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M H z . However, if the resistor is replaced with a tuned 
impedance-matching circuit,7 the gain increases to ~11 dB 
with a center frequency of ~60 M H z and a 3 dB band
width of ~20 M H z . With the tuned circuit on the modu
lator, the link noise figure is 6 dB and the IM-free dynamic 
range is 111 dB within a 1 H z bandwidth. The range from 
maximum input signal to the noise floor is 155 dB/Hz. 
With some sacrifice in sensitivity, a higher IM-free dynam
ic range can be obtained by the dual-polarization ap
proach described by Johnson and Roussell.8 These mea
sured values agree well with theoretically calculated values 
over the entire 150 dB input power range. 

Extrapolation to higher center frequencies is straightfor
ward. Since the modulator can be modeled as a capacitor, 
the maximum possible response decreases inversely with 
the square of the increase in frequency. As the frequency 
increases, the gain decreases and the noise increases, but 
the dynamic range remains nearly unchanged. Thus, for 
low-to-moderate frequencies and moderate-to-high opti
cal bias powers, the externally modulated link is expected 
to provide lower insertion loss or actual insertion gain, a 
larger IM-free dynamic range, and less noise than a direct
ly modulated link. 9 

This work is sponsored by the Department of the Air 
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Dynamic optical interconnects 
L. Hesselink, Stanford University 

Dynamic optical interconnects are reconfigurable 
routing networks that can interconnect high band

width optical data paths. The optical crossbar is an exam
ple of an attractive architecture that can be implemented 
using photorefractives. Once the routing network has 

been established, optical inputs are reflected, refracted, or 
diffracted passively to their respective outputs. Upon ter
mination of the task, the network can be reconfigured and 
adapted to new routing requirements. The major advan
tage of this approach is the high optical transmission 
bandwidth (GHz), although the reconfiguration time may 
be slow (on the order of msecs or (μsecs). 

Architectures involving photorefractive crystals have 
been implemented for this purpose, but several limitations 
need to be overcome to fully exploit the potential advan
tages of these systems. As is well known, readout of holo
graphic gratings in photorefractives is destructive, unless 
fixing procedures are applied or the wavelength of the 
readout light is used in a regime where the photorefractive 
crystal is not sensitive. In this case, however, the Bragg 
condition still needs to be satisfied to achieve high diffrac
tion efficiency. We have recently devised a new architec
ture to achieve prolonged readout.1 

In this approach, the interconnect gratings are written 
by beams of wavelength λ w and readout by using signal 
beams of longer wavelength λ s . Unlike previously pro
posed networks, the writing wavelength does not have to 
be tunable. The Bragg condition is still maintained by lo
cating the recording and readout beams on a conical ge
ometry, as shown in the figure. The writing k-vectors Kwi 

lie on the surface of a cone and emanate from the cone 
apex. The signal k-vectors Ksi (either inputs or outputs) lie 
on a second cone, which has the same base, but whose 
height is scaled by the ratio of the wavelengths. We esti
mate that in SBN, approximately 5,000 interconnections 
could be established and used for prolonged time periods 
(hours) without significant erasure. 

K-vector diagram for conical geometry. 
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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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