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I. Introduction

Integrated optical device technology is still relatively
undeveloped after more than a decade of research. No common
substrate or waveguide material has emerged as being a superior
device fabrication candidate such as silicon did in the integrated
circuit industry. There are a number of research programs
attempting to fabricate integrated optical devices on GaAs since
this is an ideal material on which to grow laser diodes which
operate in the near infrared region of the spectrum. Another
common technology uses the class of electro-optic materials
such as lithium niobate. While these materials are not restricted
in their use to only infrared wavelengths, they do not provide
a useful substrate for fabricating lasers.

The third class of substrate and waveguide materials
is various types of glass. This has been used because it is
relatively easy to fabricate waveguides on glass substrates by
a technique known as ion exchange. While it is conceptually
possible to construct LED pumped lasers in glass (Nd:glass), it
has yet to receive much attention from the research community [1].
This study makes extensive use of glass waveguides because of
the ease and economy of fabricating devices inglass. It should
be realized that although all calculations in this research
program are based on the assumption of a glass guide and substrate,
the effects being studied will occur on either of the other
materials if the proper refractive indices are used in the

calculations.



This study has been based on investigating the effects of
a lossy cladding material on a lossless planar dielectric

waveguide. The relative permittivity of a lossy material is

given by

E. =¢e! - je" = ¢
r r r

' : (1)
r we

where ¢ is the conductivity of the material at the frequency of
interest (w). In this study the lossy material is a semiconductor
since the properties of such materials can be changed by doping,
electric fields and incident photons. Refractive index and

permittivity are related through the following equation.

" 1/2 _
n = g_ = n, - Jjk (2)

where n, and k are the real and imaginary parts of the refractive
index, respectively.
Of particular interest in this study is the absorption
coefficient, o, which may be related to the imaginary portion
of the refractive index by the expression a = E%E. Detailed
classical and guantum mechanical analvses of the absorption of
enexgy in semiconductors have been covered by several authors
[2, 3, 4]. Section II of this report will review some of the
more important concepts of the changes in the absorption coefficient
a, (and thus complex permittivity) due to the incident radiation.
Much of the background investigation and computer predicticns

for using semiconductor clad waveguides as modulators and

switches is summarized in Section III. Section IV explains the
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oscillatory effect previously observed in terms of a periodic
coupling between the guided modes of the dielectric waveguide
and the lossy modes of the semiconductor cladding. Frequency
filtering properties of silicon-clad waveguides are also
examined.

The experimental investigation of the predicted modulation
and filtering effects are described in Section V. Due to the
problems with fluorescence in the waveguides an analysis of the
cause of such light emission was undertaken and new substrate

materials were selected for waveguide fabrication.
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II. Complex Permittivity Near the Band Edge

Two main properties of semiconductors near the absorption
band edge have been investigated in this study; electro-absorption i

and optical propagation near the band edge. Both of these

properties are of interest for development of optical modulators

for optical waveguides, Figure 1 shows a typical absorption

characteristic for amorphous and crystalline silicon. Since
both amorphous and single crystal silicon samples are being
used in this study, it should be noted that the band edge does
not change significantly with the crystalline structure nor
does the relative change in absorption coefficient magnitude.
The electro-absorption effect is based on the ability to
control the absorption band edge by application of an electric
field of sufficient strength to the semiconductor. This is
often known as the Franz-Keldysh effect [5] and is given by an

equation of the form

» 3/2 ;

D(E _-hv) :

-— CE . 1§
GF = Eg-h\) exp(..—-_g_..._ ) (3) ‘

IR

where E is the electric field strength, Eg is the gap energy and

C and D are material constants. This equation applies for . s
hv = Eg in direct semiconductors and basically predicts the

presence of an exponential tail on the absorption curve as shown

S SRR A
-

in Figure 2. This effect has been observed in a number of

R

semiconductors including silicon and GaAs and the observed changes

£ s <t

in absorption agree well with calculated values on the long-wave
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Effect of electric field on absorption near
fundamental edge due to direct transition.
The broken curve shows absorption coefficient
with field on. The lower graph shows the
difference (A=) between the field-on and the
field-off absorption coefficients. (From (5))




The primary prediction of the Franz-Keldysh theory, that
the optical absorption edge will broaden and shift toward lower

energy in an electric field has been experimentally verified (9);

the magnitude of the effect is only appreciable in direct band
gap materials, and thus application has been limited primarily

to GaAs and GaAs related compounds. For example, an intensity
modulator using GaAlAs double heterostructures has been
fabricated with band edges close to the light to be modulated
[10). With 8v applied across the active region, (0.4 um thick)

it is possible to obtain fields close to breakdown (300,000 V/cm).

The change in absorption for the modulator was two orders of

magnitude for only 8v appliec.

An electro-absorption detector has also been demonstrated

using reverse-biased pn junction double heterostructures [10]. i

Without an applied field, the semiconductor has a band gap of

0.84 um; however, light of wavelength 1.06 um was guided in the
heterostructure and subsequently detected with only l6v reverse

bias applied.

The second effect of interest in this study also considers

rew e

propagation of a wave in the dielectric guide near the band

it
gap of the semiconductor cladding. 1In this case it is assumed i
that no electric field is applied to the semiconductor, but that H

the semiconductor is illuminated by photons with energy sufficiently

above the band gap to produce electron-hole pairs (although, i
perhaps, an applied electric field may enliance the photon-induced

change in the optical conductivity).

s
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A brief review of the absorption processes in semiconductors
will be presented in this section following the analysis of
Omar [2]. His discussion will then be extended to include the
case of photon-induced changes in the absorption coefficient.
Two different absorption processes may be distinguished. They

are

1) freé carrier (a glassical analysis, with v < Eg/h)
2) fundamental (a quantum-mechanical analysis,with

v > Eg/h) where v is the frequency of light, E.g

is the semiconductor band gap energy, and h is

Planck's constant.

The region at the band gap edge (v = Eg/h) is of particular
interest in this study; unfortunately, the exact shape of the
band tailing has not been accurately determined, and original
calculations are pfesented here.

Free carrier absorption, in which electrons and holes
absorb radiation without becoming excited to another band, has
been treated using the Drude theory. The real and imaginary parts
of the dielectric constant are
“0° 2 2

-—=n, - kK
eo(l+m212) 0

r ~ fL,r

where
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€0 is the free-space permittivity,

w is the angular frequency of the propagating wave,

¢t is the collision time between electrons in the semiconductors,

9 is the familiar dc conductivity, and

€1 is the relative permittivity of the ion core.
(4

Lee et al [4] and Gibson [1l] have considered the case of infrared
or microwave signal (v < Eg/h) propagation and modulation using
free-carrier generation in semiconductors. When an incident

light beam with energy greater than the band gap impinges upon

a semiconductor, ths dc conductivity may be changed by the creation

of a number of electron-hole pairs An = Ap such that

| - —
gy = 9g + eAn(ue + un) = g, + Aoo

where Ha and N, are the electron and hole mobilities, xespectively.
The relevant equations for signal propagation below the band

gap (with electron-hole pair generation via a second beam) become

s _ 001 . Aoor

r L,v e (l+m212) c (l+w212)
0 0

o % . Aoo

J,’: eom(l+m21‘2) eow(l+w2'l‘2)

and the real and imaginary parts of the permittivity are thus

changed. Note that T 210713

sec and the majority of the
permittivity shift appears in the imaginary portion. This study

has focused upon semiconductor-clad waveguides and, in particular,
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silicon~clad siructures. For signal propagation slightly below
the silicon band gap edge (A =1.15um), the free-carrier contribution
to the imaginary portion of the permittivity is

o 2
- 0 — ne Tt .

eow(l+w weom*(l+m212)

-12

where

n is the electron density and m* is the effective
'mass of the electron.
Values used in the ébove calculation are from Lee et al [4].
The above calculated Drude theory value compares to the
experimentally measured value by Pierce and Spicer [21] of 0.4;

the twelve orders of magnitude difference indicates that the

H
H
i
|
i
i
7

free-carrier contribution to the imaginary part of t@e permittivity
is negligible at frequencies near the band gap edge; we calculate,
however, the necessary incident laser (1 = 0.5 um) power density
required to generate enough electron-hole pairs to change the
imaginary portion of the permittivity from 0.4 to 1.0. The
resultant power density is [1.95 w/(10 uym x 10 um)], which is §
feasible with the currently available experimental arrangement.

In fundamental absorption, the electron absorbs a photon
(from the incident beam) and jumps from the valence to the
conduction band. Using quantum perturbation theory, one finds
that the absorption coefficient for direct band gap semiconductors -
(GaAs) is (aside from the additional contributions from multi-
photon absorption, free carrier absorption, and intraband

transistions)
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ag = A(hv - Eg)l/z, hv > Eg

where A is a constant involving the properties

of the bands [12]

In indirect band gap transistions (Si, Ge), the absorption

coefficient is

a; = A'(T) (hv ~ Eg)z, hv > Eg
where A'(T) is a constant pertaining to the bands

and temperature

Again, wé neglect contributions from multi-photon absorption,
free-carrier absorption, and intraband transistions.

We have calculated, above, using the classical Drude theoty,
%> power density required to change the imaginary portion of the
germittivity from 0.4 to 1.0. This analysis, howevef, may not be
precisely correct for propagation near the band gap edge. Using
a quantum mechanical approach, several authors have calculated
the influence of injected carriers on the absorption coefficient
{13, 14]; their results indicate that the required power density
may not be nearly as high as that calculated using the Drude
theory [1.95 W/(10 pm x 10 uym)]. It should be noted that the
quantum mechanical analysis has been performed only on a direct
band gap semiconductor (GaAs) and signal propagation must be near
the band gap edge to achieve sufficient change in the absorpticn
coefficient with injected carrier density (Fig. 3). For

frequencies sufficiently above the band gap edge, the absorption

coefficient is very nearly independent of injected carrier density.
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III. Semigonductor-Clad Dielectric Wavequides: Summary

of Previous Research

In this research, a planar waveguide configuration has been
used for all computer modeling and fabrication. The four-layer
planar waveguide structure under consideration is shown in
Figure 4 where the guided light is propagating ir the z-direction
in the dielectric (N3), and it is assumed there is no variation
in the y-direction. All materials are lossless except for the
semiconductor (Nz). The dispersion relations for this structure
are well known, and two methods of solution for the complex mode
propagation constant (o + jB) have been described previously
[15, 16].

