
The conical geometry can also be implemented in a nov
el architecture involv ing very high density optical inter
connects on a photorefractive substrate. In other recent 
wo rk , 2 we have designed and studied a 100 x 100 optical 
switch on a 1 c m 2 substrate of L i N b 0 3 . Planar intercon
nect holograms are located in a rectangular grid pattern. 
Each hologram (grating) is written by short wavelength 
out-of-plane wr i t ing beams located on a conical surface at 
angles of incidence chosen to facilitate Bragg diffraction at 
a longer wavelength guided mode. This approach has the 
advantage that many intersections are s imul taneously 
written and coherency and erasure problems are avoided. 
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Optical modulation using silicon 
A.F. Evans and D.G. Hall, Institute of Optics, 

University of Rochester 

L ight modulators are important components for opt i
cal communicat ions systems and optical interconnec

tion strategies. III-V semiconductors, as wel l as non-semi
conductor crystals such as L i N b O 3 , are the tradit ional ma
ter ials of cho ice fo r these m o d u l a t o r s , bu t there is 
mounting evidence that si l icon can also be used. The cen
tral role of si l icon in the microelectronics industry makes 
this an interesting possibil ity. 

Si l icon is a centrosymmetric crystal, so it does not ex
hibit a Pockels (linear electro-optic) effect. It does, howev
er, exhibit a free-carrier effect, in wh ich both the real and 
the imaginary parts of the refractive index are changed 
when carriers are introduced either through doping or in
jec t ion. T h e e lec t r i ca l l y - i nduced f ree-carr ier effect is 
known to be appreciable in G a A s / A l G a A s , 1 for which re
fractive index changes that exceed Δn = 0.01 have been 
reported. 2 A large free-carrier effect in the wavelength 
range 1 < λ < 2 μm wou ld make si l icon an attractive candi
date for optical modulat ion. 

There have been several demonstrations of the use of 
the free-carrier effect in si l icon. Grodnenskiy et a l . 3 used 
the carriers injected into a si l icon p-n junction to attenuate 
the intensity of light of wavelength λ = 1.15 μm passing 
through the junction. Lorenzo and Soref 4 obtained 5 0 % 
modulat ion at wavelength λ = 1.3 μm in a mult imode 
sil icon 2 x 2 rib optical waveguide structure. Both devices 

Corrugated Schottky diode used in the measurement of 
the electrically induced change in the refractive index of 
silicon. The grating of period Λ allows the incident light 
to excite surface plasmons supported at the two metal 
interfaces. 

required current densities in excess of several hundred 
Amperes /cm 2 to achieve modulat ion. 

In a paper publ ished in July 1989, Hemenway, Sol
gaard, and B l o o m 5 described the performance of an al l-
si l icon, reflection-type, si l icon optical modulator (dubbed 
S I M O D ) . The modular uses the free-carrier effect in a for
ward-biased integrated pin diode to achieve 1 0 % peak-to-
peak intensity modulat ion over a 200 M H z bandwidth. 
The device has an active area of 3 X 6 μm2 and requires 
10 m A of current modulat ion and a current density > 1 0 4 

A m p e r e s / c m 2 , w h e n used at wavelength λ = 1.3 μm. 
Small size and potential compatibi l i ty wi th si l icon process
ing technology are important features of this integrated 
device. 

The size of the electrically-induced change in the real 
part of the refractive index of si l icon at the important 
wavelength λ = 1.3 μm was measured in a recent experi
ment. 6 The sample geometry is shown in the accompany
ing figure, and consists of a silver (Ag) electrode deposited 
onto a corrugated n-type epitaxial si l icon layer grown on 
an n + si l icon substrate. W h e n biased as shown, the struc
ture functions as a reverse-biased Schottky diode. In addi
t ion, the sample supports TM-po la r i zed electromagnetic 
surface waves k n o w n as surface plasmons, localized at the 
Ag/air and Ag/S i interfaces. The surface grating of period 
A al lows a beam of light incident through the substrate at 
a particular angle Θ to excite the surface plasmon at the 
Ag/Si interface. 

