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I. INTRODUCTION

Integrated optical devices offer a variety of interesting
and useful possibilities for use in high-speed and high-volune
information processing systems. Though integrated optical
techniques have not been widely implemented, the needs of
advanced information processing and transmission systems for
direct fiber-optical switching, high-speed real-time processing,
and high-vblume on-chip or board-to-board interconnects warrant
the continued development of the optical technologies.

A variety of techniques have been proposed for fabricating
integrated optical devices using semiconductors, lithium niobate,
and glasées as waveguides and substrates, This investigation has
focused on the use of glass waveguides and their interaction with
thin semiconductor cladding layers. Though the interactions of
these multilayer waveguide structures have been analyzed here
using glass, they may be applicable to other types of materials
as well. The brimary reason for using glass is that it provides
a simple, inexpensive way to construct waveguides and devices.

Much of 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 a complex value where the imaginary portion
represents the loss of the material at the frequency of interest
(w)., The lossy material is a semiconductor since the properties
of such materials can be changed by doping, electric fields and

incident photons. Of particular interest is the absorption
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coefficient, o , which may be related to the imaginary portion of

the refractive index by the expression o= Z?k. The physical

mechanisms of this absorption are discussed in detail in Section
II. The discussion uses the particular case of absorpfion in
GaAs, as it is the best candidate for use in constructing an
optical modulator.

Guided-wave studies of the GaAs-clad waveguides for use as
modulators are detailed in Séction III, while Section 1V
introduces a semiconductpr-clad guided-wave polarizer. Recent
studies of spectral filtering are presented in Section V, while
Section VI introduces a high-speed amorphous silicon guided-wave

photodetector.

II. OPTICAL ABSORPTION IN GaAs

The optical parameters of absorption and dispersion in GaAs
(and in other semiconductors), exhibit a number of interesting
properties that may be exploited for use in various
electro-optical and photo-conductive devices. In the following
analysis, these properties are studied for possible use in light-
controlled- integrated-optical modulators and frequency f&lters.

For a material with finite conductivity, the parameter of
interest is the‘permittivity, which influences electromagnetic
wave propogation, as will be shown. For a piane wave of
frequency w, the electric and magnetic fields are given by vector

representations as
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where r is the unit direction vector and E is the complex
propagation vector

k + ky+ jk (2)
The real part of k kkl) controls dispersion, or phase-shift,

while the imaginary part (k,) controls attentuation, or loss.

For a material with unit relative magnetic permeability (Mr = 1)

~ ~ ~ 2 £ wz
= . r
k-k =upegew® = Y (3)
where €3 and U are the permittivity and permeability of free
space and c¢ is the speed of light. The only parameter that

includes the effects of the medium is the complex relative

dielectric constant

€ T € + Je, = €4 + o/weo (4)

where 0 is the "a.c. conductivity".

The complex index of refraction n, is then given by €, = n2

such that
€. = 2nk

2
where k is the magnitude of propagation vector E.l

The loss term associated with conductivity may be described
by an attenuation constant, (also called an absorption
coefficient), which is given by?2

_2TEy  annk . 213 5
@ = =X T OTA T WE~A~ _ nNCe
0 0 0*o 0

(6)

Given in nepers/meter, this constant defines the exponential rate
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of decay of the amplitude of a given wave. Immediately, we see
that if conductivity can be changed, then the absorption, and
thus the attenuation of a light wave traQelling through the lossy
medium can be changed.

In a semiconductor, this a.c. conauctivity {and the
resulting attenuation coefficient) is a function of many
different material mechanisms, which are, in turn dependent on
the frequency of the propagating wave. These include classical
free carrier absorption effects, and quantum effects suchas
photon-phonon interactions, intra-band and interband transitions,

and band~gap shifts.

A. The Semiconductor-Clad Waveguide

The propagation effects to be discussed are of interest
in several areas, including crystal-growth studies, self-focusing
in solid-state lasers, and (for our work) modulation in an
optical waveguide.3,4,5 The waveguide structure of interest is
shown in Fig, 1. Guided waves propagating in layer 3 couple into
the high permiftivity, lossy semiconductor cladding 1ayer5. The
resulting attenuations and phase shifts have been determined by a
computer énalysis for various thicknesses of several types of
semiconductor cladding layers, as éhown in Fig. 2 and Fig. 3 for
GaAs. The results of the analysis for GaAs (with light
propagating at Mj= 0.827 um), show that when G (or subsequently
£2) is varied by a given amount, then the attenuation and phase
changes are shown in Fig, 4 and Fig. 5, respectively. These
calculations, which assume the GalAs pérmittivity values and

guiding-layer thickness shown in Fig. 2, will be discussed
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further in Section III.