The waveguide consists of a semi-infinite glass substrate,
a dielectric core of thickness 1 pm, a semiconductor cladding
varying from 0.01 to 10 uym in thickness, and a semi-infinite
layer of air. A free-space wavelength of 632.8 nm was assumed,
unless otherwise stated, and all material parameters shown in
Figure 3 are for this wavelength. The three most common
semiconductors, silicon, gallium arsenide, and germanium, were
used as the cladding layer, and relative permittivity values are
summarized in Table 1. Bulk values have been used where data
were not available for thin films. The refractive index of thin
amorphous semiconductor films will depend on the method of
deposition and any impurities deliberately or accidentally added

to the semiconductor [17].
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Table I
Semiconductor Parameters at A = 632.8 nm
Relative Permittivity Refractive Index
1} 11

Material €r €r n k
Silicon* 16.76 1.75 4.1 0.213

’ Gallium Arsenide 14.3 1.21 3.79 0.16

Germanium* 14.43 19.54 4.4 2.22

*values for amorphous thin films
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Silicon was selected as the first semiconductor claddina
material to be investigated, and the attenuation and phase

constant curves of Figures 5 and 6 were generated by varying

the cladding thickness from 0.0l to 10 um. (The phase constant

B has been normalized by k0 = 2n/A0 so that all curves show the
mode index.) All other parameters were held constant in these

calculations and results were confirmed bv using both computer

solution technigques [15], [l6]. It was initially expected that

decreasing the lossy cladding thickness to 0.01 um would reduce
the attenuation to zero in a well-behaved manner; however, the
results were not as expected below a silicon thickness of 1.0 um.
The curves are similar to exponentially damped sinusoids, with
extreme values of the mode index (B/ko) curves corresponding to
the median values (maximum slope) in the attenuation (a) curves.
Extreme values of the a curve correspond to median values in the

B/k0 curves and the oscillations in both curves approach the

median value at 1.0 um.

s

el R

Gallium arsenide, which has a complex permittivity that is

nearly the same as silicon, was used for the next series of

calculations.

The attenuation and phase characteristics were
almost idzntical to those of silicon, and varying the dielectric

waveguide thickness t3 to 0.8 um had little effect on the

characteristics.

i s et el e S e R SH

Before beginning work on this grant, it was noted that the
attenuation and mode index are significantly altered by
conductivity changes in the semiconductor cladding [18], [19].

The calculated percentage change in attenuation and relative ?
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phase shift with conductivity as a parameter is shown in Figures

7 and 8 for a silicon-clad waveguide. Both changes are large

enough to be readily measured and useful for device application,

such as amplitude or phase modulation.

The remainder of this work describes a theoretical and
experimental investigation into the damped oscillatory behavior
of the curves of Figures 5 and 6 and the resulting modulation

effects. Frequency filtering with the semiconductor-clad guides

is also discussed.

St
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Iv. . Theoretical Predictions

The computer programs described in references 18 and 19
were used to calculate the characteristics of the clad waveguide

at apropagation wavelength of 1150 nanometers since this was

available for experimental measurements. This wavelength is
also just below the vand edge of silicon and thus any effects

due to the band edge tail would be experimentally observable.

The wavelength was also allowed to vary and it was noted that
relatively sharp regions of absorption occurred which could be

used for frequency filtering.

A, Calculations at 1150 Nanometers

Initial calculations for the attenuation and mode index

of the four-layer semiconductor-clad guides were presented for

© b b A g 1

a wavelength of 632.8 nm, and amplitude or phase modulation

would be accomplished as a result of a change in the semiconductor
conductivity via an incident light beam with photon energy above
the bandgap of the silicon. It is evident, however, that the~
632.8 nm guided wave will inadvertently excite the silicon ;
cladding, since it is above the band gap. To circumvent this

problem, the wavelength was changed to 1150 nm and the amplitude

and phase characteristics of the guide were analyzed. This

wavelength is such that the absorption coefficient of amorphous

silicon is minimal [20, 21) and appreciable excitation of the

silicon cladding by the 1150 nm guided wave is unlikely. Direct

optical modulation, however, wnuld still be realized by altering
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the conductivity of the silicon with a light beam having photon
energy above the band gap of silicon (in the visible region).

The attenuation and phase constant curves of Figures 9 and
10 were generated by varying the silicon cladding thickness from
0.01 to 1.0 um (the phase constant, g8, has been normalized by
ko = 2n/AO so that all curves show the mode index). Material
parameters shown on Figures 9 and 10 are for a 1150 nm wavelength.
The curves are again similar to exponentially damped sinusoids
with extreme values of the mode index (B/ko) corresponding to the
median values (maximum slope) in the attenuation (g) curves.
Extreme values of the o curve correspond to median values in the
e/ko curves and the oscillations in both curves approach a median
value at ten micrometers. Similar behaviqr‘was observed for a
wavelenéth of 632.8 nm and results were described és a éeriodic
coupling between the guided mode (TEO) in the dielectric and
the lossy TE' modesl of the semiconductor guide. Fjigures
9 and 10 show that such coupling still occurs and the amplitude
of the oscillations has increased.

This coupling (or lack thereof) has a profound effect on
the attenuation and phase characteristics of the original four-layer
waveguide. Therefore, a partial structure consisting of a silicon
guiding region surrounded by semi-infite layers of air and
dielectric was analyzed.

The mode index and attenuation constants for the first few

low order TE' modes in the silicon waveguide are shown in Figures

lTE'i denotes guided modes in the semiconductor and TEi

denotes guided modes in the dielectric.

Dot b e £ 175 s ee gy
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1l and 12. All modes (except perhaps the lowest order TE6 mode)
are very lossy and the attenuation increases for the higher
order modes. In Figures 10 and 1l note that a phase match
condition occurs between the TE, mode in the wavsguide and the
TE', mode in the partisi structure (air-silivon-dielectric) at
tgy = 0.2 ym. This phase match is present at each of the
successively higher order TE' mode cutoff fhicknesses and
corresponds to the respactive attenuation peaks on Figure 9 for
the total structure. The sharp nulls in the attenuation curve,
indicating very low coupling efficiency, occur at thicknesses
midway between the cutoff value of two adjacent lossy TE' modes.
Note, however, that the first peak on the four-layer attenuation
curve (Figure 9) is considerably lowexr than the subsequent peaks.
This behaviox is unlike that of the attenuation curve presented
at 632.8 nm (Figure 5). Observe that the TE‘O mode of the
three-layer guide (Figure l2) is reasonably low-loss, and that,
although nearly complete transfer of energy between the guide

and the silicon occurs for tgy = 0.025 um, coupling is into a
low-loss mode. For the subsequent peaks on the abtenﬁation

curve (IFigure 9), coupling is into high-loss modes of the partial
structure and the attenuation of the four-layer guide is thus
greater. TFor large silicon thickness, however, the four-layev
attenuation curve (Figure 9) exponentially approaches that of the
three~layer structures previously analyzed [22], where the
semiconductor layer is considered semi-infinite. Similarly,

the abrupt transitions on the mode index curve of the complecte

structure (Figure 10) occur when the phase match condition is
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satisfied and the guided waves couple into successively higher

order modes of the partial structure. These results are similar

to the power transfer calculations for linearly tapered directional

couplers [23-25]. Finally, note that the period and amplitude

of the attenuation characteristics of the silicon-clad guide are

a function of the material permittivities for a given wavelenghth

as Figure 5 (A = 632.8 nm) and Figure 7 (A = 1150 nm) indicate.
Calculations presented in this section demonstrate that the

;ttenuation ané mode index of the four-layer silicon clad planar

dielectric waveguide behave as exponentially damped sinusoids

for a wavelength of 1150 nm. The effect may be explained as a

coupling between the basic TE0 mode of the dielectric waveguide

and the high loss TE' modes of the semiconductor guide. The

oscillatory behavior of the attenuation and mode index cu=xves, a

necessary prerequisite for the direct modulation of the guided

beam, is still apparent and detailed calculations of a direct

optical modulation scheme at 632.8 nm are presented elsewhere

[Appendix I]. These calculations at’ 1150 nm demonstrate that the

required modulation technique is still feasible without inadvertent

excitation of the silicon cladding by the guided light wave.

B. Frequency Filtering

The attenuation characteristics of silicon-clad waveguides
are a function of the material permittivities for a particular
wavelength as Figure 5 (Ao = 632.8 nm) and Figure 9 (AO = 1150 nm)
indicate. Based on the observed change in period and amplitude
of the attenuation curve oscillations as the material parametersb

vary with wavelength, it is evident that selective frequency
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filtering can be realized with a silicon-clad waveguide. 1In
particular for a given silicon-cladding thickness, the attenuation
will vary drastically as the material permittivities vary with
wavelength, and through optimization of the semiconductor cladding

thickness, a particular frequency filtering response may be

obtained with the clad guide. For example, note that a silicon

thickness tgy = 0.10 ym lies in a range of high attenuation

(o > 104 n/m) on Figure 5 (A = 632.8 nm), while it is in a region

of low attenuation (a < 103 n/m) on Figure 9 (X = 1150 nm).:

It is this effect which will be used for frequency filtering.
The permittivities of all four materials (air, silicon, guide,
substrate) in the planar waveguide structure of interest vary
with wavelength: however amorphous silicon is particularly
sensitive to frequency variations as Table I indicates [21].

