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Recently, it has also become possible to 
microfabricate high reflectivity mirrors by creating 
two- and three-dimensional periodic structures. 
These periodic “photonic crystals” can be 
designed to open up frequency bands within 
which the propagation of electromagnetic waves 
is forbidden irrespective of the propagation 
direction in space and define photonic bandgaps 
[2,3]. When combined with high index contrast 
slabs in which light can be efficiently guided, 
microfabricated two-dimensional photonic 
bandgap mirrors provide us with the geometries 
needed to confine and concentrate light into 
extremely small volumes and to obtain very high 
field intensities [4,5]. Here we show the use of 
these “artificially” microfabricated crystals in 
functional nonlinear optical devices, such as 
lasers, modulators, and waveguides. 

Vertical Emission (cut through slab) 

Figure 1. Field Intensity of light leakage 
from a single defect surrounded by 3 
periods of photonic crystal and slightly 
enlarged holes in the horizontal direction. 
Light preferentially emits in the y dipole. 

increasing r/a 

Sub-wavelength nano-optic 

Figure 2. 10x1 0 multi-wavelength laser array within a 100x1 00 This new capability allows 
micron area. Each laser emits at a lithographically controlled the reduction of the size of 
optical components and leads to their integration in large numbers, much in the same way 
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Figure 3. Sample spectra taken from 
lasers defined within the 10x10 array 
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as electronic components have been integrated for 
improved functionality to form microchips. As 
high-Q optical and electronic cavity sizes 
approach a cubic half-wavelength the spatial and 
spectral densities (both electronic and optical) 
increase to a point where the light-matter 
coupling becomes so strong that spontaneous 
emission is replaced by the coherent exchange of 
energy between the two systems. 

The lithographic control over the wavelength and 
polarization supported within photonic crystal 
cavities can also be used to construct compact 
nanophotonic laser and detector arrays, as well as 
all-optical gates and routers. We have already 
demonstrated room temperature lasing in the 

smallest optical cavities [6], with mode volumes down to 2.5 (W~Q,~,,)~, or 0.03 pm3 in 
InGaAsP emitting at 1.55pm. We have also been able to tune the emission wavelength of 
these lasers from 1450nm to 1620nm within a 10x10 laser array in an area of 
100pmx100pm by local lithographic modification of the cavity lengths. As the mode 
volumes of nano-cavities are decreased, the coupling efficiency between the spontaneous 
emission within the cavity and the lasing mode can be significantly improved [7]. We have 
calculated spontaneous emission coupling factors (p) above 85% for optimized photonic 
crystal lasers constructed in active quantum well material [8]. This spontaneous emission 
coupling efficiency can be even higher if the linewidth of the semiconductor emission is 
narrowed, as will be the case when using quantum dot active material. Therefore, single 

Figure 4. Multiple cavities fabricated on a Si wafer. 

negligible diffraction losses. Photonic crystals 

defect photonic crystal lasers 
represent in many ways the ultimate 
evolution of VCSELs, since control 
over both vertical and lateral 
spontaneous emission is possible. 
With most of the spontaneous 
emission funneled into a single 
optical mode, the photonic crystal 
laser can be modulated at much 
higher frequencies even close to 
threshold. The photonic crystal 
provides us with the unique 
opportunity of coupling light 
emitted by one cavity, and using it to 
optically pump another with 
are also the perfect medium for 

constructing what have been termed “photonic molecules~’, or interconnected cavities that 

-- 
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can share and exchange photons. Finally, we have shown that the emission wavelength of 
light from these photonic crystal lasers can be varied by simple adjustments of the 
lithographic pattern during their fabrication. Thus, single mode lasers emitting at 1450nm 
can be fabricated only microns apart from lasers emitting at 16OOnm, and could share the 
same waveguide slab. Photonic crystals provide us with the opportunity of constructing 
very compact laser sources with designed frequencies (Figure 3) and polarization as well 
as wavelength and polarization sensitive detector arrays. Moreover, they can form very 
flexible platforms for connecting optical sources, detectors, routers, modulators, 
polarizers and filters in very compact microfabricated systems. 

At -1.5pm wavelengths, it is possible to use 
silicon as a low-absorption waveguide material, 
and to leverage from the extensive fabrication and 
wafer preparation experience of the 
microelectronics industry. In particular, 
semiconductor on insulator (SOI), such as 
Smartcut and SIMOX structures lend themselves 
well to fabrication of single mode waveguides from 
high index silicon and the fabrication of passive 2- 
D photonic crystal structures. In one commercially 
available SO1 process, called Smartcut, it is 
possible to form a well-defined silicon dioxide 
layer underneath a thin slab of single crystal silicon 
layer at the surface (Figure 6) .  When designed 
properly, this slab can serve as a high index optical 
waveguide, and can easily be patterned to define 2- 
D PBG material. 

Photonic crystal waveguides play a crucial role in photonic crystal integrated circuits. 
These waveguides are responsible for transferring 

1 - 
light throughout the integrated circuit as well as 
for the coupling of light into and out of the 

Figure 5* view and crossection 
through a suspended photonic bandgap 

fabricatedfrom so1 silicon. - -  
integrated circuit. Therefore, a careful 
investigation of the properties of these waveguides is an important of our research. Our 
goal is to combine theoretical analysis and optimization with experimental techniques to 
develop a systematic method for design of the waveguides and control of the properties 
of the waveguide modes to obtain the optimum performance for the desired application. 
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