The changes shown in these fiéures are sufficient for
modulation if 6 can be changed sufficiently from its initial
value. The problem of modulating the guided light beam is then
essentially that of finding a way to sufficiently vary the value
of 3, and thus the value of loss term €, and the absorption
coefficient o, Thus, in the analysis that follows, various
models for 6 anda will be studied. Particular attention is
given tothe possibility of varyingd by injecting free carriers,
using a second light source as a modulating beam. GaAs is of
primary interest as it is a direct-gap semiconductor and thus

should tend to be more photo-active than indirect semiconductors.

B. The Dispersion Relations

As a starting point for our understanding of the
interactions between the real and imaginary portions of the
complex permittivity, we use the relations that connect
diépersive and‘absorptive processes. As derived by Kramers ana
Kronig, they are applicable to the real and imaginary parts of a
complex guantity which describes a linear relation between two
amplitudes. The frequency-dependent complex value €,.(w) is such
a gquantity, as it relates the amplitude of an electric field (E)

to its displacement (D)

D(w) = e & .(w) E(w) = e (eq(w) + jey(w))E(w) -

For a propagating wave, ¢ (w) describes a phase shift between

successive values of wave amplitude. For a metal or
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semiconductor with a zero frequency value for conductivity of 9g,
this Kramers-Kronig relation takes on the following form

1 1
wwez(w ) 1

2
e (w) =1l+=p [ —5— du
1 T Wl (8a)
1
o ©e (w)
-0 _ 2w A S (8b)
eqw) =275 anIZZdw
0 0 w -w

Here, p is the Canchy principle value bf the integral. These
relations apply similarly to h and K.

Absorption-reflection analysis, when applied to relation
(8a), leads to the result that €] will have maxima at frequencies
where the derivative of €2 1S large and positive, while minima at

de
frequencies where a_?.is large and negative. Relation (8b) leads
W

to the same result for €3, as related to the derivative of &;.
It is interesting to note that a similar sort of relation holds
between the attenuation and mode index of our waveguide
structure, (as shown in Figs. 2 and 3) as they vary with GalAs

thickness.

C. Free Carrier Absorption: The Classical Model
At longer wavelengths (far intrared) the incident
photdns associated with a wave propagating in a semiconductof do
not have enough energy to excite many interband transitions, and
the absorptive inéeraction of the material with the wave can be
modeled by using classical means., This analysis has previously
been applied to metals in the form of the Drude theory.

Here, the a.c. conductivity (from Eg. 4 and Eg. 6) is given

by the classical relation between current density and electric



field

J = OE (9)
For the propagating wave case where electrons are the charge
carriers, we use the equation of motion of an electron with

effective mass m* in the electric field of the wave

.o = = -jut
m*vx = -C]Ex = -qEOe J (10)

When the above equation is used to solve the Eq. (9), the

following result is obtained

n 2 . T2
J =—~9—* {< > =Jjw < >} E
X m ]+w2T2 1+w2r2 X

(11)
where 1is the mean carrier lifetime and n is the free carrier

concentration., When the d.c. conductivity is expressed as

gy = nqu/m* (12)
then Eg. (11) can be expressed in simplified form asz'6
o OaWT
~ s e 0 . 0
G =0 +jo’" = + ]
1+w212 ]+w2T2 (13)

This classical treatment shows that (tp'first-order) the
a.c, conductivity and thus the.absorption is directly related to
the d.c. conductivity and inversely related to frequency. For
low frequency, wt << 1 so g” > ¢g”% and § *d(which corresponds
directly to conductivity losses in a propagating wave). 1In the

very low frequency range (radio frequency or microwaves)&af&oo.

Thus & ~igp and, by Eg. (3)

/70
Il = Ik|= /4 (14)
In such a case, the skin depth approximation, often used to

describe propagation in good conductors, holds
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5=3=(

(L5)
Of specific importance from this classical mo@el is the fact
that the absorption, which is proportional to the d.c.
conductivity, 1is thus proportional to the free <carrier
concentration (n). We note this effect for semicomductons im the
longer wavelength region (beyond the fundamental absorpiicom edge)
of Fig, 6, where curve A has the lowest doping lewel, and thas
the lowest value for n, while curve C has the highest doping
level,?
For the high frequency region of this classiczl madel, wa>>]
and ¢”7 >>¢g, which yields
o . OQUT .

A A (1%)

o

When combined with Eq., (4)

Jo 2
gr 381'+j ( g) S : 2 A7
EqW T m*aow (7

Eq. (17), then, predicts that there is no loss o alhsonyti.omn
associated with the material at high ffequency (whileih lis also the
.case of total reflection, as for metal-coated minzers). The
frequency where€ =0 is known as the "plasma freguemncy” (where

Wp is in the short wavelength visible to ultraviolet).