The predicted frequency filtering effect is due almost solely to
a chénge in silicon permittivity. It should be again noted that
the permittivity of amorphous silicon is highly dependent upon
the method of preparation.

Attenuation versus silicon thickness curves similar to those

of Figure 5 and Figure 9 were generated as the wavelength was

allowed to change from 0.35 um [17, 21] to 1.55 um and the

permittivities of the four layers consequently varied. All
attenuation curves retained their characteristic oscillations;

however, the amplitude and period of the oscillations were sig-

nificantly altered. Similarly, the mode index versus silicon

thickness curves retained their characteristic oscillatory behavior

although the frequency and amplitude of the oscillations changed.

5
!
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Table II

Amorphous Silicon Parameters as a Function
of Wavelength

wWavelength (microns) Refractive Index Felative Permittivity
el ell

n k R R
0.35 3.63 2.860 5.0 20.80
0.42 4.53 1.470 18.4 13.40
0.52 4.43 0.900 18.8 8.00
0.57 4.21 0.660 17.3 5.60
0.62 4.11 0.388 16.8 3.20
0.65 4.04 0.289 16.3 2.35
0.69 3.97 0.188 15.8 1.50
0.74 3.88 0.155 15.0 1.20
0.89 3.67 0.068 13.5 0.50
1.00 3.65 0.062 12.3 0.45
1l.15 3.59 0.056 12.9 0.40
1.24 3.55 0.039 12.6 0.28
1.55 3.52 0.028 12.4 0.20
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Figures 13-15 were obtained by assuming a given silicon

thickness in the four-layer planar structure and allowing the

wavelength to vary (and consequently the material permittivities).

The resulting attenuation (dB) for a 1 mm wide silicon bar is
plotted vertically in Figures 13-15.

A high pass frequency filter is realized in Figure 13.
Insertion loss is approximately 10 dB for wavelengths greater
than 1.0 ym for the three silicon thicknesses considered
(t
may be adjusted by varying the silicon thickness.

Filters with passband wavelengths of 0.6 pym to 0.9 um are
shown in Figure 14. Note that both the exact location of the
pass band and the insertion loss may be varied for the three
silicon thicknesses of interest (tSi = 0.03, 0.04, 0.05 ym) and
that high attenuation occurs immediately outside of this pass
band region.

Additional filter characteristics are presented in Figure
5 and Appendix II. The effect of a silicon dioxide buffer layer

to reduce overall attenuation is considered in Appendix II.

Si 0.06, 0.08, 0.13 uym). The particular filter characteristics

eI
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V. Experimental Studies

This section describes experiments which were performed to
verify the effects of buffer layers, light modulation and filtering

as described in the previous sections.

A. Buffer Layer Fabrication

Since even relatively short sections of semiconductor-clad

waveguides are lossy (1 mm length of Si at t, = 0.05 um,

2
o > 10 dB), the attenuation must be reduced significantly for a
practical device. Thin dielectric buffer layers are commonly
used to lower the attenuation losses of metal-clad dielectric
waveguides [26]. These layers are placed between the dielectric
core and the metal, and act as buffers to remove a large proportion
of the field from the metal cladding. The effect of a silicon
dioxide (SiOz) buffer layer on the attenuation versus silicon
thickness characteristics is considered in Appendix I, and results
indicate that the absolute attenuation may be reduced significantly
while still preserving the damped sinusoidal behavior apparent
in the curves of Figures 5 and 6.

Fabrication of these low refractive index buffer lavers
was then attempted; low loss guides were prepared using an
ion-exchange technique [27-301 and silicon dioxide was deposited
using a radio frequency sputtering system. For each run, the
system was pre-pumped to a base pressure less than 5 x 10_6 Torr
and all sputtering was performed in an argon atmosphere at 10-‘2 Torr.

Initial SiO2 films appeared to have a refractive index greater

than that of the ion-exchange guide (n = 1.58) as the guided
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wave was severely attenuated upon encountering the SiO, film.

2
(and thus its refractive index) may be controlled by adjusting the
powers coupled into the upper and lower plates of the sputtering
system it thus appears that further optimization of certain
sputtering system parameters may be required before a buffer

layer film of appropriate refractive index and quality is

realized.

B, Modulation Effects

Experimental devices were constructed to verify the
predicted modulation capabilities of the semiconductor-clad
waveguides. The amplitude and phase modulators described
utilize light-induced changes in the imaginary portion of the
permittivity of the semiconductor cladding to vary tﬂe propagation
characteristics of the guided wave; thus, photoconductive
silicon is necessary; however, amorphous silicon (sputtered) is
permeated with dangling bonds which render the sputtered silicon
photoelectrically and photoconductively dead. One solution is
to sputter in an argon/hydrogen gas mixture which effectively
passivates the dangling bonds [20]. It appe=ars, however, that
the resultant photoconductive properties of the argon-hydrogen
sputtered silicon is a complicated function of several sputtering
system parameters (gas pressure, gas composition, target-to-substrate
spacing, sputtering power, etc.). Initial attempts at sputtering
in a 99% Ar-1% H, mixture did not yield silicon with a measureable
photoconductive response and thus modulation experiments have

proven unsuccessful.

e A 18 SO M T 08
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The experimental setup was as follows: A 5 mW He-Ne (632.8 nm)
laser was coupled into the silicon-clad guide using a prism
coupler. An HP5082-4205 photodiode was positioned approximately
2 mm from the output side of the silicon bar to make scattered
light measurements, while a 2W Ar laser illuminated the silicon
bar (a No. 24 Wratten filter was placed over the detector head
to filter out the Ar laser). No change in scattered light
at the output side of the silicon-clad wavegqguide was observed.

Possible explanations include the previously mentioned
difficulties with the fabrication of phoﬁocoﬁductive silicon
and also, lack of significant absorption of the illuminating
laser source by the silicon cladding. Calculations indicate
that only 5% of the incident photon flux will be absorbed by
the silicon (2 = lO4 cm-l at A = 0.5 um) for a silicon thickness
of 0.05 pym. Inadvertent excitation of the silicon cladding

by the 632.8 nm guided wave was also addressed in Section 3A.

C. PFilter Characteristics

Experimental verification of the predicted filter response
curves of the silicon-clad waveguides was attempted and
preliminary confirmation of the attenuation versus guide wavelength
characteristics is presented in this section. Low-loss, single-
mode optical waveguides were diffused into soda-lime glass using
an ion-exchange fabrication technique [28-31]. Uniform silicon
films 1 mm wide and extending across the waveguide were deposited
using a radio frequency sputtering system. For each run, the

system was pre-pumped to a base pressure less than 5 x 10-6 Torr
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and all sputtering was performed ir an argon atmosphere at a
pressure of 10_2 Torr. A number of uniform silicon films with
thicknesses in the range of 0.02 ym to 0.4 um were fabricated.

Determination of the filter characteristic¢s necessitates
waveguide attenuation measurements as a function of guide
wavelength. Unfortunately, both the fluid-~coupling and sliding
output prism schemes require the coupling out of the guided
wave and are plagued with experimental inaccuracies for the
measurement of the high predicted attenuations [32], it was thus
decided to measure the light scattered from the guided beam
using an apertured silicon photo diods.

The detector used was a current active HP5082-4205 photo
diode connected to a Photodyne Model 22XLA Fiber Optic Multimeter.
A Coherent M 599.01 Dye Laser pumped by an Innova 90-2 Argon
Laser was coupled into the silicon-clad guide using a prism
coupler. The detector head was positioned approximately 2 mm
from the input side of the silicon bar and scattered light
measurements were recorded as the dye laser was tuned; the
photodetector was then positioned approximately 2 mm from the
output side of the silicen bar and measurements were again taken
as a function of laser wavelength. Laser output power was
continuously monitored. The difference between the two measurements
yields the attenuaticn for a given wavelength, and results for a
silicon cladding thickness of 0.04 ym are shown in Figure 16.
Despite the limited wavelength range available Qith the Rhodamine
590 Dye (570-635 nm), the tendency for the attenuation to increase

considerably in the lower wavelength region is clearly apparent,

ssee ki
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as computer calculations predict (Figure 17). Subsequent attenuation
measurements were attempted from 488-520 nm using the argon

laser but the waveguides strongly fluoresced. It should be
noted‘éhat fluorescence<wés not obsérveédgver thé wavélengfh
range in Figures 18-~19, and is thus not a significant loss
mechanism for this region. This fluorescence has been previously
discussed and incorrectly attributed to the silver ions present
in the ion~exchange waveguides ,18]. We observed broad band
red-orange fluorescence in the Fischer brand microscope slides
which are being used as substrates for the waveguide structure.
The fluorescence is thus most likely due to trace impurities

(Fe, Eu) present in the microscope glass [33].

