mode. Since the Si-Ge structure of this nature
has a transition frequency of up to 80 GHz, it can be assumed that the reverse bias base—collector
junction, when placed in avalanche reverse bias mode, could attain similar modulation The
optical waveguide was similar as in TS2, but the silicon nitride layer lateral thickness was stra-
tegically reduced in lateral width dimension as in optical waveguide structure, design 3 as in
Fig. 6(c). The purpose of this choice was to reduce the waveguide core size and enable less modal
dispersion in the waveguide.

Figures 3(a)-3(c) show visual presentations of one of the complete optical link structures,
OLTS3, as it appeared with normal illumination conditions under an optical microscope.

4 Experimental Results

4.1 DC Bias Analysis

DC bias and current analyses were performed on all three of the optical links test structures.
The latest DC results as measured for TS1 to TS3 are presented in Fig. 4. Detector
current responses were observed as shown in Fig. 4(b) when the source was reverse biased
in avalanche mode as in Fig. 4(a). An observed nonresponse signal or “dark” current of the
order of 10 to 20 nA was observed for all three test structures. When the bias voltage passed
the knee activation voltage of each Si AMLED, and the avalanche and light emission processes
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Fig. 3 (a) Bright field micrograph of the optical microlink device as realized in a 0.35-um Si-Ge RF
process technology; (b) micrograph of G-S-G bias probe on one of the device at measurement;
and (c) a typical emission pattern as observed for our Si AMLED in OLTS 3.

(@ (b) 4

In (MA)

i
e (nA)

Fig. 4 (a) DC voltage and current bias curves and (b) detector response curves for TS1 to TS3
when source was activated as in (a).

were activated in each case, the respective detector currents increased to about 90 to 100 nA in
each respective case. This observation indeed confirmed that optical propagation did occur
from the optical sources to the waveguide structures. An analysis also showed that the magnitude
of the detector currents and indicated that some waveguiding did occur in each case, since
much lower responses would be detected if only spherical radiation occurred from each
source.
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4.2 AC Coupling Analysis

Figure 4(a) shows bright field micrograph of the optical microlink device as realized in
a 0.35-um Si-Ge RF process technology. Figure 4(b) shows the 200-um pitch of type
ACP40W ground-signal-ground probes as connected in one of the devices on the die with a
HP model 8510 (50 MHz to 40 GHz) network analyzer during the experimental measurements.
Where possible, both sides of the structure were grounded on the same ground, in order to ensure
that no parasitic coupling effects would arise when biasing both the optical source and the
detector.

Thorough forward transmission scattering S21 and reverse scattering parameters S12 and
source S11 and detector scattering S22 were analyzed for each test structure, and with proper
source and load matching circuitry implemented.

When optical propagation did occur from the source to the detector, the detector will generate
additional detector current, which would impose a higher voltage into the matched load, and a
subsequent higher forward transmittance S21. This would indicate that optical coupling did
indeed occur between the optical source and the detector. Our theoretical calculations indicated
that, if only spherical radiation occurred from the optical source, over a 50-um distance isotopi-
cally radiated from the source, an about —60 dB loss would be expected. Any higher value
observed for S21 in the structures would hence be indicative of optical coupling between the
optical source and the detector. A high S12 scattering parameter, on the other hand, would indeed
indicate that a feedback effect was observed at the source as a result of signal generated at the
detector. This would indicate that some form of parasitic coupling effect did occur, either through
the dielectric overlayers, or through the silicon substrate.

Figure 5 shows our latest RF coupling analyses for our realized optical link structures.
Figure 5(a) shows the coupling parameters that were observed for TS1. It shows low and about
equal values for both S21 and S12. A —50-dB coupling was observed for S21 between the source
and the detector, particularly at the higher frequencies toward 5 to 10 GHz. A same magnitude
coupling was observed for S12 in this structure. This indicated that some high parasitic coupling
effects were observed in this optical link structure, either through the dielectric overlayers or
through the silicon substrate itself. Hence the general conclusion for the results of this structure

(a) Frequency (Hz) (b) Frequency (Hz)
] =20
0.00£+00 5.00£+09 1.00£+10 1.50£+10 ° 18410 28410 38410 4E410

OLTS1

Power (dB)
Power (dB)

OLTS3

'
P I T T I I B

Power (dB)

Fig. 5 Forward transmission scattering parameters as were observed for the three realized optical
link structures with a Si Ge bipolar RF process, OLTS1, OLTS2, and OLTSS, in (a)-(c), respec-
tively. Optical waveguide structures as in Figs. 2(a)-2(c) respectively. Especially, TS2 and TS3
reveal optical coupling to well into the GHz range.
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was that there was indeed very low optical coupling occurring through the deposited TEOS oxide
overlayers in this structure. Furthermore, a high parasitic RF coupling also occurred through
this structure either through the overlayers or through the silicon substrate itself. However,
further experimental investigations should be conducted.