- 1/2
= *

wp = aln/mreqey) (18)
Physically, it corresponds to the case where an umdamged plasma
of electrons and positive ions can oscillate (in sesSOnaEnce) as a

2 .. .
whole. Ideally, this resonance produces a discoriirLrons chamnage



in absorption, yielding a "plasma edge" as shown in Fig. 7. 1In
reality, this change is not a perfect discontinuity, and the
absorption is not zero, as will be predicted by taking guantum
effects into accountﬁfor semiconductors.

By using this classical development, Lee, et. al. has been
able to construct an optically-controlled millimeter-wave

7 In this device, the millimeter waves

modulator in silicon,
propagate through the silicon with an absorption defined by the
a.c. conductivity of -Eg. (13). A thin plasma layer is then
induced and conrolled in the surface of the silicon by a laser

light source that propagates at a wavelength such that the

frequency well above wpr @S in Fig. 8. The amplitude and phase

of the millimeter-wave is changed according to the properties of

the plasma layer, as it is conrolled by the laser light.

D. Quantum Effects: I.R. and The Fundamental Absorbtion
For our case of optical propagation with optical
control, the classical model does not provide a complete picture
of the behavior of the absorption coefficient, 1In this region of
propagation, the primary phenomena of interest are the various
types of photon absorptions that may occur.

As the fregquency of the incident (guided) wave advances
through the infra-red region (for GaAs), photon absorption is.a
function of phonon interaction (due to lattice effects) and
intra-band absorption as may occur between overlapping valence
bonds (as shown in Fig. 9). The governing factor is that all

photon-absorption processes such as energy transitions or phonon

excitation can only occur when the photon energy, (hf or hw), is



great enough to cause the carrier to span the "quantum jump"
associated with that transition of phonon. These effects tend to
perturb the general shape of the long-wavelength portion cf the
absorption curve of Fig. 6 (especially out in the far infrared,
for semiconductors).

At some frequency, the photon energy associated with the
light wave finally becomes large enough that electrons in the
valence band can rise into the conduction band when they absorb
photons. This condition is described by the following relation

h\)f = ’ﬁ(.t)f = Eg (19)

where Eg is the band gap (or fdrbidden region) shown in Fig. 10.2
The rapid rise in ebsorption that results from this transition is

called the "fundamental absorption", and wg (with its associated
free-space wavelength, A ¢y jis known as the "absorption edge", as

£ P g
shown in Fig, 6,

In a direct band-gap semiconductor (such as GaAs), the
photon-induced transition from the conduction band to the valence
band can take place with no change in éhe momentum (K) vector as
in Fig. 10(a). 1In an indirect bandgap (sch as with Si or Ge),
the momentum vector must change for the energy gap transition,
resulting in a multi-step transition as in Fig., 10(b), which
involves phonons. Because the multi-step (indirect) transition
is less probable, indirect-gap materials tend to be less
photoacéive. This‘explains our choice to use GaAs as a cladding
layer for the modulatorf

For GaAs, AEg = 1.424 eV at 3000K, sowg¢ = 2,16 x 10 15

10
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rad/sec or A¢ = 8711 A = .8711um, (in the near infra~red).8

E. GaAs Absorption Spectra

The effects of free carrier absorption, intra-band and
phonon absorbtion, and the inter-band fundamental absorption
provide a reasonably complete model for total absorption in GaAs,
as shown in the experimental data of Fig. 11, for the various
doping levels at room temperature.9 As expected, the fundamental
absorption occurs near A= 0.87yp , and the rise is extremely
steep, up to about a= 104, as seen in Fig. 12,10 (shifts and
other characteristics of the fundamental absorption will be
discussed shortly.) Recall from the free carrier theory that the
more highly doped (n-type) samples should have a higher
absorption (at wavelengths greater than the fundamental edge),
The data in Fig, 11 certainly bears this out, which shows that
the absorption can be modeled by the free carrier theory of Eq.
(6). When approximated by the low frequency version of Eg. (13)
this yields

20

a s 7.5 x 1070 n a3

cm_1)
(20)
of éa:ticular interest in Fig. 11 is the fact that, for
A<4M, the absorption ceases to fall, (as would be predicted by
the free carrier model) and may even start to climb slowly. This
characteristic, a result of an "optically assisted" inter-

conduction band transition, can be approximated (at A= 2y) asil

18

i} - -1
a; = 6 x 10 nO(cm ) (21)

