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All-Silicon Active and Passive Guided-Wave
Components for A = 1.3 and 1.6 um

RICHARD A. SOREF, SENIOR MEMBER,

Abstract—End-coupled planar and channel waveguides at 1.3 gm
have been demonstrated in single-crystal Si layers grown epitaxially on
heavily doped Si substrates, and an optical power divider consisting of
intersecting channels was designed and fabricated. Optical switches in
Si based on electrooptic, acoustooptic, and optical-injection mecha-
nisms are described. The advantages of all-silicon integrated optical
components are discussed.,

I. INTRODUCTION

OR the past ten years, oxidized silicon has served as

a substrate for Ta,0s, Zn0O, SizN,, and other wave-
guide materials (see, for example, [1]). However, optical
waveguiding in silicon per se has not been explored, apart
from some work at A = 10.6 um [2]-[4]. Because of its
transparency (Section II below), single-crystal silicon is
suitable for low-loss waveguiding at the fiber-optical
communications wavelengths A = 1.3 and 1.55 ym.

Silicon is a “‘new’’ material in the context of integrated
optics even though Si is the most thoroughly studied semi-
conductor in the world. There is reason to believe that Si
can serve as the medium for a variety of guided-wave op-
tical components in much the same manner as III-V semi-
conductor compounds, while at the same time avoiding
the inherent complexmeb of binary, ternary, and quater-
nary alloys.

We have embarked on a research-and-development pro-
gram to determine the suitability of Si for 1.3/1.6 ym in-
tegrated optics. The goals of the program are to develop
appropriate cfystal—layering techniques for waveguiding,
to construct passive waveguide devices, to investigate
techniques for minimizing propagation loss, to build
active guided-wave devices including electrooptical
switches, and to build waveguide-integrated photodetec-
tors. Early results are reported in this paper. So far, the
results are encouraging, but much of the research lies
ahead of us. ' :

The project was motivated by two considerations: 1)
many of the processes developed for the Si electronic cir-
cuit industry can be applied to Si optical devices, and 2)
high-speed Si electronic circuits can be combined mono-
lithically with Sl guided-wave dev1ces in an optoelec-
tronic integration.

The organization of this paper is as follows: Section II
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reviews the properties of Si pertaining to guiding, Section
I1I describes Si waveguide structures, Section IV presents
designs for Si electrooptical switches and reviews other
switching mechanisms, and Section V presents the exper-
imental results to date.

II. INFRARED TRANSMISSION

The transmission of Si at wavelengths beyond the band
edge is governed by residual absorption and scattering
losses. If the Si has residual impurities or is doped delib-
erately to provide electrically active impurities, free car-
riers will be present at room temperature. According to
classical dispersion theory, those carriers will alter the real
and imaginary parts of the Si dielectric constant. In opti-
cal terms, we say that the refraction and absorption in-
dexes are changed by amounts An and Aq, respectively.
The analysis of Moss [5, eq. (2.33)] and Lubberts [6, eq.
(23)] generalized for two carriers shows that

A = (qs?\2341r203n60}

© [NJSm2p, + Ny/misu) (1)
An = — (¢"N'/87°ney)

© [NJm%, + Ny/m3) 2)

where g is the electronic charge, A is the optical wave-
length, n is the refractive index of pure Si, ¢; is the
permittivity of free space, N, is the free electron concen-
tration, N, is the free hole u}ncen[rallon m_, is the con-
ductivity effective mass of electrons (m; for holes), u, is
the electron mobility, and p, is the hole mobility, The
mobility data presented in Fig. 18 of Sze [7] and in Figs.
2-5 of Gise and Blanchard [8] show that p, decreases in
a nonlinear fashion with increasing donor concentration,
going from 1500 cm*/V - s at ND = 10" ¢cm ™ down to
90 cm?/V - s at 10°° donors/cm’, while a ‘ilmlldl" decrease
occurs for u,, with y, falling fmm 470 cm?/V - s at 10"
acce:pmrsh:m3 to 45 cm?/V - s at Ny = 10*° em 2.

