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Abstract 
 
 A library of photonic components integrated in a silicon CMOS technology is presented. The co-fabrication of 
these components with transistors results in an unprecedented level of integration and allows many applications to be 
addressed that would not be possible otherwise. The key advantages of this integration include reduced size, power 
consumption and package integration complexity.  
 

1. Introduction 
 
 Integration of photonics with electronics has many advantages and applications. For example, as bandwidth 
requirements continue to scale for communication between electronic devices, major obstacles are arising that limit 
serial data rates in copper channels, including signal attenuation, dispersion and cross-talk. These problems become 
more pronounced at higher data rates, drastically limiting the reach of copper links at data rates of 10-Gb/s and above 
[1]-[2]. The THz-scale bandwidth of single mode fiber (SMF) is thus incredibly attractive for long distance, broadband 
communication networks. Recently, SMF has also become the transmission medium of choice in metro access networks 
and enterprise LAN backbones. The scalability of a single strand of fiber to higher bandwidths through optical 
techniques such as wavelength division multiplexing (WDM), together with the limited capacity and reach of copper 
links, suggest that fiber will replace copper even for shorter links, at data rates of 10-Gb/s and above. If electronics and 
photonics can be integrated to serve these applications, there are significant advantages in terms of cost, performance, 
and packaging complexity. 
 In the past, optoelectronic applications, like the one outlined above, have been served by hybrid technology 
solutions that co-package different optical components manufactured in a diversity of material systems using highly 
customized processes (Fig. 1). Such an approach results in very high cost, dominated by the packaging and testing of 
these different components. Porting optical and optoelectronic devices to silicon (i.e. “siliconizing” the photonics) 
within a commercially deployed and high yielding CMOS process leverages the cost models of monolithic electronic 
integration in silicon, and it reduces size and power dissipation while simultaneously achieving all the other benefits of 
integration [3]-[4].  
 In this paper, we present a library of optical and optoelectronic components that have been integrated with a 
0.13um Silicon-on-Insulator (SOI) CMOS process. In this way, a single lithographic process can integrate hundreds of 
photonic components with millions of transistors, achieving similar yields to the base process. It also allows wafer scale 
testability, integrated electronic calibration and closed loop control of the optical components. All of these things 
significantly increase the level of achievable complexity, while simultaneously decreasing the cost. 
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Fig. 1: Conventional multi-wavelength optical communication system. 



 2. Photonic Building Blocks 
 
 Fig. 2 shows a cross-section of an optical waveguide together with a transistor in the active layer of the CMOS 
SOI photonics technology.  As can be seen from the illustration, optical and electronic devices coexist in the same layer 
of active silicon. Light propagates on the chip through such waveguides and is manipulated by a combination of passive 
and/or active optical devices to achieve a variety of system functionalities. Optoelectronic functions such as modulation 
may be achieved by combining optical waveguides with electrical implants, allowing the optical mode to interact with 
an imposed electrical field within the semiconductor. The co-existence of electronic and photonic devices in the same 
silicon layer, created by virtually identical process steps, allows photonic and electronic functions to be integrated 
seamlessly on the same chip. This section discusses the key optical, optoelectronic electronic building blocks that have 
been developed. 

 
Fig. 2: Conceptual cross-section of a CMOS photonics technology (not to scale). 

 
2.1 Optical Components 

 
2.1.1 Holographic Lens (HL) 
 The ability to couple light in and out of the silicon chip efficiently is essential to the silicon photonics approach. 
Since a very high index contrast exists between silicon (the waveguide core) and silicon dioxide (the waveguide 
cladding), optical waveguides in SOI are roughly 50 times smaller than the core of a single mode fiber. This results in a 
severe mode mismatch, and consequently a very high insertion loss for simple edge or end-fire coupling. This difficulty 
is overcome by using holographic lenses, consisting of trenches etched into the active silicon. The trenches scatter light 
from an optical fiber above the die (Fig. 3) into the silicon waveguide. Such a device has a coupling insertion loss of less 
than 2 dB over a large bandwidth of approximately 3 THz in the optical C-band. The device is reciprocal, allowing light 
to couple in and out of the chip with equal efficiency. Additionally, the use of normal to surface coupling, as opposed to 
end-fire coupling, allows for the wafer scale testing of chips and devices using an optical fiber probe. This is in contrast 
to conventional optical technologies which require every device to be separately packaged before testing, often adding 
significant cost before devices are yields are known. The wafer-scale testability afforded by the HL is thus a key 
advantage of our silicon photonics platform. 
 