Hote that the effect seems to be diminished for the degenerately

11



n-doped (5.4 x 1018cm~3) sample of Fig. 11.
For p-type samples, an inter-valenhce band transition is seen
in the absorption spectrum, as shown in Fig. 13,12 This "hump"

in the absorption spectrum corresponds to a transition at .43 eV,

F. ©Shifts in the Fundamental Absorption
As shown in Fig. 11lb and as predicted by all models,
temperature shifts tend to change all pa;ts of the absorption
spectrum, This is particularly true for the case of the
fundamental absorption, where the width of the energy gap changes
with temperature. This can be seen in Fig. 13, where the gap
shrinkage at lower temperatures causes the energy of the
absorption edge to shift downward (or the wavelength to shift
upward), For simplicity, we will continue to concentrate on
effects at room temperature (~3000K), This high temperature
constraint also implies that additional effects due to excitons
will be almost negligible, except perhaps for the small "hump" at
the top of the "high purity" curves of Fig. 14,3/13
The fundamental absorption also changes with conduction band
carrier density, doping and compensation. This could be
particularly valuable for our application; as we desire as large
a change in absorption as possible, with respect to induced
carrier densities. While the absorption coefficient obtained
from the free carrier theory can easily be changed over an order
of magnitude with Goping (as seen at A ® 3uin Fig. 11), the span
of the fundamental absorption is three to four orders of
magnitude, as shown in Fig. 12.

As seen in Fig. l4a, increasingly high dopings in n-type

12



GaAs tend to make the absorption edge less steep, and shifts it
toward higher energies (lower wavelengths)., This is an example
of the Burnstien-HMoss effect, combined with a band-tailing
effect, as will be discussed momentarily. For p-type doping, as

Seen in Fig. 14b, the absorption edge moves downward in energy

as a result of band-tailing) with higher dopings up to poz 10%?

CM_5, at which point the Burnstien-Moss effect pushes the

absorption edge back toward higher energies.ll

4~

The Burnstien-boss effect occurs (for heavy doping) when the
lowest energy states of the conduction band become filled by
donor electrons. Once these states are filled, any additional
electrons excited into the conduction band by photo-induced
transitions, must traverse a larger energy "jump" in order to
reach an gagvailable state. Thus, the absorption edge is shifted

to higher energy (or shorter wavelength). This process occurs as

outlined in Fig. 15.2

While the Burnstien-i#oss effect acts to shift the
fundamental absorption edge to shorter'.wavelengths, band tailing
tends to shift the absorbtion edge to lower energies (longer
wavelengths) by reducing the effective band-gap. Band tailing
occurs when the impurity levels of induced dopants interact with
the band edges of the intrinsic semiconductors, creating new
states just inside those band edges. This condition is shown in
Fig, 16.for the density of statesA in the non-doped crystal vs,
those of the highly doped crystal (as predicted by several
14, 15 Note that the valence band has a larger band

reseachers),

tail than the conduction band. This is due to the fact that

13



electrons are screened much more than holés, and thus do not
interact as strongly. The facts that band tailing (anc
Subsequent lowering of the absorption edge energy) is more
Pronounced in p-doped GaAs and that the Burnstien-Iloss effect is
not as significant for the lower effective mass holes, serve to
account for the differences between Fig. l4a and Fig. l4b.

The results discussed thus far have shown a definite
relation between doping and absorption. The modulation mechanism
of interest; in which a second light beam is used to "inject"
carriers, and thus change the absorption is‘, however, a minority
carrier effect.g rphus, it would be instructive to find out how
the absorption coefficient changes with injected minority

carriers. Such a contribution has been studied for application

in Gahs lasers as a model for gain and self—focusing.‘l" 16 The

Ccalculated results, which take band tailing into account, show a
strong dependence of absorption on free-carrier injection, which
is similar to that of Fig., 14.

The result shown in Fig. 17 is for ‘highly compensated p-type
material. As n-type carriers are injected, they first act to
reduce the energy required for the absorption edge slightly (as
for level 2 in Fig. 16). by increasing the length of the band-
tail. As the injected carrier concentration rises,. however, the
states in the band-tail fill, and the absorption edge shifts back
to higher enercies (shorter wavelengths). As the states fill,
the carrier density at the bottom of the conduction band again
becomes high enough that the Bernstien-lMoss effect again is seen,
and the fundamental absorbtion shifts to energies higher than

that of the intrinsic edge (at 1.424 eV).