The optical properties of Si were first studied more than
30 years ago, and the absorption band edge was well de-
lineated by the measurements of Fan et al. [9]. However,
in the near infrared, for N > A, there is very little data
in the literature about the background or residual absorp-
tion in Si. This deficiency was remedied recently by the
work of Swimm [10] who performed calorimetric mea-
surements of ‘« on a single-crystal Si sample whose resis-
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Fig. 1. Wavelength dependence of optical absorption for high-resistivity
single-crystal Si from [9] and from our calculation of free-carrier ab-
sorption.

tivity was 10 © + em and whose minority carrier lifetime
was 5 ms. He found that « = 102 em ™' at A = 1.32 pm,
a very low loss. Since samples like this are unusual, we
calculated the free-carrier absorption over the 1.2-1.6 um
spectral range in a more commonplace sample, a p-type
crystal containing 10'® impurities/em®. Neglecting the
electron term in (1) and taking n = 3.50 and m}, = 0.39
mgy [5], we find from (1) the result plotted in Fig. 1. This
figure also shows Fan’s data. The inference drawn from
Fig. 1 is that the materials loss in silicon waveguides will
be very low (an inherent loss estimated to be much less
than 1 dB/cm).

Continuing our quest for ‘‘new’’ materials systems, if
we also consider the alloy system of Ge and Si, specifi-
cally Si-rich alloy crystals, we will obtain infrared trans-
mission spectra for those materials that are very similar
to that of Fig. 1, except that the band edge will be shifted
to longer wavelengths. In the transparent region, the Ge-
Si loss coeflicients are expected to be as low as those of
Si. Under the constraint that the material should be highly
transmissive at 1.3 pm, we conclude that Ge-Si alloys are
suitable for waveguiding when the mole fraction of Ge is
15 percent or less [11]. '

Returning to an analysis of pure Si, we note that scat-
tering losses are negligible in bulk crystals, but if a wave-
guiding layer contains grain boundaries, twinning, lattice
defects, etc., the scattering losses go up dramatically. It
is suprising how large an effect the crystallinity has upon
propagation loss at A = 1.3 um. To be specific, the ab-
sorption -coefficient for undoped polycrystalline Si is 600
em™!at 1.3 pm (Jones [12]), while for amorphous un-
doped Si, (1.3 wm) = 3300 cm ™! (Celler [13]). Similar
behavior for films of silicon-on-sapphire and silicon-on-
spinel was reported in a 1974 paper by Kuhl [14]. These
results imply that poly-Si and amorphous-Si are far less
desirable for waveguiding than single-crystal Si.

III. WAVEGUIDE STRUCTURES AND FABRICATION

Planar waveguiding takes place in a layer whose index
of refraction is higher than that of adjacent layers. In sil-
icon, there are several techniques that can be used to cre-
ate layered structures with the required index ‘‘discontin-
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uties.”” These techniques include, but are not limited to,
epitaxial silicon-on-insulator (SOI) technology, ion im-
plantation to form a low-index buried layer, and epitaxial
growth of silicon on silicon. The resulting layered struc-
tures can be transformed by wet or dry etching into the
desired geometry for three-dimensional channel wave-
guiding. Stress-induced index changes provide another
means for making channel waveguides [15]. One can start
with bulk material and deposit dielectric or metal strips to
produce the desired tensile or compressive stresses.

Although we do not intend to describe each approach
here, some brief comments come to mind. The all-silicon
epi approach does produce high-quality waveguides, but
the silicon-on-sapphire technique yields waveguides with
relatively high propagation losses, most likely as a result
of Si/Al,O; interface scattering that arises from the lattice
mismatch. The Si/Si epi approach has the added advan-
tage of ‘‘leveraging’” commercial circuit technology, that
is, the S1/Si wafers that have been developed for the elec-
tronic circuit industry (CMOS-VLSI and discrete de-
vices) will perform well in the optical guided-wave ap-
plication. We have drawn upon this commercial epi
material.