It became apparent, then, that an alternate waveguide
structure had to be used. The formation of ion-exchange waveguides
from silwver nitrate melts has traditionally been attributed to
the diffusion of silver ions into soda-lime glass and the
subsequent replacement of sodium ions whichwﬁiffuse out of the
glass (an exchange process); however, we have successfully
fabricated single mode waveguides by diffusing silver ions into
silicon dioxide (quartz). These results indicate that a diffusion
rather than an exchange process may be the controlling factor
in the formation of the "ion-exchange" waveguides; furthermore,

it was noted that the diffused waveguides do not fluorescé.
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VI. Conclusions

A number of important conclusions can be drawn from this
work. The investigation of the complex permittivity near the

band gap edge indicates that the absorption coefficient may be

shifted by application of an electric field or through generation

of electron-hole pairs; thus direct optical modulation of

a guided wave by photon-induced conductivity changes in a
semiconductor-cladding still appears fzasible. Experiments thus
far with silicon-clad guides have yielded negative results;
further experiments with GaAs~clad guides may be more fruitful
Lsiqce calculations indicate that the shift in the absorption
coefficient is only appreciable in direct band gap materials.
Buffer-layer fabrication problems may be overcome through
optimization of certain deposition system parameters. Frequency
filtering has also been suggested for these clad guides and
preliminary experimental results have confirmed the predicted
characteristics. These and other areas are currently being

examined.
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FOUR~ AND FIVE-LAYER SILICON-CLAD
DIELECTRIC WAVEGUIDES¥

Glen McWright and T. E. Batchman
University of Virginia
Charlottesville, Virginia

ABSTRACT

Computer modeling studies on four-layer silicon-clad planar dielectric wave-
guides indicate that the attenuation (&) and mode index (B/K) behave as exponentially
damped sinusoids as the silicon thickness is increased.. The observed effect can be
" explained as a periodic coupling between the guided modes of the lossless structure
and the lossy modes supported by the high-refractive index silicon. Furthermore,
the attenuation and mode index are significantly altered by conductivity changes in
the silicon. An amplitude modulator and phase modulator have been proposed using
~ these results. Predicted high attenuations in the device may be reduced signifi-

cantly with a silicon dioxide buffer layer.

INTRODUCTION

A need has arisen for direct optical modulation technology. This need has
arisen from the search for faster digital switches, higher capacity data channels,
and light, compact data preprocessing equipment for satellites. One promising
technology that has been examined is the modulation of a guided light wave via
photoconductivity changes in a semiconductor cladding.

Computer modeling studies on four- and five-layer, silicon-clad, planar di-
electric waveguides indicate that the propagation characteristics can be altered
by changes in the complex permittivity of the silicom and in the thickness of the
silicon. Using these predictions, an intensity modulator and a phase modulator
based on photon-induced conductivity changes in the semiconductor cladding have

been studied.

SEMICONDUCTOR-CLAD WAVEGUIDES

The four-layer planar waveguide structure under consideration is shown in
Figure 1, where it is assumed that light is propagating in the dielectric (N,)
and all materials are lossless except for the semiconductor (NZ)' We desire”to
solve for the complex mode propagation constant (o + jB).

*Research sponsored by NASA-Langley Research Center under Grant NSG-1567.
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One technique (1) extends Maxwell's equations and boundary conditions to
numerically solve a transcendental equation relating the attenuation constant
(a) and phase constant (B) to the material types and thicknesses of the wave-
guide structure (hereafter refered to as PROGRAM WAVES).

A more efficient method (2) utilizes a matrix representation of Maxwell's
equations, field solutions and boundary conditions in each waveguide layer (here-
after refered to as PROGRAM MODEIG). The matrices are multiplied and a character-
istic matrix for the entire structure is obtained which yields the attenuation
constant and phase constant.

The waveguide consists of a semi-infinite glass substrate, a polystyrene core )
of thickness 1 micrometer, a silicon cladding of .0l micrometer to 10 micrometers
in thickness, and a semi~infinite layer of air. Each materiul is characterized by
a complex relative permittivity, £; a free space wavelength of 532.8 nanometers is
assumed and material parameters are shown for this wavelength (Fig. 1) Layers Nl,
N3, and N4 are lossless dielectrics, so E, is real; however, at optical frequencies
the permittivity of the silicon (Nj) is complex (€, = €', + je"y), and the complex
part is a linear function of the conductivity (E"r = g/wey) .

PREDICTED CHARACTERISTICS

The curves presented in Figures 2 and 3 were generated by repeated use of our
own PROGRAM WAVES and later confirmed with PROGRAM MODEIG. The silicon cladding
was varied from .0l micrometer to 10 micrometers and the complex mode propagation
constant was calculated. The expected result was that as the cladding thickness
was reduced to zero, the attenuation decreases to zero in a well-behaved manner;
however, the results were not well-behaved when the silicon thickness falls below
1 micrometer. The curves are similar to exponentially damped sinusoids. Extreme
B/K variations correspond to median values in the a-curve, and extreme o variations
correspond to median B/K values. By increasing the conductivity of the silicon
cladding, the amplitude of the curve oscillations decreases slightly, and the a-
curve shifts vertically to a higher attenuation. The percent change in attenuation
compared to dark conditions (0 = 0,) for different conductivities (0 =1.104, 0=
1.25 0,, 0 = 1.5 Jg) is shown in Figure 4. The B/K curves shift for a conductivity
change, as well, although not in such a well-defined manner. The percent phase
shift compared to dark conditions (0 = 0,) for different conductivity changes is
shown in Figure 5. These effects will be used for intensity and phase modulation
in a device where a signal source induces photoconductivity changes in a thin sili-
con cladding on a waveguide, thus modulating a coherent beam in the guide.

-

FIELD CALCULATIONS

We now consider the problem of correlating the local maximum/minimum points
on the :ittenuation and mode index curves with the electric and magnetic fie'ld
distributions in the waveguide layers. Results indicate that the presence of a
thin silicon film (<98A&) has little effect on the wave function profiles; the
profiles are similar to those of the three-layer lossless structure (air-dielectric-
substrate). For the thick silicon film structure, however, the lowest order mode
of the lossless three-layer structure couples to the modes associated with the

213
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semiconductor film (the high-refractive index silicon behaves as a waveguide).
Furthermore, the coupling between the modes supported by the three-layer lossless
structure and the high loss TE' modes* of the silicon waveguide determines the
attenuation and phase of the complete four-layer structure.

Our results can be described as periodic coupling between the guided mode and
other leaky modes of the same guide. First, we examine the partial structure con-
sisting of a silicon guiding region surrounded by semi-infinite layers of air and
polystyrene. The attenuation and mode index are shown in Figures 6 and 7. We note
a phase match condition between the modes of the partial structure (air, silicon
guide, polystyrene) and the TE, mode of the complete waveguide at cutoff thicknesses**
for successively higher order modes of the partial structure. The sharp peaks on
the attenuation curve, for the four-layer structure, occur whenever the guided wave
is strongly coupled into the high~loss modes of the silicon partial structure;
conversely, the sharp nulls of apparently zero coupling efficiency occur at thick-
nesses midway between the values for two adjacent leaky modes of the partial struc-
ture. This is similar to the results of power transfer calculations for linearly
tapered directional couplers (3, 4). The abrupt transitions on the mode index
curve of the complete structure occurs when the phase match condition is satisfied
and the guided wave couples into successively higher order modes of the partial
structure.

We now consider our results in terms of the electric and magnetic field distri-
butions at the local maximum/minimum points on the attenuation vs. silicon thickness
curve. The real part of the TEy mode electric field profile in the transverse direc-
tion is shown for a cladding thickness, ty, = .007 micrometers (Figure 8(a)). We recall
that this thickness is below the cutoff value for the silicon waveguide structure;
note that the wave function profile is not appreciably distorted. ’

For the first local minimum (t2 = ,05um), we observe that the field strength at
the silicon-dielectric interface approaches zero. We also note the exponentially
decaying solutions in the outer, semi-infinite layers as expected. For the first
local maximum (t, = .09um), we observe a sharp peak in the wave function profile at
the silicon-dielectric interface as coupling to the TE'l mode of the silicon guide
occurs (Figures 8(b) and 8(c)).

Similar behavior is noted for the next local minimum/maximum pair, Figures 9(a)
and 9(b), (t2 = .13um and t, = .18um). The field strength is effectively zero at the
silicon-dielectric interface for the local minimum, and a4 sharp peak in the wave
function is evident for the local maximum as coupling to the TE‘2 mode of the silicomn
guide occurs. We also note that the field begins to oscillate in the semiconductor
cladding as we couple into the higher order modes of the silicon waveguide structure.

Again, for the next local minimum/maximum pair (tg = .22um and tp = .26um) the
number of field oscillations in the silicon increases. (See figures 9(c) and 9(d).)
The increase or reduction in field strength at the silicon-dielectric interface is
also apparent, At this local maximum (t = .26um), there is the sharp field peak
at the interface, but the field decays rapidly through the dielectric indicating
almost complete energy transfer. For the other maxima cases considered, the sharp
* TE', denotes guided modes in the semiconductor and TE; denotes guided modes in

the dielectric.

** Cutoff for the silicon guide occurs when (B/K)g; < npolystyrene'
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peak was evident at the interface, however, a sizable field was still present in the
polystyrene dielectric. This indicates that the local maximum (and likely, minimum)
values used for the calculations are not the precise values as in the former case
(Figures 9(a) and 9(b)).

The field plots indicate, then, that the attenuation and mode index of the
four-layer structure may be explained quite simply as a coupling between the basic
three-layer lossless waveguide (air-dielectric-substrate) modes and the high loss
TE' modes of the silicon guide. For a local minimum on the attenuation-thickness
curve, the field at the semiconductor interface is zero, and for a local maximum,
a sizable field is set up at the interface which decays rapidly through the guide
and substrate. Finally, the number of field oscillations in the silicon increases
as we couple into the higher order modes of the partial structure.

REDUCTION IN ATTENUATION THROUGH USE OF FIVE-LAYER
STRUCTURE

Thin dielectric buffer layers have been used to lower the attenuation losses B
of metal-clad dielectric waveguides (5). These layers are placed between the di-
electric core and the metal, and act as buffers to remove a large portion of the
field from the metal claddings. We now consider the effect of an Si0; buffer layer
on the attenuation vs. silicon thickness characteristics.

The result for an Si0s buffer layer (£, = 2.12) of several different thick-
nesses is shown in Figure 10. We note the familiar damped sinusoidal behavior and
the corresponding reduction in attenuation.