14



G. The Injection of Free Carriers: Photo-Conductivity
As previously stated, the injected carriers which are
to modulate the guided beam are to result from illumination of
the GaAs waveguide cladding by a second "signal" light bean.
From our previous analysis,it becomes obvious that injection may
be most easily obtained when the second beam propagates at a
wavelength such that the photon energy is well above that cf the
absorption edge, so that electron-hole pairs are "created" by the
resulting band-gap transitions. This guantity is given simply in
terms of excess minority carriers. For p-type material the
excess minority carriers are given by
An = aal”/how (22)
where I'is the intensity of the beam in the material, a is an
adjustment factor called quantum .efficiency. For our case, we
will only consider band-to-band transitions where one electron is
excited by each 100 photons, so a =-0.01) ¢ is the absorption
coefficient, andw is the frequéncy of the light bean.?
For normal incidence on a thin layer of thickness d such

that ad <<1, I” is given by an interference, due to reflections
from the back surface? For normal illumination of visible light

1 - o Q
on our Gahs cladding layer of Fig. 1, a= 104(ggw) and d< 2500 A

=5 % 10_5 cm, so this is indeed the case. Thus, the wavelength

of the incoming light must be matched to a given thickness such
that a maximum amount of light can be absorbed. The conditions
for this criterion will be discussed in Appendix A.

Assuming that absorbed intensity is maximized and is uniform

15



throughout the layer for a given GaAs thickness, and solving for

Eg. (22) at a visible light wavelength of A= 6328 % crw= 2,977

X 1015. thena = 104

>

In - 3.1855 x 1020 electrons

w - cm (23)
Thus, the maximum value from Fig. 17 of An = 4 x 10jg Ccould be
achieved with

I =12.56 M—;j' (absorbed power density)

cm”

(24)

(at ideal quantum efficiency) which is a very realistic value for
modulation with small amounts of power in the modulating signal

beam,

H. ‘The Dispersion Relation-Revisited

The Kramers-Kronig relations of Eg. 8 have been used in
their corresponding index of refraction form to calculate the
changes in the real part of the index of refraction with injeéted
carrier concentrations. When a numerical solution of these
equations was applied to the data corresponding to Fig. 17, the
results shown in Fig. 18 were obtained. 16 Thus, as might be
expected, both the real and imaginary parts of the index of
refraction change with injected carrier concentrations.

This fact holds a strong implication concerning our ability
to obtain modulaticn in a 4-layer GaAs~clad waveguide structure,
Recall, for the curves of Fig. 4 and Fig. 5, that maximun
modulation of amplitude and phase will occur at certain very
sharply definc¢ thickness values for the cladding layer. These

values for GaAs thickness at which the modulation is maximized,

16



tend to change, however, with the real part of the refractive
index. The changes caused by carrier injection could cause &
shift away from this "sweet spot" as the modulating signal is
applied. Thus, the GaAs thickness must be chosen and controlled
very carefully so as to insure that such an effect does no limit
modulation too severely. Such changes in the real part of the
refractive index must eventually be incorporated into our

computer analysis to determine their total effect on modulation.

I. Summary

The models discussed herein for absorption in GaAs,
have been studied in order to provide a more complete
understanding of the mechanisms by which an optical modulator
might work, From these models we may conclude that the
propagating beam should be at a wavelength near that of the
fundamental absorption edge in order to take advantage of shifts
in that edge and thus to obtain the greatest possible depth of
modulation. e may also conclude that Fmodulation can be achieved
by shifting the absorption edge through the "injection" of hole-
electron pairs by a second light beam (which propagates at a
reasonable power level) at a photon energy above 'that of the
absorption edge, lie also note that we will need to be careful
with interference patterns in the GaAs layer and that the effects
of chan.ges in the real part of the index of refraction with
injectea carriers must be studied further, In the final
analysis, the results look encouraging, with respect to the

feasibility of using light--light interactions in. GaAs to build

17



an optical modulator.

III. PROGRESS OHM THE OPTICAL NMODULATOR
A. HMaterial choice: GaAs at A = 0,827 HMicrons

As discussed in Section III, a direct band-gap
semiconductor such as GaAs is much more likely to absorb free
carriers and thus to show a change in its absorption or ac
conductivity than is an indirect band-gap material such as Si.
In addition, for any given value of percent conductivity :change,
the percent values of change of attenuat_io/n and phase (shown in
Fig. 4 and 5, respectively) are relatively high for the GaAs clad
waveguide with A= 0,827 um., Note in Fig. 4 that the modulation
of attenuation ranges from + 40% to -140% (depending on
thickness).