High-resistivity epitaxy of single-crystal Si on heavily
doped single-crystal Si substrates has provided our best
guiding results to date. Due to the presence of free car-
riers, the bulk substrate doping decreases the substrate’s
index of refraction with respect to the index of the lightly
doped epitaxial layer. If the concentration of impurities
in the epi is less than 10'® ¢cm °, the epi index will not
differ significantly from that of intrinsic Si. With the aid
of (2), we have calculated the refractive index difference
An = n(epi) — n(sub) as a function of N where N is the
substrate impurity concentration in either n¥ or p* ma-
terial. It was assumed that N ranged over the practical
values of 10"8-10"" cm™>. In (2), we used the approxi-
mation that N, (sub) = N for n™ material (or that N, (sub)
= N for p* material). This approximation is valid since,
to first order, the shallow donors {or acceptors) are fully
ionized at room temperature. Hence, the free-carrier con-
centration is the same as the impurity concentration.

Fig. 2 presents the calculated An at two wavelengths.
The number of optical modes trapped by epi layer (the
numerical aperture) depends to a certain extent upon the
cladding or ‘‘superstrate’” applied atop the epi, but it can
be said from the result of Fig. 2 that the 107°-107" index
difference is sufficient to provide trapping of ‘‘high-an-
gle’” rays in the epi, i.e., the guiding is effective. Some
of the optical energy trapped in the epi will *“tail’” eva-
nescently into the substrate. This can give rise to cladding
loss if the substrate is too heavily doped. In other words,
there is a tradeoff between the NA of the guide (An) and
the cladding loss. The absorption coefficient of the sub-
strate is calculated in Section IV below.

IV. OpTicAL SWITCH DESIGN

The crystal lattice of Si is centrosymmetric; therefore,
Si does not exhibit the linear electrooptic effect (the Pock-
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Fig. 2. Index-of-refraction difference, n(epi)-n(sub), versus substrate im-
purity concentration for epitaxial Si structure.

els effect). For this reason, some people would argue that
Si is not an active material, and is therefore not genuinely
useful in integrated optics. We do not share this pessi-
mistic view. On the contrary, there are several optical
switching mechanisms that have the potential to provide
active switching directly in silicon. Five such mecha-
nisms are proposed and discussed in this section.

Starting with InGaAsP waveguides, Mikami and Na-
kagome [16] demonstrated 2 X 2 optical switching by in-
jecting free carriers into the intersection region of crossed
guides. The refractive index of the intersection was per-
turbed significantly (An = 5 x 1077) at 10'® carriers/cm®
due to the plasma dispersion effect, and electrical injec-
tion from a forward-biased p—n heterojunction was used.
1t is straightforward to apply these injection techniques to
silicon; in fact, the technology is much more familiar in
Sithan in InP, and in Si one can use homejunctions rather
than heterojunctions.

We have calculated the refractive index changes in Si
that can be expected when a density N, of electrons is
injected into an Si waveguide. To do this, we use (2) with
A = 1.3 um, n = 3.50, and m}, = 0.26 m, [5]. We find
that An = 0.9 x 107% when N, = 10" ecm™, a mode
perturbation adequate for 2 X 2 electrooptical switching
in the two-mode-interference device. As pointed out in
[16], there is inevitably some loss associated with high
levels of injected carriers. This is described by the Kra-
mers—Kronig relations. We have calculated the optical ab-
sorption coefficient of the injection region A« in cm ™' for
N, = 10'%-10%° ¢m ™3 using (1) and the mobility curves
cited in Section III above. A similar calculation for hole
injection was made. The result is presented in Fig. 3
where the abscissa N, represents the injected carrier con-
centration. The fractional transmission of the X-structure
switch is exp [ —Aal] where L is the length of the inter-
action region. When the monomode channels cross at an
angle of 4° or more, L can be kept below 100 pm. Thus,
the Aa results in Fig. 3 do not pose a serious insertion-
loss problem for N, = 10'® cm™>. If we wish to determine
the optical loss coefficient of the n™ (or p™) waveguide
substrate material, then we can interpret the abscissa N,
in Fig. 3 as the impurity concentration in the substrate.
This interpretation is valid for the reason cited above in
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Fig. 3. Added optical absorption in Si due to the presence of N, free car-
riers per cm”,