The result for an Si0p buffer layer (tgig, = 20003) of several different per-
mittivities is shown in Figure ll. Again we note the damped sinusoidal behavior
and the corresponding reduction in attenuation.

Our studies indicate, then, that the attenuation may be reduced significant:ly
with an §i09 buffer layer while still preserving the oscillatory behavior of the
attenuation curve; more effective reduction is accomplished with a lower permittiv-
ity buffer layer. Also, a buffer layer increases the B/K values slightly but
decreases the amplitude of the oscillations on the B/K-thickness curve.

CONCLUSTIONS

Computer modeling studies on four-layer silicon-clad dielectric waveguides
indicate that the attenuation () and mode index (B/K) behave as exponentially
damped sinusoids as the silicpn thickness 1is incrcased. The observed effect can be
explained quite simply as a periodic coupling between the guided modes of the loss-
less structure and the lossy modes supported by the high-refractive index silicon,
Furtliermore, the attenuation and mode index are significantly altered by conducti-
vity changes in the silicon; an amplitude modulator and an intensity modulator have
been proposed using these results. Predicted high attenuations in the device may
be reduced significancly with a silicon dioxide buffer layer between the semiconduc-
tor and the polvstyrene guide, ‘
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Experimental confirmation of the predicted characteristics is still necessary.

A number of thin-silicon film waveguides have been RF sputtered but attenuation
measurements to verify the damped oscillatory behavior are forthcoming. Conduc~-
tivity variations of the silicon should demonstrate the modulation capabilities.

1,

2.

3.
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Mode Coupling Between Dielectric and
Semiconductor Planar Waveguides

T. E. BATCHMAN, MEMBER, 1EEE, AND GLEN M. MC WRIGHT, STUDENT MEMBER, |EEE

Abstract — Computer modeling studies on four-layer silicon-clad planar
dielectric waveguides indicate that the attenuation and mode index
behave as exponentially damped sinusoids when the silicon thickness
is increased. This effect can be explained as a periodic coupling be-
tween the guided modes of the lossless structure and the lossy modes
supported by the high refractive index silicon. Furthermore, the at-
tenuation and mode index are significantly altered by conductivity
changes in the silicon. An amplitude modulator and phase modulator
have been proposed using these results. Predicted high attenuations in
the device may be reduced significantly with a silicon dioxide buffer
layer.

I. INTRODUCTION

HERE has been considerable interest in metal-clad optical
waveguides since they are used for electrooptic and mag-
netooptic devices [1]-[10]. It has also been suggested that
metal-clad optical guides be used as polarizers for integrated
optics [11]. Semiconductor-clad or positive-permittivity
metal-clad waveguides have been analyzed more recently, and
measurements have confirmed the predicted characteristics of
such guides [12], [13]. Both the metal- and semiconductor-
clad guides are extremely lossy in the visible region, especially
when the waveguide thickness is thin cnough to preclude all
but the lowest order TE or TM modes from propagation.
Partly because of these high losses, semiconductor-clad wave-
guides have found few applications in integrated optical de-
vices, although it has been suggested by Lec er al. [14] that
such waveguides be used for optical control of millimeter-wave
propagation in diclectric waveguides. The calculations pre-
sented here will suggest two applications for these clad wave-
guides in the optical propagation region.,
The permittivity of a lossy material i1s given by
NS, S
2 ~jg Bg ~
weE,,

(1)

where g is the conductivity of the metal at frequency w. The
permittivity can also be expressed in terms of the refractive
index as

n=e"?=p-jk

)
where 7 and & are the real and imaginary parts of the refractive
index, respectively.  Although values for these parameters are
sometimes hard to find, they are usually available for bulk
semiconductors [1S]. Values for amorphous and polycrystal-
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line films formed by vacuum deposition are not as readily
available [16], [17] since they often depend on the deposi-
tion technique used. The complex nature of the material
permittivity makes the analysis of even planar waveguide
structures difficult, and thus, elaborate computer solution
techniques must be employed. Although Lee er al. [14] have
shown that both the real and imaginary parts of the permittivity
vary with incident light intensity, the variation in the real part
can be shown to be relatively small compared to the imaginary
part. It has thus been assumed that if light is incident on the
semiconductor cladding, then the major change will be in the
conductivity, which is given by

0=0, teldn(ue +up)

3)

where pu, and u,, are the electron and hole mobilites, respec-
tively. The dark conductivity o, is then changed by the crea-
tion of a number of hole-electron pairs An = Ap. The total
conductivity, and consequently, complex permittivity of any
semiconductor can thus be changed by the creation of hole-
electron pairs.

During an investigation of planar waveguide structures which
utilize this externally induced permittivity change, it was dis-
covered that these structures exhibit periodic coupling be-
tween modes in the diclectric waveguide and a semiconductor
cladding. It was further noted that changes in the conductivity
of this lossy semiconductor cladding produced relatively large
changes in the attenuation and phase constants of the propa-
gating mode in the dielectric waveguide. The periodic coupling
and the resulting modulation effects are discussed in detail in
the following paragraphs.

II. THEORY AND NOTATION

The four-layer planar waveguide structure under considera-
tion s shown in Fig. 1 where the guided light is propagating i.“
the z-direction in the dielectric (V4), and it is assumed there 15
no variation in the y-direction.  All materials are lossless except
for the semconductor (V;). The dispersion relations for this
structure are well known, and two methods of solution for the
complex mode propagation constant (a + /) have been de-
scribed previously [8], [18].

In the first technique, the operator selects initial guesses for
a and B and convergence factors for error estimation. The
computer then uses a random walk technique to caleulate
values for a and B satistfying the dispersion relation for the
structure of interest [8]. In the second method, matrices are
created for cach layer based on given constraints and a Ch_-'"'
acteristic matrix for the entire structure is obtained. Solving

0018-9197/82/0400-0782500.75 © 1982 IEEE
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Fig. 1. Four-layer planar waveguide structure,

for the eigenvalues yields the complex mode propagation
constant. Calculations presented here were originally obtained
using the dispersion relation approach and later confirmed
with the eigenvalue method [18].

The waveguide consists of a semi-infinite glass substrate, a
dielectric core of thickness 1 um, a semiconductor cladding
varying from 0.01 to 10 gm in thickness, and a semi-infinite
layer of air. A free-space wavelength of 632.8 nm was as-
sumed, and all material parameters shown in Fig. 1 are for
this wavelengtir. The three most common semiconductors,
silicon, gallium arsenide, and germanium, vere used as the
cladding layer, and relative permittivity values are summarized
in Table I. Bulk values have been used where data were not
available for thin films. As previously noted, the refractive
index of thin amorphous semiconductor films depends on the
method of deposition and any impurities deliberately or ac-
cidently added to the semiconductor [19], [20]. Measure-
ments of deposited films will thus be required before experi-
mental results can be compared to the predictions presented
here.

II1. ComPARISON OF CLADDING MATERIALS

Silicon was selected as the first semiconductor cladding ma-
terial to be investigated, and the attenuation and phase con-
stant curves of Figs. 2 and 3 were generated by varying the
cladding thickness from 0.01 to 10 um. (The phase constant §
has been normalized by k, = 27/A, so that all curves show the
mode index.) All other parameters were held constant in these
calculations and results were confirmed by using both com-
puter solution techniques [8], [18]. It was initially expected
that decreasing the lossy cladding thickness to 0.01 um would
reduce the attenuation to zero in a well-behaved manner;
however; the results were not as expected below a silicon
thickness of 1.0 um. The curves are similar to exponentially
damped sinusoids, with extreme values of the mode index
(B/k,) curves corresponding to the median values (maximum
slope) in the attenuation (a) curves. Extreme values of the a
curve correspond to median values in the f/k, curves and the
oscillations in both curves approach the median value at 1.0
um.

Since the period of these oscillations (0.08-0.09 um) is not a
fraction of the wavelength of light in the dielectric (A4 =
0.3985 um), it must be related to ecither the waveguide struc-
ture or the properties of the semiconductor cladding. Gallium
arsenide, which has a complex permittivity that is nearly the
same as silicon, was used for the next series of calculations.
The attenuation and phase characteristics were almost identi-
cal to those of silicon, and varying the dielectric waveguide
thickness r3 to 0.8 um had little effect on the characteristics.
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TABLE |
SEMICONDUCTOR PARAMETERS AT A = 6328 sm
K, P
vlo:?v' 'f-ll\‘l:llv Sotractive fades
Materaal = - n »
Silicon 16.76 1,73 . 0.213
Gallium Arsenide 14.3 12 3.7 0.16
Gctl‘llll‘“ 164.43 19.54 ‘b 2.2

“
values for amorphous thin films
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The dielectric and glass layers were interchanged (i.e., glass
substrate, GaAs, dietectric, air) and the rate of exponential
decay increased, but the period remained constant.

As Table I indicates, the permittivity of germanium has a
significantly larger imaginary part and would thus be expected
to have the largest cffect on the observed characteristics. Figs.
4 and 5 show that the larger conductivity of germanium nearly
eliminates the damped oscillatory behavior in the thickness
region of interest. The damping is so rapid that it is difficult
to determine an oscillation period.

A similar effect had been noted by Heavens [21] and Strat-
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ton [22] for semiconductor and metal films, respectively.
Heavens considers thin films of a material with n=2 and &
varying, and calculates the expected phase change on reflec-
tion of a normally incident wave on an air-film surface. For
very small &, the phase change oscillates, while for large &, the
phase changes very hittle unul the film thickness approaches
zero. Neither author makes use of this property or considers
such matenals as waveguide claddings. To better understand
the oscillatory behavior, the electric and magnetic field distn-
butions in the four-layer waveguide were examined at the local
maxima and minima points on the attenuation versus silicon
thickness curve. The real part of the TE, mode electnic field
profile in the transverse direction 1s shown for a cladding
thickness 1, =0.007 um (Fig. 6). Note that the profile 1s
everywhere positive and not appreciably distorted from that
for the TE, mode of a three-layer lossless diclectric waveguide.