Figure 5(b) shows results as observed for test structure TS2, with the Schottky contact
reverses bias structure and with a silicon nitride core waveguide as in Fig. 2(b). A clear higher
coupling value is indeed observed for S21 as compared with S12. According to our earlier
interpretations as above, this clearly indicates that some optical propagation did occur along
the waveguide. The Schottky contact in the source “pillar” structure [Fig. 2(b)] also presumable
reduced both the parasitic resistance and the parasitic capacitance to ground between the source
contact layers and the substrate itself as compared to the source structure in OLTS 1 in Fig. 2(a).
Particularly, the depletion layer extended more along the surface layers and avalanche light proc-
esses occurred more confined at the second np+ junction, reducing the capacitive coupling to
ground substantially, as compared to the structure and design in OLTS 1 in Fig. 2(a). This was
indeed an important design consideration that was introduced during the design phases of this
structure. Also, the optical source was probably better aligned with the waveguide, and hence a
good optical coupling occurred through the waveguide. The —40-dB coupling for S21 indeed
indicates about one-order higher optical coupling for this link structure. Also the forward trans-
mission scattering parameter S21 is much higher that the reverse scattering parameter S12,
further confirming that optical coupling did occur in the structure. The fact that higher S21 than
S12 is observed up to about 2 GHz and beyond is indicative of the high modulation frequencies
that can be achieved with these types of structures. The decay in S21 as a function of increase in
frequency at higher frequencies is typical for parasitic coupling from the signal source to ground
at higher frequencies. The most probable path would be the parasitic resistive path to ground
between the Schottky contact and Si LED contact regions through the silicon pillar structures
[Fig. 2(b)] and then along a path in the substrate to the detector along the silicon substrate itself.

Furthermore, the elongated surface electric field region as provided by the Schottky contact,
and its associated minimized capacitance, seemingly enable higher modulation frequencies.
Since small dimensions were used and the light emission processes are impact ionization and
avalanche related, very high modulation frequencies could potentially be achieved. The current
results as in Fig. 5(b) indicated that potential optical coupling could be achieved in these struc-
tures of up to 30 GHz.

In the third test structure (TS3), as in Fig. 2(c), a vertical cubical columnar structure was used
for both the optical source as well as for the detector structure. The Si-Ge pn region was biased
into reverse bias, and hence the Si Ge junction formed an avalanching light emitting source. The
design motivation for this structure was indeed, that Si-Ge detector structure as elucidated in
Figs. 2(a)-2(c), itself had a realized transition frequency of up to 80 GHz, it can be assumed
that the reverse bias base—collector junction, when placed in avalanche reverse bias mode could
attain similar modulation frequencies. The optical waveguide was similar as in TS2 but the
silicon nitride layer lateral thickness was strategically reduced in lateral width dimension as
shown in Fig. 1(c). The reduced waveguide core would enable less modal dispersion in the
waveguide and boost single mode throughput at higher frequencies.’*’!

A similar trend for optical coupling was observed as in Fig. 5(b). Mid frequencies S21 cou-
pling reached a peak at —50 dB coupling at about 600 MHz and then reduced to lower values
with increase in frequency. A much higher difference is observed between the forward trans-
mission scattering S21 than for the reverse scattering parameter S12. The coupling magnitude for
S21 is about the same as for the TS2 structure. However, the S12 reverse scattering is seemingly
much less at —80 dB at 100 MHz. This indeed indicates less parasitic coupling in the structure at
lower frequencies. This observed behavior is attributed to the pillar-like vertical and stacked
nature of the optical source and the detector, which increased capacitances to the ground plane,
as seen at the input and the output terminal in this specific structure, and which then also enabled
a parasitic resistive and capacitive path along the substrate between the source pillar stricture and
the detector pillar structure. Since normal pn junctions were used, some depletion layer capac-
itances existed along the substrate path. These capacitances are seemingly much higher than for
the Schottky contact depletion layer as in structure TS2, and this is presumably responsible
for the reduction in throughput at frequencies higher than 600 MHz. The increase in parasitic
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coupling above 3 GHz probably originates from this path. Particularly, the bias voltage at the
detector using a substrate embedded conduction channel could increase the parasitic coupling
through the substrate. Weak alignment between the optical source point and the waveguide core
could also be a serious limitation in this structure, especially since the waveguide core structure
is much reduces as compared to the waveguide used in TS2, which would reduce the coupling
factor drastically. The increased coupling and reduced parasitic coupling that occurs at the lower
frequencies could be considered as important assets of this structure.

5 Potential Applications of the Optical Link Structures

Wada et al. proposed a H-shape configuration waveguide and 0.35-um wavelength technology
system for clock pulsing of CMOS subsystems. The waveguide technology and optical link
structures as described in this paper could substantially augment and add a new dimension
to this proposal. It particularly proposes the realization of on chip optical sources. Key constitu-
ents of such a system are an effective silicon IC compatible optical source, compatible optical
wave guiding, effective optical coupling to the waveguide, and optical columniation circuitry,
which all seems to be highly viable from the present analyses and proposed technology designs
as developed in this study. Particularly, the cost of production of optical signal processing on
silicon chip may offer various competitive options.