Section III. Therefore, Fig. 3 also shows the substrate
loss as a function of the n™ or p* doping density.

The main limitation of the electrooptic injection switch
is the speed of response, which is limited by the carrier
lifetime. There are many carrier recombination mecha-
nisms as described in the review paper of Celler [13], and
these are dependent upon the carrier concentration. Tak-
ing the range of N, shown in Fig. 3, we find that the slow-
est recombination process (the limiting factor in the
switch) is Auger recombination, and this lifetime ranges
from 107" t0 107%s (7 ~ IXNE). These switching rates
would be useful in many applications. Faster response
could be obtained by diffusing *‘lifetime killers’” such as
gold into the waveguide material.

Returning briefly to the loss analysis for the switch, it
should be noted that the loss equation can be recast in
terms of an overall relaxation time 7 for the carriers (Pan-
kove [17, eq. (3-25)]), namely, Aa = ¢NN./
47’ negmit where 1/7 = 1/r, + 11, + -+ T,
and 7, 75, etc., are the various energy-relaxation times
(electron-electron, electron-plasmon, etc,). To first or-
der, we can say that A« is dominated by the fastest relax-
ation mechanism (the shortest 7;) over the concentration
range of N,. Hence, in the above equation, we use the
107"%-107" 5 electron-electron collision time from Celler
([13], 7 ~ 1/N,) and find the A« result labeled with the
7. caption in Fig. 3 (which agrees with the other analysis
at large N,).

We have discussed electrical control of an Si guided-
wave device, but it should be noted that optical control is
possible (as in ‘‘optical logic’”). Here, one would use cre-
ation of electron-hole pairs, with free carriers arising from
the absorption of short-wavelength photons (a band-to-
band absorption process). For example, an intense control
beam of green light could be focused on the desired region
of the waveguide (at normal incidence, for example). The
control-beam wavelength would be chosen for nearly
complete absorption across the ~35 um transverse dimen-
sion of the guide. This would produce An of the same
magnitude as in Fig. 2 as desired, and would yield opti-
cally controlled optical switching.

Returning to electrooptic effects, we should point out



876

that the quadratic EO effect or Kerr effect is present in Si
[18]. However, this effect becomes significant only at high
field strengths, and it is not clear that the Kerr coefficients
are of a practical magnitude in Si because the Kerr effect
at 1.3 um has not been reported in the literature. On the
other hand, experimental results have been given in [19]
on the optical Kerr effect in Si, a nonlinear optical effect.

There is another electric-field, called ‘‘electrorefrac-
tion,”’ that is likely to be more practical than the Kerr
effect. Measurements of electrorefraction in GaAs and InP
were made recently by van Eck er al. [20], and we have
discussed electrorefraction in Si in an unpublished mem-
orandum. This effect is related to the electroabsorption
effect (Franz-Keldysh effect) by the K-K dispersion re-
lations, and electrorefraction may be thought of as the
“‘real part’’ of the electrorefiectance effect, an effect that
has been known in Si for more than 20 years.