For the first local minimum at 7; = 0.05 um, the field begins
to oscillate and crosses the zero axis at the silicon-dielectric
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interface (Fig. 7). For the local maximum at 7, =0.09 um,
the wave function profile has a sharp peak at the interface and
oscillations continue (Fig. 8). Similar behavior is observed for
the next local minimum and maximum pair (¢, =0.13 um and
t; =0.18 um, respectively). The field strength is effectively
zero at the silicon=dielectric interface for the minimum and
reaches a sharp peak at the interface for the maximum point
on the attenuation curve,

As Figs. 9 and 10 indicate, this behavior continues for the
next mimmun: and maximum pair (£; =0.22 and 0.26 um,
respectively). It is now evident that the field in the silicon
adds another § cycle of oscillation between each maxima and
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minima, which suggests that as the silicon thickness increases,
the energy from the dielernic waveguide couples into higher
order modes in the silicon which now behaves as a lossy wave-
guide. Fig. 10 aiso exhibits the charactenstic sharp peak at the
interface but the field in the diclectric decays very rapidly,
indicating almost complete energy transfer to the silicon. For
the other maxima shown, there was still a sizable field in the
dielectric waveguide, which suggests the local maxima and,
likely, the minima values used for the field calculations were
not the precise values. Additionai calculations confirmed that
a significant field again existed in the diglectnic when 7, was
changed from 0.26 um to 0.26 * 0.005 um.

Fig. 10. Wave function profile, 1g; = 0.26 um (local maxunum).

1t 1s evident from the field distributions that the presence of
extremely thin films of silicon (<100 A) has little effect on
the diclectrnic waveguide; it behaves as a three-dayer lossless
structure (air=dielectric-substrate). For thicker silicon films,
however, the TE; mode of the dielectric waveguide couples
into the modes associated with the semiconductor film, As
might be expected, the high refractive index silicon behaves
as a lossy waveguide.

IV. ANALYSIS OF COUPLING CHARACTERISTICS

The results discussed above can be described as a penodic
coupling between the guided mode (TEy) in the dielectric
and the lossy TE' modes' of the semiconductor waveguide
This coupling has a profound effect on the attenuation and
phase characteristics of the onginal fourlayer waveguide.
Since the field plots indicate successive coupling to higher
order modes in the silicon layer, a partial structure consisting
of a silicon guiding region surrounded by semi-infimite layers
of air and dielectric was analyzed.

Figs. 11 and 12 show the mode index and attenuation con-
stants for the first few low-order TE' modes in the silicon
waveguide.  All modes are very lossy, and the attenuation
increases for the higher order modes. In Fig. 11, note that a
phase match condition between the TE" modes of the partial
structure (air=sihcon-dielectric) and the TE;, mode of the
complete waveguide (Fig. 3) occurs at the cutoff thickness
for successively higher order modes of the partial structure.
The sharp peaks on the attenuation curve for the four-layer
structure (Fig. 2) occur whenever the guided wave mode index
matches that of one of the high loss TE; modes of the partial
structure. The st arp nulls in the attenuation curve, indicating
very low coupling efficiency, occur at thicknesses midway

'TE; denotes guided modes in the semiconductor and TE; denotes
guided modes in the diclectne,
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between the cutoff value of two adjacent lossy TE' modes.
Fig. 11 also indicates that the TE; mode in silicon does not
cut off sharply as the higher order modes do. Lack of a well-
defined cutoff is a characteristic usually associated with the
TM, and surface wave modes [12]. The abrupt transitions
on the mode index curve of the complete structure (Fig. 3)
occur when the phase match condition is satisfied and the
guided waves couple into successively higher order modes of
the partial structure. These results are similar to the power
transfer calculations for linearly tapered directional couplers
[23]-[25] where the semiconductor is assumed to be lossless
at the wavelength of interest.

Close examination of Fig. 2 indicates that the attenuation in
the region of an oscillation minima is governed by an equation
of the form

. ~agt
a=K(1-¢ """ cos wiy )

(3)

where

K = semi-infinite attenuation of the four-layer waveguide
(i.e., when 1, —=o0),

a; = attenuation (n/m) of the three-layer silicon waveguide
at thickness l;

h* thickness of the silicon at any point near a local min-
ima (¢) in the range 0.1 <7, < 1.0 um,

w = penod of the oscillation determined by the cutoff thick-
ness of cach TE' mode.

For the siiicon waveguide of Fig. 2, this equation becomes

~ils X 10"
a=9.1X10° |1 -e "% cos —— s /M2,
0088 %

The field plots and the snalysis of the partial structure indi-
cate, then, that the attenuation and mode index of the four-

(4)
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layer structure may be explained as a coupling between the
basic TE, mode of the dielectric waveguide and the high-loss
TE' modes of the semiconductor guide. As more TE' modes
are excited, the effect on the TE, mode becomes negligible
and the waveguide characteristics exponentially aspprcach
those of the three-layer structures previously analyzed [12],
where the semiconductor layer is considered semi-infinite,

V. APPLICATIONS

The imaginary portion of the relative permittivity of a semi-
conductor is a linear function of the conductivity and can thus
be externally varied. Based on the observed attenuation and
phase characteristics of germanium-clad waveguides (e, large),
the conductivity of silicon was increased by 10, 25, and 50
percent to confirm that the amplitude of the oscillations de-
crease with increasing conductivity. The attenuation and
phase oscillations both decrease in proportion to the increase
in conductivity of the silicon layer. The calculated percentage
change in attenuation and relative phase shift with conductivity
as a parameter are shown in Figs. 13 and 14, respectively. Fig.
13 shows the percentage change in attenuation compared to
the normal attenuation calculated with o =0, (dark conduc-
tivity). The curve crosses the horizontal axis when the attenu-
ation is equal to that of the 10 um silicon thickness structure,
Fig. 14 shows the relative change in phase shift compared to
the o = g, value, where the phase shift is given per millimeter
of length of silicon in the z-direction. Both the attenuation
and phase shift changes increase with increasing conductivity,
and the percentage change increases as the silicon thickness
approaches 0.1 um. Both changes are large enough to be
readily measurable and useful for device application.

One device utilizing these effects would be a waveguide am-
plitude or phase modulator. To amplitude modulate, a film of
either silicon or gallium arsenide would be deposited on a
diclectric waveguide transverse (') to the direction of propa-
gation (z). The thickness of the film would be determined
by the type of modulator desired. For example, an amplitude
modulator might be constructed with a silicon thickness of
0.05 or 0.13 um (in the x-direction). The length of the modu-
lator in the z-direction would likely be less than 1| mm. To
modulate the light wave in the dielectric guide. the semicon-
ductor conductivity could be varied by a varicty of methods
including heat, electric fields, or an incident incoherent light
beam with photon energy above the bandgap of the silicon.
In a sumilar manner, a phase modulator could be constructed
by selecting the semiconductor thickness to produce maxi-
mum phase shift with conductivity change.

Since even relatively short sections of semiconductor-clad
waveguides are lossy (I mm length of Si at 7, =0.05 um,
a> 10 dB). the attenuation must be reduced significantly
for a practical device.  Thin diclectric buffer layers are com-
monly used to lower the attenuation losses of metal-clad
diclectne waveguides [26]. |27).  These layers are placed
between the dielectric core and the metal, and act as buffers
to remove a large proportion of the field from the metal
cladding. The effect of a silicon dioxide (Si0, ) bufter layer
on the attenuation versus silicon thickness charactenistics are
investigated.

The results for silicon dioxide buffer layers of several dif-
ferent thicknesses and two different permittivities are shown



BATCHMAN AND MC WRIGHT: MODE COUPLING

ORIGINAL P2

™
OF POOR QUALITY
—— 0’ v T ——
— +%0% s 3
--—te, * 5% b AR :
----- ore, + 0% SILICON § 1p 1
SILICON DIONIDE i€y * 212) 15,0 1
GUIDE L 10*
SUBSTRATL 3
-
! T
ey ' ] -
SILICON THICKNESS (mecrons) .5. : 5
N
Fig. 13. Change in attenuation with relative change in conductivity } y ;
(oo)' : -»‘ .‘.‘
5 1T &
e v v Py v 4
— @y + 0% :
- 6 --'-'.o”‘
! e gty + 50% 7
— 4 LAYER 1
10
t '0":' P—— 1000 A ‘%
- b 4
i P eseses 8.0, * 20004 1
a - B
9. [ 1
AR asi0
2 SILICON p add aak
-4 GUIDE | 588 o 1 ] 0
QESTRATE a0l SILICON THICKNESS 15 (um)
-6

1 2 3 4 E) 6 7 8 9 10
SILICON THICKNESS (15) micrometers

Fig. 14. Change in mode index with relative change in conductivity
(90)'

in Figs. 15 and 16. Note that the familiar damped sinusoidal
behavior is present and that the attenuation is reduced signifi-
cantly. It was also found that the buffer layer increases the
mode index slightly and decreases the amplitude of the oscilla-
tions, but the phase shift is still large enough to be usefui for
modulation.

In addition to the previously suggested tapered coupler
[24], it may be possible to use the effect in a coupling or
switching layer between two dielectric waveguides. If the
semiconductor layer were sandwiched between two dielectric
waveguides, the field coupling between the two dielectrics
could be controlled by changing the conductivity of the semi-
conductor. The semiconductor film thickness would be se-
lected to provide maximum field strength to the semiconductor
and thus, the second waveguide. Increasing the semiconductor
conductiity would then decrease the coupling between wave-
guides. A semiconductor film would also be applicable to
fiber-to-waveguide couplers [28], [29] where the coupling
could be varied through changes in the semiconductor con-
ductivity.