The wavelength of propagation should be near the band-edge
of the cladding material, as discussed in Section II, so that
propagating light does not "self-modulate" by generating its own
excess carriers, This also happens to increase the range of
modulation duye to the smaller value <;f the base absorption or
conductivity, 0. Our calculations have shown that a longer
absorption tends to cause the oscillations of Figs. 2 and 3 to
damp out very quickly and to be much less in magnitude. This
reduces the coupling and. decoupling effects that lead to the
large modulation depths (as will be discussed), Since the
absorpti<on drops radically near the band-edge, the oscillations
and thus the modulation effects are increased. This is
illustrated by a comparison of Figs. 4 and 5 with Figs. 13 and 14

of ref. 17 (also Fig. 4 in semi-annual status report

18



UV7%4/528207/EE81/101) where the attenuation modulation only ranges
over 70% for a silicoh—clad waveguides at a propagation
wavelength of 0.6328 um (n = 4.1 - j.21) as opposed to 180% for
the GaAs cladding of Fig. 4 were n = 3.6 - j.066, A review of

the oscillatory effect follows,

B. Review of the liodulation Hechanism

The mechansim for this modulation is the same as that
previously éiscussed for the oscillatory effect, and is described
in detail in ref. 5 (Appendix B). Briefly, the attenuation and
phase characteristics of Figs, 2 and 3 are generated by varying
the cladding thickness from 0.01 to 1.0 microns at the chosen
propagation wavelength. bf .827 . microns. As the cladding
thickness is increased, the GaAs layer supports successively
higher orders of the guided cladding "submodes." At cladding
thickness values where each of the submodes are just barely
supported, the effective index associated with that submode is at
a value which matches that of the dielectric waveguide. A
maximum amount of energy is then transferred into the lossy
cladding and is thus attenuated in the guide. This results in a
local maximum in the attenuation characteristic of Fig. 2.

This coupling effect is illustrated in Fig. 19, where the
mode index of an equivalent three-layer GaAs waveguide is
PlOtﬁEd-'5 hen each of the successive mode orders of the GaAs
layer (cladding) are supported, the effective index values rise
from the dielectric guide value of n = 1.588. For example, at
+GaAs = 0,02, 0.14, and 0.23 pm, the ¥Eg, TE] and TEp modes are

just at their cutoff values and their effective indices are given



by n = 1,588. A look at Fig. 2 reveals that these are the exact
points where attenuatin mazima occurs in the four-layer guide.
The electric field plot cf Fig. 20 shows that for ty = 0.12 um
this corresponds +to a high value of field at the interface of
the dielectric guide with the cladding. Conversely, when the
field value crosses zerc at the interface as in Fig. 21, very
little eneragy is exchanged into the cladding and thus there is
very little attenustion. Fig. 21 also shows that a second order
submode is supported in the GaAs, corresponding to the third

local minimum on the four-layer attenuation curve at a cladding

thickness of (.34 uRl.

This coupling of the modes is the mechenism which leads to
the large changes in attenuation and phase as the absorption in
the cladding is changed. Vhen the cladding thickness is such
that the attenuation is near a peak (at the dark conductivity,
0p) the submocde in the cladding is near cutoff. Thus, when the
conductivity is reduced by even a small amount, the cutoff of
that submode is shifted such that that mode is extingished, so
the attenuation is greatly reduced. A similar effect océurs at
the attenuaticn minima. When the conductivity changes, the
electric field is shifted so as to no longer be zero at the
guide~cladding interface, Eneréy is then coupled into the
cladding; and the attenuation is raised. That effect is less
pronounced however, due to the fact that the submodes are only

shifted, rather than extinguished.

C. Constructing a Bodulator

The semiconductor-on-glass structure that has been
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examined is very useful for theoretical and conceptual studies,
but there are several problems with fabrication. First, the
Semiconductor must be deposited on an amorphous substrate, so it
too must be amorphous. This results in a lowered quantum
efificiency due to traps and imperfections, and it makes the
deposition of thin GCaAs films particularly difficult, Our
experiments have shown that the thermal miagration of the silver
ions (in the ion exchange waveguide that we presently use)
precludes the use of the HMolecular Beam Epitaxy and other GaAs
cieposition techniques which would require high substrate
temperatures. We have sputtered amorphous silicon, but have not
been able to obtain photo-active films due to the high density of
dangling bonds on the surface. We are currently experimenting
with hydrogen in our sputtering process, in order to alleviate
this problem.

Another fabrication approach, which would allow nmore
flexibility in the use of a GaAs semiconductor cladding, is shown
in Fig. 22. Here, a GalAs substrzate rwith a thin active layer
(etched@ to a mesa) is used. A buffer layer of low refractive
index boron-doped Si0, (n = 1.43)'8 g deposited on the surface
of the GaAs, in order to optically isolate the waveguide from the
lossy substrate. Our calculations have shown that this layer
should be about 1.0 microns thick for effective isolation. The
surface‘is then planarized to expose the active layer, and a high
index gqguiding dielectric is cdeposited. Finally, the Gaés
substrate is etched away with & selective etch, and the area is

back-filled with low index S5i0, in order to optically isolate the
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active semiconductor cladding region.  This structure will have
similar properties to that already analyzed, and would have the
advantages of a crystalline semiconductor cladding. In addition,
the substrate could be used to build lasers and active electronic
devices on the same chip with the modulator, while the advantages
of the 1lossless dielectric guide are maintained. Isolated

dielectric guiding layers have been used successfully on silicon

substrates in order to take advantage of these features.]9

One caution is in order concerning the values used in our
calculation's. The complex refractive index of a given
semiconductor cladding is highly cdependent on the deposition
method and system used. Thus, in actual construction the optical
parameters will have to be measured before exact computer

predictions are generated.