As van Eck points out, it is important to choose the
optical wavelength to be in close proximity to the band
edge in order to enhance the electrorefraction effect. For
example, the photon energy should be typically 0.025 eV
less than the energy gap E,. If we assume a fixed wave-
length such as A = 1.3 um, then it would be necessary to
*‘tailor’’ the band gap of the waveguide material to satisty
the hv-E, “‘nearness’’ criterion. As we have mentioned
above, this could be done by using a mixed crystal of Ge
and Si, that is, an Si-rich alloy. The size of the effect in
Si (or in Si-Ge) and the required field strengths are ex-
pected to be comparable to those found in [20], although
the effect may be slightly smaller in Si than in InP because
Si is an indirect-gap material. Judging from the results on
Ge (Pankove [17, Fig. 18-4]). one could expect An of
approximately 107 in Si. To produce the electric control
fields, one would use a reverse-biased p-n junction or a
depletion-mode MOS gate structure on the Si waveguide.

As a final note on optical switching in Si, let us con-
sider acoustooptics. It has been known for many years
that Si is capable of efficient acoustooptic Bragg diffrac-
tion (Carleton and Soref [21]). The A-O figure of merit
M, is relatively large at A = 10.6 pm and is expected to
be at least 2% larger at A = 1.3 gm. Use of the A-O
mechanism is already well known in integrated optics, via
surface acoustic waves for example, and recent work has
shown that channelized 2 X 2 optical switching is feasible
with an acoustooptic stimulus [22]. For all of the above
reasons, we feel that A-O switching in Si would be a
practical approach [23].

V. EXPERIMENTAL WORK

A. Sample Preparation

Optical fibers, detectors, and lasers are most conve-
niently coupled to the waveguide ends (direct or butt cou-
pling) without the use of prism couplers. For that reason,
we investigated means of preparing optically flat ends on
the Si waveguide samples. A scribe-and-break approach
was tried, but was abandoned because the resulting cleav-
age planes were not smooth enough at the epitaxial loca-
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tion (they had a jagged, cliff-edge appearance). Instead,
we developed mechanical polishing techniques that were
successful for optical end coupling. To obtain sharp cor-
ners on the epi wafers, we first “‘potted’” two dry-etched
epi wafers (Section V-B, below) in epoxy, with the epi
films facing each other. The parallel epi layers were in
contact with a 40 pum film of Tracon-3103 epoxy. It was
important to choose adhesive whose hardness matched that
of Si (Mohs 7). This reduced chipping during polishing
and promoted sharp edges on the wafer. The wafer sand-
wich was cut into dice, typically 0.7 X 4 X 2 mm in size,
using a slow-speed diamond-wheel saw. The input and
output ends of the sample were polished with a Buehler
Fibrmet machine using (in succession) 1.0 and 0.3 ym
alumina-impregnated polyester paper. The end polish was
“‘good’’ in the sense that the scratches and edge chips
were < 0.5 ym in size, adequate for optical coupling.

B. Slab and Channel Waveguides

Optical-quality Si epitaxial layers, nonn™, ponp’, n
onp”, ponn* (and double epi) are available from com-
mercial vendors in a variety of epi film thicknesses, with
a range of impurity dopings available in the substrate. The
resistivity of the epi layer is usually 5 Q - c¢cm or higher.
The orientation of the wafer plane is either (100) or
{(111) and the epi is formed (for example) by thermal
decomposition of silane. The initial experiments were
with planar waveguides at A = 1.3 pm. After dicing and
polishing, the waveguide length was typically 2 mm. All
of the guides described in this paper (both planar and
channel) are multimode. In the future, we shall move to
single-mode structures. We observed slab waveguiding in
the six samples listed in Table I. A variety of conductivity
types and deping levels gave good results. To find the
density of donors (or acceptors) in the Table I samples,
one can use the nonlinear relationship given in Fig. 21 of
Sze [7] that relates resistivity to N, or Np. For example,
the substrate donor concentration in sample 4 is 1.4-3.9
x 10" em™>, while the epi donor density is 2.0 x 10"
em . The observed propagation losses in the planar
guides of Table I ranged from 5 to 13 dB/cm. It is inter-
esting to note that sample 6 had a highly multimode layer
(t = 43 um) which could be butt coupled to standard 50
pm D multimode fibers if the layer were milled into 50
pm wide channels.