The realization of diverse other silicon IC or silicon CMOS-based microphotonic systems
as well as the incorporation of a whole range of new on-chip microsensors into silicon IC
technology are also most viable with this technology. Particularly, for next generation, micro-
optoelectro-mechanical systems (MOEMS) sensors, lab-on-chip technologies, as well as in bio-
medical microsensor applications. In most cases, it merely implies a transfer of technology as
developed in other systems to the silicon RF circuitry and Si-Ge waveguide technology. The
advantages are achieving high levels of miniaturization, higher reliability levels, a vast reduction
in technology complexity, and a drastic reduction in cost of producing associated systems.
We have made some definite proposals in this regard through provisional patenting and
IP protection.*™*

A particular further system that is proposed is a microfluidic type of microphotonic system
design such that light is transmitted from integrated waveguide elements through a recess cavity
in the silicon platform, The transmitted light interacts with an integrated detector and waveguide
elements on the opposite side of the recess structure. In this module, optical light is focused by
transmitting refractor lenses such that the transmitted light is detected by a single detector
element or an array of optical detector elements. Figures 6(a) and 6(b), schematically, present
the components of such a system. If a fluidic flow of gas or liquid or particles is transferred in
the optical path’s way in the recess cavity, the optically detected signal will be modulated and
information of the gas or fluid can be extracted and analyzed. These could involve absorption
analyses, or rate of absorption change, absorption pulsation or even spectroscopic analyses of
transmitted or reflected light by a series of silicon detectors. Such a sensor system can reveal
content about the material composition, the constituents, and even flow rate and other physical
parameters as associated with the fluid.

6 Main Conclusions as Derived from This Study

The following main conclusions can be derived from the work as presented in this paper.

1. The designs and first iteration results as demonstrated in this work indeed indicate that
the utilization of Si AMLEDS, TEOS, and Si-N-based waveguides, and employing the
columnar processing capability as offered by the SiGe RF bipolar process, indeed offer
good potential for realizing optical coupling over link distances up to 50 um, to well into
the GHz in silicon mainstream technology in the future at low economic cost figures.

2. The utilization of Si-Ge detector technology and the utilization of Si-Ge detector structure
in the current commercial 0.35 RF bipolar process with its superior high RF frequency
operation together with the high modulation characteristics of Si AMLEDs particularly
show good potential.
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Fig. 6 Schematic representation of a futuristic on-silicon-chip bio-sensor type transducer with the
four basic parts. (a) Schematic representation of a proposed on-silicon-chip waveguide-based-
biosensor showing a recess in the outer chip layers with a receptor layer binding preferentially
with a targeted analyte, changing the optical properties of the waveguide, and a difference then
being detected by a silicon detector. (b) More detail of the biointeraction process and possible
signal processing further illustrating how biochemistry is combined with electrochemistry and
electro-optics to uniquely identify an analyte gas, a biogas, or a biofluidic sample.

3. The utilization of specific custom designed structures shows that compromises can be
achieved between optical link losses and attainable throughput frequencies to well into
the GHz range. Particularly, the low capacitance Schottky contact and wider silicon nitride
core waveguide as tested and analyzed in this work show attainable coupling at —35 dB at
throughput frequencies up to, potentially, 30 GHz. These results indicate potential digital
modulation at these frequencies and compare extremely favorable with latest results
obtained by Dutta et al. and Argawal et al., with their proved clear digital modulation
of frequencies of up to 2 Mbps at a few nJ/bit.>

4. The optical coupling as demonstrated in this work was also achieved through waveguiding
structures over distances of up to 50 ym, while previous work demonstrated tarted mere
optical coupling through the adjacently lying structures in the silicon substrate, which can
also be regarded as an advancement in technology achievement.

5. Further important derivation from this work is that alignment of optical sources to the
waveguide cores in the integrated circuit optical link structures, the elimination of parasitic
coupling paths to the ground through the Si Ge HBT pillar structures, lateral coupling in
the silicon substrate, and placing of DC voltage bias points in the structures, are all iden-
tified limitations in the current designed structures. The authors are, however, convinced
that most of these can be eliminated and improved upon in subsequent more careful and
dedicated designs

6. The silicon-based waveguide technology as demonstrated, together with the choice of
0.75 pm operating wavelength, may show new routes of development and applications
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for the field of silicon photonics in future, and the application of Si AMLEDs, may also
indicate an important spin-off technology toward low-cost and ease of fabrication routes in
future, enabling ease of integration with well-established silicon integrated circuit tech-
nology, with all its processing and memory interaction opportunities.

7. The current technology as utilized in this work is also very near to standard Si CMOS
processing technology features, and incorporation and migration of this technology into
CMOS technologies are hence greatly viable.
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