IV. A SEMICONDUCTOR-CLAD VWAVEGUIDE POLARIZER

The semiconductor-clad dielectric waveguide can be used as a
TE-TH polarizér, due to the different coupling conditions of the
TE or TM waves in the guide. The pol:arizer and our results are
discussed here and in ref. (20) (in Appendix B).

Waveguide polarizers have been constructed by using

21, 22

selective attenuation in metal claddings, cutoff effects in

the waveguide due to cladding interaction,23 or birefringent
claddings such as calcite.24 Unlike metal claddings on

diclectric guiGes which mainly attenuate the TH mode, - @ silicon
cladding allow the selective attenuation of either the TE or Ti
polarization simply by choice of the thickness of the deposited

cladding layer.
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The planar waveguide structure analyzed is the four-layer
cross section shown in the inset of Fig. 23. The air and the
dielectric substrate layers are taken as semi-infinite, while the
dielectric guiding layer is a constant (1 um) thickness and the
silicon layer thickness, t,, is variable. The refractive indices
used in the computer predictions are also shown in the inset,
where the air and dielectric layers are considered to be
lossless. The silicon layer, being absorptive at 633 nm, is
characterized by a complex refractive index (for amorphous thin
films) 25

n=4.1-30.21 (25)
or a relative permittivity of
€. =€ - Je’7 = 16.76 - j 1.75. (26)

As 1illustrated in Fig. 23 and discussed in previous
references for the TE_ case, the attenuation constant for the
four-layer cuide exhibits a dampéd oscillatory behavior as the
silicon layer thickness is increased from 0.005 to 1.0 microns.,¢
These oscillations are due to coupling between the zero-order
mode propagating in the dielectric wavegquide and the various
orders of the modes which are supported by the silicon layer. As
the silicon thickness is increased, each successive maximum on
the attenuation curve represents a point were the silicon layer
is supporting a SucceSSively higher orcéer mode.

In -order to study the modes of the silicon layer itself, the
TE, and THo mode indices are generated for an equivalent three-
layer air-silicon-dielectric guide, where the dielectric
substrate now has the n = 1.588 index value of the dielectric

guide in the four-layer structure, The results,' shown in Fig.
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24, indicate that a given mode in the silicon can only exist at
thickness values which allow the rﬁode index to be greater than
1.588 for that mode. When the silicon is too thin, the mode index
falls below 1.588 for a given mode, which is then said to be in
"cut-off". When the mode index is just above 1.588, the mode
still propagates, but it is "matched" with the substrate, anda
the;e is large exchange of energy across the silicon-dielectric
boundary. In the four-layer guide, these "match" points
correspond to large amounts of energy being coupled from the
dielectric guide into the absorptive silicon. Thus, as shown by
comparing the mode index curve of Fig. 24 to the attenuation
curve of Fig. 1, the attenuation maxima for the four-layer air-
silicon-dielectric case. Similar behavior has been seen by
Sasaki, et.al. in II-VI compounds for the TEg, case.27

Of special interest here is the fact that, for the TN case,
the three-layer silicon waveguide is below the cut-off thickness
and hence does not support any modes below 0.04 microns, It
follows that the attenuation of the frﬁo mode in the four-layer
guide has an attenuation peak in'Fig. 23 at a silicon thickness
were the TEg or THM, modes may be selectively absorbed into the

silicon and thus are attenuated in the guide.

This extinction ratio between the Tl, and TE, Mmodes is

plotted in Fig, 25 where the theoretical intensity relation
between the two modes is plotted by the solid line using data
from Fig., 23. The extinction is defined as

TE-TM Extinction (dB) = 10 log ( (27)

Lrg/Iw)

and the ratio of output intensities is



I
TE _ _-loqp - aqy)z

™
where z is the 100 micron wiéth of silicon shown onr the top view

of the waveguice in the inset. The rectangles along the dotted
curve show actual experimental measurements, taken by measuring
t';he prism-coupled input and output of wavegquides with a 100
micron wide strip of sputtered amorphous silicon cladding, having
the thickness values shown., The predictions and results indicate
that high extinctions can be obtained for either mode simply by
changing the thickness of the silicon cladding layer.