The experimental setup consisted of a 1.32 um In-
GaAsP laser diode with a 3 mW CW output, plus three
microscope objectives, four Line Tool x-y-z microposi-
tioners, and a sample stage that had two-axis rotation and
tilt as well as x-y-z motion. Collimated light from the laser
was focused by a 10X objective (0.25 NA in air) into the
waveguide end, along the guide axis. The focal spot at
the input surface had a diameter of approximately 4 um.
Using a 20X objective, a magnified image of light emerg-
ing from the waveguide (the near-field radiation pattern)
was formed on an infrared vidicon. The rear surface of
the guide was observed with an MII model 1500 camera
that had a polished silicon filter at its input. The 1.3 pm
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TABLE I
PARAMETERS OF SINGLE-CRYSTAL 51 SLAB WAVEGUIDES
Sample Wafer p(sub) plepi) t{epi)
Number Conductivity Dopants Orientation Q- cm) (Q - cm) (pm)
1 plp* B {1003 0.005-0.010 11.0 10.6
2 n/n* Sb {100} 0.005-0.015 7.5 11.4
3 p/a* B/Sb {100 0.005-0.015 7.0 15.5
4 nin* As (111 0.001-0.003 4.6 7.0
5 n/n* As (100} 0.002-0.004 18.0 10.9
6 nin* P/Sb (100 0.007-0.020 17.1 42.8
epitaxlal chnnn'sdl—
shlleen F- 10.um wlr:.:]:n °
layer e -T= X
(n-iynsi\-\\ LTam _," 4.2 am - Np=ox10em?

-..l____.

o et s —N,= 3x10"9 gm™2
n+sllicon substrate L

<111 > wafer

Fig. 4. Cross-section view of ridge waveguide.

pattern was visualized with a 17 in TV monitor. For mea-
surements of waveguide propagation loss, the vidicon was
replaced with a 0.25 cm” area germanium photosensor that
fed a digital optical power meter. The detector collected
the entire cone of light emerging from the waveguide end.
The optical output power of the waveguide was measured,
and a reference transmission level (without the waveguide
in place) was also measured. Corrections were made for
the 1.6 dB Fresnel loss at each air/Si interface, that is,
3.2 dB were subtracted from the measured transmission
loss.

The formation of channel guides was accomplished
using photolithography on the epitaxial layer, followed by
etching. One can use wet chemical etching (isotropic or
preferential) or dry etching (plasma or ion beam). We uti-
lized a plasma etch machine (with flourine chemistry) to
produce flat sidewalls on the channels with minimal un-
dercutting of the masking pattern.

The positive photoresist applied to the epi layer had
stripe-shaped windows in the pattern, typically 10 pm
wide. After depositing a 0.16 um Ni-Au film on the re-
sist, standard liftoff techniques were used, thereby leav-
ing a pattern of Au stripes on the epi layer to serve as a
mask for etching. After etching for 20 min at 300 W RF,
approximately 2.8 um of the epi layer was removed, but
the region under the metal was not disturbed. The result-
ing channel waveguide, for a typical n/n™ sample, is
shown in the cross-sectional view of Fig. 4. This rib guide
has walls that slope at about 40° to the vertical. The pol-
ished end of an actual ridge guide (photographed at 800 X
magnification) is shown in Fig. 5(a).

It is possible to delineate the interface between the epi
layer and the substrate. This is done chemically with
staining and decoration solutions. Fig. 5(b) is a cross-sec-
tion photomicrograph (800 X ) of the selectively etched Si
channel waveguide in which the epi boundary appears as
a sharp line.

(b)

Fig. 5. Photomicrograph of (a) rib channel waveguide, (b) same wave-
guide etched with acid to reveal the epitaxial interface.
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Fig. 6. Experimental optical power-divider structure.