VI. CONCLUSIONS

It has been shown that dielectric waveguides clad with lossy
semiconductor films exhibit a damped periodic oscillation in
their attenuation and phase characteristics. This is due to the
periogic coupling between the lossy guided modes in the sili-
con film and the TE, mode in the dielectric waveguide. Sug-
gested applications for this effect as modulators and waveguide
switches have yet to be experimentally verified, and the prac-

Fig. 15. SiO; buffer layer (eg = 2.12) of different thicknesses.
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tical application of such devices will depend upon how effi-
ciently the semiconductor conductivity can be varied by an
external source. Experimental devices are currently being
constructed to verify the predicted effects.
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Measurement and Analysis of Periodic Coupling,
in Silicon-Clad Planar Waveguides

GLEN M. MC WRIGHT, sTupeNT MEMBER, 1EEE, T. E. BATCHMAN, MEMBER, IEEE, AND
M. S. STANZIANO, STUDENT MEMBER, IEEE

Abstract~Computer modeling studies indicate that planar dielectric
waveguides clad with silicon exhibit a damped periodic oscillation in
their attenuation and phase charactenstics,. The effect is due to a
periodic coupling between the lossy, guided modes in the silicon film
and the TE, mode of the dielectric waveguide, Experimental con-
firmation of the periodic coupling for a wavelength of 632.8 nm is
presented. Propagation characteristics for a wavelength of 1150 nm
were investigated for application in integrated optical modulators,
Frequency filtering properties of silicon-clad waveguides are also
examined and it is shown that the silicon thickness controls the filter
response curve,

Manuscript received March 1, 1982: revised May 13, 1982, This work
was supported by the NASA Langely Rescarch Center.

The authors are with the Department of Flectrical Engineering,
University of Virginia, Charlottesvilie, VA 22901.

I. INTRODUCTION

ETAL-clad optical waveguides have been studied ex-
Mlcnsively and have found considerable application in
electrooptic and magnetooptic modulators [1]-][5]. Semi-
conductor-clad or positive permittivity metal-clad waveguides
are characterized by high attenuations which have severely
limited their application, although they may be useful as cut-
off polarizers or attenuators [6], and more recently, for
optical control of millimeter wave propagation [7], [8]. We
discuss further applications for these semiconductor<lad
waveguides [9] and report, in this paper, the experimental
confirmation of the predicted characteristics. Frequency
filtering is also suggested as an application for these clad guides
in the optical propagation region based on predictions pre-
sented here.

0018-9197/82/1000-1765%00.75 © 1982 IEEE
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The permittivity of a semiconductor is given by
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(1

= ’ ’- L = ’ — _’;a_

€R =€ -je =¢ s

where o is the conductivity of the material at frequency w.

This can also be expressed in terms of the refractive index of
the semiconductor as

(2

where n and k are the real and imaginary parts of the refrac-
tive index, respectively. Values for the thin amorphous semi-
conductor films of interest are highly dependent on the
preparation technique used [10].

Lee et al. [7] have shown that both the real and imaginary
portions of the permittivity vary with incident light; however,
the variation in the real part is smali compared to the imagi-
nary portion. It is assumed, then, that if light is incident on
the semiconductor film, electron-hole pairs are created and
only the conductivity varies according to

n=el?=n-jk

0 = 0geln(pe + pn)

where u, and uj, are the electron and hole mobilities, respec-
tively, and An is the number of generated electron-hole pairs.
The imaginary portion of the permittivity is thus changed
proportional to the number of generated pairs.

As previously reported [9], planar waveguide structures
utilizing this externally induced conductivity change have
been analyzed and it was shown that the actenuation and
mode index of the propagating mode are significantly altered
by conductivity changes in the semiconductor cladding. An
amplitude modulator and phase modulator were proposed
using these results. Furthermore, it was noted that the planar
waveguide structures ex:ibit a periodic coupling between
modes in the dielectric waveguide and semiconductor cladding.
The experimental confirmation of the periodic coupling from
the wavegui.¢ modes to the semiconductor cladding is dis-
cussed in Section Il for propagation at 632.8 nm. Section
III examines the waveguide characteristics at a wavelength
below the bandgap of the silicon cladding (1150 nm). Based
on the previous analysis of the characteristics of the guide at
632.8 nm and the results of Section III, it was observed that
the silicon film could be used as a frequency filter. The
frequency characteristics are investigated in detail in Section
IV and these results suggest the use of such clad waveguides
as coarse frequency filters.

Il. THEORY AND EXPERIMENTAL VERIFICATION

Computer modeling studies of four-layer, silicon-clad,
planar optical waveguides indicate that the attenuation behaves
as a damped sinusoid with increasing semiconductor thickness
[9]. Experimental confirmation of this predicted etfect is
presented after a brief review of previous predictions.

The four-layer planar waveguide structure under considera-
tion is shown in Fig. | where the guided light 1s propagating
in the = direction in the dielectric (N;), and it is assumed
there is no variation in the y direction. All materials are loss-
less except tor the silicon (N;). The dispersion relations for
this structure are well known and two methods of solution
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Fig. 1. Four-layer planar waveguide structure,

for the complex mode propagation constant (a + j§) have been
described previously [11], [12].

The waveguide consists of a semi-infinite glass substrate, a
dielectric core of thickness 1 um, a silicon cladding varying
from 0.01 to 10 um in thickness, and a semi-infinite layer of
air. A free-space wavelength of 632.8 am was assumed and all
material parameters shown in Fig. 1 are for this wavelength.
It should be noted that permittivity values for thin amorphous
semiconductor films depend on the method of deposition and
any impurities deliberately or accidentially added to the semi-
conductor [13], [14]. Thus, valuss assumed in these calcula-
tions may vary from those of the experimental films since no
attempts were made to measure the permittivity of the experi-
mental films at optical frequencies.

Silicon was investigated as a semiconductor cladding and the
attenuation curve of Fig. 2 was generated by varying the
cladding thickness from 0.01 to 10 um. All other parameters
were held constant in the calculations and results were con-
firmed using the two computer solution techniques [11], [12].
It was initially expected that decreasing the lossy cladding
thickness to 0.01 um would reduce the attenuation to zero in
a well-behaved manner; however, the results were not as
expected below a silicon thickness of 1.0 um.

Experimental confirmation of the oscillatory behavior of
the attenuation versus silicon thickness curve was subsequently
attempted.  Low-loss, single-mode optical waveguides were
diffused into soda-lime glass from a sodium nitrate/silver
nitrate melt using an ion-exchange fabrication technique
[15]-[18]. Uniform silicon films | mm wide and extending
across the waveguide were deposited using a redio-frequency
sputtering system [19]-[21]. For each run, the system was
prepumped to a base pressure less than 5 X 1078 torr and all
sputtering was performed in an argon atmosphere at a pressure
of 107? torr. A number of uniform silicon films with thick-
nesses in the range of 0.02-0.4 pm were fabricated. High
predicted attenuations in the siliconclad guide along with
severe experimental inaccuracies in either the fluid coupler
or the sliding-prism attenuation measurement technique [3]
has made quantitative contirn.ation difficult. Thus, a photo-
graphic technique was emplov:d for confirmation of the
behavior shown in Fig, 2.

As Fig. 3 indicates, qualitative confirmation of the damped
oscillatory behavior ot the attenuation versus silicon thickness
curve has been successtul. A 5 mW He-Ne (632.8 nm) laser
was coupled into the silicon<lad guide using o prism coupler.
Fig. 3 is a top view of the coupler and silicon<lad planar
waveguide with propagation trom left to right. In each of the
three photographs, the coupling into the waveguide was
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film Uninterrupted propagation occurs until the beam

encounters the 1 mm wide silicon film at which point it may
suffer a large attenuation.  Shght differences in the beam
intensity to the left of the shilcon film are due to differences in
coupling etficiency and scattering in the individual waveguides
For a silicon film 200 A thick [Fig

attenuated as computer calculations predict

3(a)], the beam s clearly
For a film S00 A
thick (a predicted mimuimum on the attenuation thickness
Fig. 2) nearly

curve ol uninterrupted propagation occurs
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[Fig. 3(b)]. and for a film 1100 A thick (a predicted region of
i(¢))
The three points labeled “measured™ in Fig. 2 correspond to

high attenuation), the beam 1s again attenuated |[Fig

the film thicknesses at which the photographic exposures
were taken and are not quantitative amplitude measurements
The principal conclusion which can be drawn from the data is
that there is at least one minimum in attenuation which occurs
in the thickness range 200-1100 A, The existence of this
local minmmum between 200 and 1100 A was similarly veri-
It should
that accurate thickness measurements are difficult

fied with a different set of silicon-clad waveguides
be noted
for silicon films less than 200 A and that the values for the
refractive indexes used in the computer calculations may differ
Further-
more, predicted high attenuations for subsequent peaks and
valleys of the attenuation versus silicon thickness curve make
contirmation of

from those of the actual silicon-clad waveguides

thicker silicon
films extremely difficult (1.e., the attenuation for subsequent
peaks is greater than 1000 dB/cm). Additional measurements
will be required to coafirm the absolute attenuation levels

the oscillatory behavior for

observed

1. CALCULATIONS AND ANALYSIS AT 1150 nm

It has been predicted that the attenuation and mode index
of the four-layer silicon-clad guide are significantly altered by
conductivity changes in the silicon, and amplitude and phase
Cal-
culations were presented for a wavelength of 632.8 nm, and

modulators have been proposed using these results |9]

modulation would be accomplished as a result of a change in
the semiconductor conductivity via an incident light beam

