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optic sampling, and optical time domain reflectometry. 
Presently, the main limitation of these devices is their 
low power, approximately 5 mW average power, howev
er this can be overcome with optical amplification. 
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Micromachined Wavelength 
Tunable Optoelectronic 
Devices with Record Tuning 
E. C. Vail, M. S. Wu, G. Li, W. Yuen, and C. J. 
Chang-Hasnain, Ginzton Laboratory, Stanford, Calif. 

M uch as the vacuum tube and radio transformed com
munications, optical devices and fiber optic commu

nications seem destined to change our lives. Wavelength 
division multiplexing (WDM) will be an important tool 
in this transformation. The extent that it will be imple
mented strongly depends on the availability of low-cost, 
wavelength-engineered optoelectronic devices and loosen
ing of stringent WDM network requirements. 

Recently we demonstrated a new family of potential
ly low-cost, widely tunable devices by micromachining 
vertical cavity structures.1-3 Vertical cavity structures 
are useful as surface normal optical devices and consist 
of precise thickness layers, typically GaAs and AlGaAs, 
that form cavities and distributed mirrors. By micro-
machining these structures, we make short Fabry-Perot 
cavities with a movable mirror. The Fabry-Perot mode 
can be tuned by applying a voltage to move the mirror, 
thereby shortening the cavity. Using this principle, we 

demonstrated tunable optical filters, detectors, and ver
tical cavity surface emitting lasers (VCSELs). 

Micromachined vertical cavities have several funda
mental advantages. Micromechanical movement can 
vary the cavity length far more than effective changes 
due to refractive index, allowing wide continuous tun
ing of a single Fabry-Perot mode. This is in contrast to 
most other widely tunable filters and all other widely 
(Δλ /λ> l%) tunable lasers which must "hop" between 
different modes to tune. Furthermore, vertical cavities 
have circular modes, are compact, manufacturable in 
2-D arrays, and compatible with multi-mode fibers. 
The tuning power (~250 pW) is far lower than that 
required using heating or carrier injection. 

Figure 1 shows a schematic and SEM photograph of 
a tunable VCSEL. The structure has a bottom distrib
uted Bragg reflector (DBR) mirror, a quantum well 
active region, and a top DBR mirror. Most of the top 
DBR mirror is suspended above the device using a can
tilever. By applying a voltage to the top cantilever it is 
electrostaticly attracted toward the substrate and bent 
down 0.4 μm out of a total air gap thickness of 1.2 μm. 
The tunable VCSEL exhibited 15 nm of tuning, the 
largest yet achieved for a VCSEL. 

The tunable detectors and filters exhibited wide tuning 
ranges of 30 nm, and 70 nm, respectively, with tuning 
voltages of ~5 V. For the first filter and detector, 6 nm and 
7 nm bandwidths and 20.3 dB and 17 dB extinction ratios 
were attained, respectively. These are designable parame
ters that can be easily optimized for various specifica
tions. These devices exhibit no polarization dependence. 
Furthermore, we observed4 resonance frequencies of 1.16 
MHz which imply the potential of 300 nsec tuning times. 

Stringent wavelength tolerances have made imple
mentation of current dense W D M networks expensive. 
By adding a feedback load to the tunable detector, 
wavelength tolerances can be increased and costs 
reduced, through a novel tracking effect. In addition, 
the detector can function as a wavelength meter when 
biased with a current source. The detector voltage has a 
one to one correspondence to the incident wavelength. 

By combining micromachining with optoelectronic 

Figure 1. (a) S c h e m a t i c of the tunable V C S E L . The tunable detector is similar, but d o e s not require the proton implant. The tunable filter 
d o e s not require the active region or the middle contact . (b) SEM of the comple ted V C S E L . Note the DBR layers in the top mirror. 
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devices we demonstrated devices with record tuning 
range, low tuning power, and all the advantages of sur
face normal operation. The wavelength tracking capabil
ity of the tunable detector could also lower costs by 
allowing greater wavelength tolerances in W D M systems. 
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NONLINEAR OPTICS 

Enhanced Nonlinear Optical 
Response of Nano-Composite 
Materials 
Robert W. Boyd, George L. Fischer, and Russell J. 
Gehr, Institute of Optics, University of Rochester, 
Rochester, N.Y. 

Is it possible to combine two or more optical materials 
in such a manner that the effective nonlinear optical 

susceptibility of the composite material exceeds those of 
its constituents? Recent theoretical1,2 and experimental3 

results indicate it is possible, and suggest that the con
struction of composite materials may constitute a gen
erally useful method for obtaining materials with desir
able nonlinear optical properties. 

Some of the structures that have been considered for 
use in composite nonlinear optical materials are illus
trated in Figure 1. In each case, the characteristic dis
tance scale over which the constituent materials are 
mixed is much smaller than an optical wavelength. 
Consequently, the propagation of a beam of light 
through such a material can be described by spatially 
averaged values of the linear and nonlinear refractive 
indices that are obtained by performing suitable volume 
averages. 

If the two constituent materials of the composite 
possess different linear refractive indices, the electric 
field of an incident laser beam will become spatially 
nonuniform within the material. Under proper condi
tions, the electric field amplitude will become concen
trated in the more nonlinear constituent of the com
posite, resulting in an enhanced overall nonlinear opti
cal response. This enhancement of the nonlinear optical 
susceptibility can be understood in terms of the concept 
of local field corrections,4 but generalized to apply to 
the case of composite materials. 

Much of the early work on composite nonlinear 
optical materials concerned metallic colloids and was 
performed by the group at Ecole Polytechnique.5 For 
such materials, an enhancement of the electric field 
occurs in the vicinity of each metallic particle. The 
enhancement is particularly large when the laser fre

quency is near that of the surface plasmon resonance of 
the metallic particle. 

Recent work at the University of Rochester has been 
directed at demonstrating an enhancement of the non
linear optical response for cases in which both con
stituents of the composite are lossless dielectrics. This 
situation is of significant practical interest, because it 
leads to a non-absorbing composite material. Because 
dielectric materials do not exhibit a surface plasmon 
resonance, the nature of the enhancement is somewhat 
different. 

Enhanced nonlinear optical response was demon
strated3 for layered composite materials of the sort 
shown in Figure 1c. This sample consisted of alternating, 
sub-wavelength-thick layers of the conjugated polymer 
poly (p-phenylene-benzobisthiazole)—(PBZT)—and of 
titanium dioxide. PBZT was the nonlinear constituent; 
titanium dioxide was selected for the other constituent 
because of its large linear refractive index. 
Measurements of the nonlinear response of the compos
ite material showed that its third-order susceptibility 
exceeds that of pure PBZT by 35%. This agrees with the
ory 2 which also predicts that the enhancement of the 
nonlinear susceptibility increases very rapidly with the 
difference in refractive indices of the two constituents, 

Figure 1. Several of the structures that have been cons idered for the 
development of c o m p o s i t e nonlinear optical materials. (a) The Max
well Garnett geometry; (b) the Bruggeman or in terd ispersed geometry, 
and (c) the layered geometry. 
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