C. Optical Power Divider

Over the long term, our goal is to build a 2 X 2 elec-
trooptical switch with an intersecting-channel geometry
(the so-called X structure). That device uses single-mode
input and output waveguides with controlled two-mode
interference in the intersection region. As a precursor of
that device, we constructed multimode crossed-channel
structures that serve as optical power dividers. These are
monolithic, planar, integrated-optical structures in epitax-
ial silicon. The channel widths were 10, 15, and 20 um,
and the X patterns were 2 cm long. The crossing angle
was 1.6, 2.2, or 2.8°. The rib height on the channels de-
pended upon the etching time, and was approximately 3
pm. The test samples were 3 or 4 mm long.

Fig. 6 shows a perspective view of the power divider.
Various splitting ratios were obtained as the crossing an-
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Fig. 7. Dual-channel output of experimental power-splitting device.

(a)

i»— 14D wm —

(c)

Fig. 8. Near-field 1.3 pm intensity patterns of (a) slab waveguide, sample
5,1 =109 ym, L = 2.0 mm; (b) channel waveguide, sample 4, 1 = 7
um, L = 2.8 mm; (c) optical power divider, wafer 4, L = 3.0 mm. The
scale is the same in all three photos.

gle, the ridge width, and the ridge height were changed.
Fig. 7 is a photomicrograph (taken at 800 X enlargement)
of the polished output end of the optical power divider
component. Fig. 8 presents a comparison of the optical
performance of three Si waveguide components: a slab
guide, a channel and a power divider. The optical near-
field intensity pattern at 1.3 pzm is shown for the three
devices.

D. Discussion of Results

The present guides represent a *‘first effort’” and were
not optimized. The observed propagation loss at 1.3 um
ranged from 5 to 13 dB/cm in the slab guides and from
15 to 20 dB/cm in the rib channels. Considering the chan-
nels, the overall or observed loss includes absorption loss,
scattering loss, radiation loss, and coupling loss. In the
first category are material loss, metal loading loss, sub-
strate loss, and superstrate loss (the last two from optical
evanescent tailing). In the second category are channel
wall-roughness loss and epi/substrate interface loss. The
third category includes loss that occurs when the index
difference is not large enough to confine the NA of the
input beam completely or when the proportions of rib do
not produce good mode confinement. The fourth category
is the loss due to scratches, digs, and chips on the wave-
guide ends. Clearly, most of these loss contributions can
be reduced significantly from their present values by fur-
ther development of Si waveguide fabrication.

In tests with infrared polarizers, it was found that the
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Si planar waveguides supported both TE and TM modes
in approximately equal numbers. This result is expected
because silicon is a cubic, nonbirefringent material. In
our epitaxial approach, both the guiding layer and the
substrate are optically isotropic. Hence, the index differ-
ence in Fig. 2 is polarization independent: An(TE) =
An(TM).

VI. SUMMARY

Channel waveguiding and planar waveguiding at A =
1.3 pm (with end-fire coupling) have been demonstrated
in single-crystal silicon layers grown epitaxially on heav-
ily doped Si substrates. A monolithic Si integrated-optical
component (the first of its kind) has been built and tested.
It was an optical power divider consisting of two inter-
secting channel waveguides. Active Si components were
proposed. Five techniques for making 2 X 2 and N X N
optical switches in Si are injection of free carriers by a
forward-biased p-n junction, optical injection, the Kerr
effect, electrorefraction using a reverse-biased contact,
and acoustooptic Bragg diffraction.

Two advantages of Si guided-wave optical circuits are
monolithic optoelectronic integration with high-speed Si
electronic circuits [24] and utilization in optics of well-
developed processing techniques from the electronics in-
dustry [25]. From the foregoing information, we infer that
single-crystal Si will be suitable for building directional
couplers, filters, star couplers, optical switches, mode
converters, polarizers, interferometers, and modulators
that operate at N = 1.3 or 1.6 um (and beyond)—essen-
tially every integrated-optical component except an opti-
cal source [26]. The use of Si for photodetection at 1.3
pm has also been suggested [27].
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