The electric and magnetic fields associated wi th this sur
face p lasmon decay exponential ly away f rom the inter
face, a fact that results in a significant spatial overlap be
tween these fields and the carriers introduced into the n-
type si l icon layer. Changes in the refractive index nsi of the 
epitaxial layer produce changes in the propagation con
stant of the surface p lasmon, wh ich shift the angle Θ re
quired to excite this wave. 

The measured shifts in the resonance angle Θ = Θ(V) 
using reflection b (see figure) reveal a large change in nsi. A 
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voltage V = 4.7 volts produces an index change Δn = 
0. 012 for a current density of only 0.46 Amperes/cm2, a 
current density several orders of magnitude smaller than 
those reported previously. This is accompanied, in our 
sample geometry, by a reduction in the excitation efficien
cy of the surface plasmon by approximately 75%, a sub
stantial change. The free-carrier electro-optic effect in sili
con is clearly large enough to be considered seriously as a 
mechanism for optical modulation. 
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Acoustically-tuned integrated-
optic filter for many-channel 

wavelength switching 
D.A. Smith, K. W. Cheung, J.E. Baran, 

and J.J. Johnson, Bellcore 

Twenty years ago, Harris introduced the concept of a 
narrowband, tunable optical filter based on the inter

action of light and sound, 1 but the practical use of such 
devices has been unimpressive until now, largely because 
the devices were bulky, power hungry, and not very effi

cient. However, by combining the best aspects of integrat
ed optics technology and the methods of surface acoustic 
wave electronics, we have fabricated sub-nanometer-
bandwidth integrated-optic acoutically-tunable optical fil
ters (ATOFs) that are compact, low in power consump
tion, and electronically-tunable over hundreds of nanome
ters. 

A unique feature of the acousto-optic filter is its ability 
to select more than one channel at a time, introducing a 
whole new class of wavelength-division multiplexing 
(WDM) techniques and wavelength-routing networks. 
Exploiting the low power requirements and excellent side-
lobe suppression of the integrated ATOF, we were recently 
able to demonstrate a two-tier dense bandwidth-packing 
technique that uses the ATOF for coarse wavelength-divi
sion multiplexing. In this experiment, five wavelength 
channels were simultaneously selected from among 8 in
put 2-nm-spaced DFB lasers. Within each wavelength 
channel was nested a secondary fine-structure of RF-sub
carrier multiplexing.2 

The key component of the ATOF is an acousto-optic 
polarization converter that uses the photoelastic effect 
(much like stress-induced birefringence) to couple two or
thogonal polarization states. The ATOF substrate medium 
is intentionally birefringent, with its crystallographic axes 
oriented so that horizontal and vertical polarization states 
propagate at different speeds. These polarization states fall 
in and out of phase over a rather short distance, referred 
to as the beat length, so that energy cannot be transferred 
between them. By using an acoustic wave, one can impose 
a periodic, alternating stress in the crystal that is synchro
nous with the beat length, resulting in a phase-matching 
condition that efficiently transfers energy from one polar
ization state to the other. Because it is relatively easy to 
make devices with one-to-three centimeters of interaction 
region, corresponding to a thousand or more beat lengths 
in the infrared, the wavelength selectivity can be made bet
ter than 0.1%. The very wide tuning range of the ATOF 
follows from the ability to alter the phase-matching wave
length simply by changing the applied acoustic frequency. 
The ability to excite many acoustic waves simultaneously 
provides the unique multi-wavelength switching capacity 
of the ATOF. 3 

It has been demonstrated that the X-cut orientation of 
lithium niobate, which is the most practical for integrated 
optics but has never been used in acoustics, can also make 
excellent acousto-optic devices.4 This wedding of integrat
ed-optic and acoustic technologies allows for acousto-op
tics to be done on low-loss optical waveguides and made it 
feasible to fabricate relatively complex multi-stage devices 
that perform more sophisticated filtering functions. 

As an example of higher-level integration on a single 
Wavelength response of the two-stage integrated ATOF. 
Inset: device structure. 
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