2.1.2 Optical Waveguides 
 The optical waveguide consists of a ribbed structure etched into the active top silicon using a planar etch (Fig. 3). 
Confinement of the optical mode in the silicon is obtained by the index contrast of the active silicon with the underlying 
BOX and overlying dielectric layers. The waveguide serves as a low-loss (<1db/cm), high-bandwidth interconnect 
between different optical devices on a single chip. The high index contrast between Si and SiO2 allows these 
waveguides to be bent with very small radii (<30um), allowing for compact on-chip routing of optical signals. 



 
Fig. 3: SEM micrograph of the holographic lens. 

 
2 Optoelectronic Components 

 
 The library of components presented here includes three distinct types of optoelectronic devices. These are 
qualitatively compared in Table I, and discussed in more detail below: 
 
2.2.1 Majority Carrier Device based High-Speed Mach-Zehnder Modulator 
 This is the device used to impose high speed electronic data on the optical carrier wave. A Mach-Zehnder 
modulator achieves the modulation of optical signals by employing an electro-optic effect [5]. To achieve interference, 
the light is split evenly into two arms, and then recombined. An electric field on one of the arms causes a change in 
carrier density that, in turn, induces a phase shift in the light propagating in this arm. This causes the light to 
constructively or destructively interfere at the output depending on the field (phase) applied. Differential accumulation 
of phase (Δφ) along each arm causes the recombined light to interfere according to the equation: 
    P = 0.5 + cos (π/2 + Δφ)/2  (1) 
 The electro-optic effect used to modulate optical phase in such a device is based on free carrier dispersion [5]. A 
change in carrier density in the optical waveguide results in a change in the refractive index, thus inducing a change in 
the optical phase. The key innovation in the phase modulator is operation based on a reverse biased diode configuration 
that allows the majority carriers to drift in and out of the optical mode under the influence of electric fields, which is 
critical for the high-speed capability of this device. This is a much faster mechanism compared to diffusion and 
recombination to remove minority carriers, as used in modulators based on forward biased PN diodes, which are 
generally not suitable for multi-gigabit applications. The core of the electro-optic transducer is thus a reverse-biased 
lateral PN diode, and the resultant device speed is entirely limited by RLC parasitics. 
 
2.2.2 Thermal Phase Modulator (Thermo-Optic Device) 
 Thermal phase modulators (TPMs) are used as phase tuners in the optoelectronic transceiver system. Such 
devices are used to set the operating point of the high speed MZI. From an electrical perspective, a thermal phase 
modulator is a resistor implanted in an optical waveguide. These resistors heat up the waveguide when a current flows 
through them. The rise in temperature results in an index change via the thermo-optic effect in silicon, causing a phase 
change in the propagating light wave. Propagation through the TPM causes a phase change in the optical field in 
accordance with the equation: 
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2.2.3  Variable Optical Attenuator (Minority Carrier Device) 
 DC or low-speed variable optical attenuators are devices that impart additional attenuation to an optical wave that 
is propagating through them in response to an applied electrical signal. The variable optical attenuator (VOA) consists 
of a lateral PIN diode integrated into an optical waveguide. As the device gets forward-biased, carriers are accumulated 
in the intrinsic region of the PIN diode. The free carriers overlapping with the optical mode of the waveguide create a 
change in the absorption coefficient of the waveguide in accordance with the equation: 
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Table 1: Optical modulator trade-offs. 
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4. Conclusion 
 
 In this paper, we have presented a library of optical and optoelectronic components that have been integrated 
with a 0.13um SOI CMOS process. The key advantages of this integration when applied to system implementations 
include reduced size, power consumption and package integration complexity. The co-fabrication of these components 
with transistors results in an unprecedented level of integration and allows many applications to be addressed that would 
not be possible otherwise. Integrated systems using these components and demonstrating their advantages will be 
presented as part of the conference presentation. 
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