It is
evident, however, that the 632.8 nm guided wave will inad-

with photon energy above the bandgap of the silicon

vertently excite the silicon cladding since it is above the band-
gap
to 1150 nm and the amplitude and phase charactenstics of

To circumvent this problem the wavelength was changed
the guide were analyzed. This wavelength is such that the
absorption coefficient of amorphous silicon is mimimal [22],
[27] and appreciable excitation of the sihicon cladding due to
the 1150 nm gumded wave 1s unhikely. Direct optical modula-
tion, however, would still be realized by altering the conduc-
tivity of the sihcon with a Light beam with photon energy
above andgap of sihcon (in the visible region). Computer
predictions of the propagatnion charactenstics of the four-
layer sihconclad planar waveguide at 1150 nm are presented
in this section

The attenuation and phase constant curves of Figs. 4 and §
were generated by varying the silicon cladding thickness from
001 to 1.0 um (the phase constant § has been normahzed
Ma.

terial parameters shown in Figs. 4 and 5 are for a 1150 nm

by K, = 2n/X, so that all curves show the mode index)
wavelength,  The curves are again similar to exponentially
damped sinusoids with extreme values of the mode index
(B/A,) coresponding to the median values (maximum slope)
in the attenuation (a) curves. Extreme values of the a curve
correspond to median values in the /A, curves and the oscil-
lations 1in both curves approach a median value at 10 um.
Similar behavior was observed for a wavelength of 632.8
nm and results were described as a periodic coupling be-
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tween the guided mode (TEg) in the dielectiic and the lossy
TE' modes' of the semiconductor guide (9]. Figs. 4 and §
show that such coupling still occurs and the amplitude of the
oscillations has increased.

This coupling (or lack thereof) has a profound effect on the
attenuation and phase characteristics of the original four-
layer waveguide. Therefore, a partial structure consisting of a
silicon guiding region surrounded by semi-infinite layers of
air and dielectric was analyzed.

The mode index and attenuation constants for the first
few low order TE' modes in the silicon waveguide are shown
in Figs. 6 and 7. All modes (except, perhaps the lowest order
TEo mode) are very lossy and the attenuation increases for
the higher order modes. In Figs. 5 and 6, note that a phase

'TE denotes guided modes in the semiconductor and TE; denotes
guided modes in the dielectnc.
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match condition occurs between the TEy mode in the wave-
guide and the TE} mode in the partial structure (air-silicon-
dielectric) at tg; =0.2 um. This phase match is present at
each of the successively higher order TE' mode cutoff thick-
nesses and corresponds to the respective attenuation peaks in
Fig. 4 for the total structure. The sharp nulls in the attenua-
tion curve, indicating very low coupling efficiency, occur at
thicknesses midway between the cutoff value of two adjacent
lossy TE" modes. Note, however, that the first peak on the
four-layer attenuation curve (Fig. 4) is considerably lower
than the subsequent peaks. This behavior is unlike that of the
attenuation curve presented at 632.8 nm (Fig. 2). Observe
that the TE, mode of the three-layer guide (Fig. 7) 1s reason-
ably low-loss, and that, although nearly complete transfer of
encrgy between the guide and the silicon occurs for rg; = 0.25
um, coupling is into a low-loss mode. For the subsequent
peaks on the attenuation curve (Fig. 4), coupling is into high-
loss mo.es of the partial structure and the attenuation of the
four-layer guide 1s thus greater. For large silicon thickness,
however, the four-layer attenuation curve (Fig. 4) exponen-
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tially approaches that of the three-laver structures previously
analyzed (23], where the semiconductor layer is considered
semi-infinite. Similarly, the abrupt transitions on the mode
index curve of the complete structure (Fig. 5) occur when the
phase match condition is satisfied and the guided waves couple
into successively higher order modes of the partial structure,
These results are similar to the power transfer calculations for
linearly tapered directional couplers [24]-[26]. Finally,
note that the period and amplitude of the attenuation charac-
teristics of the silicon-clad guide are a function of the r aterial
permittivities for a given wavelength as Fig. 2 (A = 632.8 nm)
and Fig. 4 (A = 1150 nm) indicate.

Calculations presented in this section demonstrate that the
attenuation and mode index of the four-layer silicon clad
planar dielectric waveguide behave as exponentially damped
sinusoids for a wavelength of 1150 nm. The effect may be
explained as a coupling between the basic TE, mode of the
dielectric waveguide and the high loss TE'" modes of the
semiconductor guide. The oscillatory behavior of the attenua-
tion and mode index curves, a necessary prerequisite for the
direct modulation of the guided beam, is still apparent and
detailed calculations of a direct optical modulation scheme at
632.8 nm are presented elsewhere [9]. These calculations at
1150 nm demonstrate that the required modulation technique
is still feasible without inadvertent excitation of the silicon
cladding by the guided light wave.

IV. SeLecTivVE FREQUENCY FILTERING

The attenuation characteristics of silicon-clad waveguides are
a function of the material permittivities for a particular wave-
length as Fig. 2 (A, =632.8 nm) and Fig. 4 (A, = 1150 nm)
indicate. Based on the observed change in period and ampli-
tude of the attenuation curve oscillations as the material
parameters vary with wavelength, it is evident that selective
frequency filtering can be realized with a silicon-clad wave-
guide. In particular, for a given silicon-cladding thickness,
the attenuation will vary drastically as the material permittivi-
ties vary with wavelength, and through optimization of the
semiconductor cladding thickness, a particular frequency
filtering response may be obtaired with the clad guide. For
example, note that a silicon thickness fg; = 0.10 um lies in a
range of high attenuation (a> 10* n/m) on Fig. 2 (A =632.8
nm), while it is in a region of low attenuation (a < 10* n/m)
on Fig. 4 (A =1150 nm). It is this effect which will be used
for frequency filtering. The permittivities of all four ma-
terials (air, silicon, guide, substrate) in the planar waveguide
structure of interest vary with wavelength; however amorphous
silicon is particularly sensitive to frequency variations as
Table | indicates [27]. The predicted frequency filiering
effect is due almost solely to a change in silicon permittivity.
It should be again noted that the permittivity of amorphous
silicon is highly dependent upon the method of preparation.

Attenuation versus silicon thickness curves similar to those
of Figs. 2 and 4 were generated as the wavelength was allowed
to change from 0.35 to 1.55 um and the permittivities of
the four layers consequently varied [10], [27]. All attenua-
tion curves retained their charactenstic oscillations; however,
the amplitude and period of the oscillations were significantly
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altered. Similarly, the mode index versus silicon thickness
curves retained their characteristic oscillatory behavior al-
though the frequency and amplitude of the oscillations
changed.

Figs. 8-10 were obtained by assuming a given silicon thick-
ness in the four-layer planar structure and allowing the wave-
length to vary (and consequently, the material permittivities).
The resulting attenuation (dB) for a 1 mm wide silicon bar is
plotted vertically in Figs. 8-10.

A high-pass frequency filter is reaiized in Fig. 8. Insertion
loss is less than 7 dB for a wavelength greater than 1.0 um for
the three silicon thicknesses considered (tg; =0.09,0.10,0.11
um), and the extinction for wavelengths less than 0.7 um is
more than 50 dB. The particular filter characteristics in the
waveiength region of 0.7-1.0 um may be adjusted by changing
the thickness of the silicon cladding.

Filters with passband wavelengths of 0.7-0.9 um are shown
in Fig. 9. Note that the exact location of the passband may
be varied for the three silicon thicknesses of interest (rg; =
0.15, 0.17, 0.19 um) and that high attenuation (>100 dB)
occurs immediately outside of this passband regic. . Insertion
loss, however, is approximately 20 dB.

Even relatively short sections of silicon-clad waveguides are
lossy, and for a practical device the insertion loss must be
reduced significantly. Thin dielectric buffer layers have been
used to lower the attenuation losses of metal-clad dielectric
waveguides [28]. These layers are placed between the dielec-
tric core and the metal and act as buffers to remove a large
portion of the field from the metal cladding. The effect of a
silicon dioxide (SiO;) buffer layer on the filter response curve
was investigated. The results are shown in Fig. 10. A silicon
thickness rg; =0.13 um was assumed and the attenuation
versus wavelength was calculated for a four-layer structure.
Note that an insertion loss of approximately 40 dB is apparent
in the passband region of 632.8 nm, although rapid extinction
is evident (>400 dB) immediately outside of the passband
region. A silicon dioxide buffer layer (tg; = 0.2 um) of refrac-
tive index n =146 was then added, and the filter response
curve for the five-layer structure was calculated. Insertion loss
is now less than 9 dB at a wavelength of 632.8 nm while rapid
extinction (>200 dB) is still evident immediately outside of
this passband. Further reduction of the passband attenuation
may result from optimization of the buffer layer and silicon
thicknesses. Although no attempt has been made to optimize
the filter characteristics, Figs. 8 and 9 indicate the low fre-
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quency cutoff and the attenuation peaks may be adjusted by
proper choice of cladding thickness.

V. CONCLUSIONS

It has been shown that planar dielectric waveguides clad
with silicon exhibit a damped penodic oscillation in their
attenuation and phase charactenistics. The etfect is due 10 a
periodic coupling between the lossy guided modes in the
silicon film and the TE, mode of the dielectric waveguide.
Experimental confirmation ot this penodic coupling for a
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wavelength of 632.8 nm has been achieved. Calculations for a
wavelength of 1150 nm indicate that the attenuation and
mode index still retain their oscillatory behavior. Thus, a
direct optical modulation scheme through excitation of the
silicon cladding is still applicable without inadvertent excita-
tion of the cladding by the guided wave. The silicon-clad
guide may also be used as a frequency filter, and the charac-
teristics may be adjusted through optimization of the silicon
thickness and through control of a buffer layer. Practical
devices are currently being constructed to confirm their pre-
dicted characteristics.
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