The suppression in the negative peak of the experimental
data is due to the large amount of scattered and stray light in
the measurement system, which caused the noise level to be at
about -40 dB. The slight shift in the negative peak may be due to
the fact that the experimental waveguides are ion-exchange
graded-index guides, rather than the slab guides analyzed by the
computer program. The refractive index of the sputtered silicon
may also be different from that used in the computer prdicticns
due to varying sputtering conditions.

Views of the scattered light in the guide are shown for both
polarizations in Fig. 26. For the TEo mode, the beam passing
under the 0.04 uym thick (100 um wide) silicon strip is much less
attenuated than the beam which encounters the 0.007 um thick
silicon, Uhen the polarization is changed to the TIily pode the
0.C4 um-thick silicon layer attenuates the beam nuch more than
the 0.007 pm thick layer.

Our silicon-clacd waveguides have yieldec‘i‘a high performance
selective TE-Ti# polarizer, and the measurements of Fig. 25 have

provided good experimental verification of the mode coupling
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characteristics predicted by the computér runs. The observed
results were made possible by the use of the very narrow (100 um)
strip of silicon as a éladding. This narrow width (one-tenth of
that previously used) was achieved by the use of a
photolithographic pattern defining technique in which the entire
wvaveguide, except for the strip, is masked off so that the excess
sputterd silicon is iifted off. This process is outlined in Figq.
27,

The use of the narrow strip has allowed the observation of
the polarization effects, and has reduced the need for any
dielectric buffer layer that would.reduce the attenuation induced
by the semiconductor cladding. Thus, the dielectric buffer
layers discussed in ref., (28) have not been actively pursued,
except as "tuners" for the spectral filters that will be

discussed in Section V.

V. oEHICONDUC"‘OR CLAD WAVEGUILES &S SPEC; RAL FPILTERS (from
reference 28)

The attenuation characteristics of semiccnductor-clad
waveguides are a function of the material permittivities for a
particular wavelength. Based on observed changes in period and
amplitude cf the attenuation curve oscillations as the material
parameters vary with wavelength, it is evident that selective
frequency filtering, can be realized with a semiconductor-clad
waveguide, although the permittivities of all four materials
(air, cladding, guide, and substrate) in the planar waveguicGe
structure vary with wavelength, the semiconductors (due to the

effects discussed in Section II), are particularly sensitive to

26



frequency variations. In particular, for & given semiconductor
cladding thickness, the attenuation will vary cdrastically as the
material permittivities and thus the coupling characteristics of

the submodes vary with wavelength,

A, Silicon-Clad VJaveguide Filters

Attenuzation and mode index versus silicon cladding
thickness curves similar to those of Figs. 2 and 3 (for GaAs)
were generated as the wavelencth was allowed to change from0.35
to 1.55 um and the permittivities of the four layers consequently
Varied?5,29t\11 attenuation curves. retained their characteristic.
oscillations; howver, the amplitude and period of the
oscillations were significantly altered. Similarly, the mode
index versus silicon thickness <curves retained their
characteristic oscillatory behavior although the frequency and
amplitude of the oscillations changed.

Figures 28 to 30 were obtained by assuming a given silicon
thickness in the four-layer planar structure and allowing. the
wavelength to wvary (and conseqguently, the ma'terial
permittivities). The resulting attenuation (dB) for a 1 mm wide
silicon bar is plotted vertically in Figs. 28 to 30.

A high-pass frequency filter is realized in Figu.re 28.
Insertion loss is less than 7 dB for a wavelength greater than
1.0 ym for the three silicon thicknesses considered (tSi = 0.09,
0.10, 0.11 ur), and the e:ctinctio.n for wavelengths less than 0.7
pum is more than 50 dB. The particular filter characteristics in the
wavelength region of 0.7-1.0 pym may be adjusted by changing the

thickness of the silicon cladding.
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Filters with passband wavelengths of 0.7-0.9 um are shown in
Figure 30. HNote that the exact location of the passband may be
varied for the three silicon thicknesses of interest (tg; = 0.15,
0.17, 0.19 uym) and that high attenuation (>100 dB) occurs
immediately outside of this paséband region, Insertion 1loss,
however, is approximately 20 dB for a 1 mm length of Si.

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 iower the attenuation losses of metal-clad cdielectric

3

waveguide, These layers are placed between the dielectric core
anc the mgtal and act as buffers 'to remove a large portion of the
field from the metal cladding. The effect of a silicon dioxide
(Si02) buffer layer on the filter response curve was
investigated, The results are shown in Figure 30. A silicon
thickness tgy = 0.13 um was assumed and the attenuation versus
wavelength was calculated for a four-layer structure. HNote that
an insertion loss of approximately LO dB 1is apparent in the
passband region of 632.8 nm, although rapid extinction is evident
( >400 dE) immediately outside of the passband region. A silicon
dioxide buffer layer (tg; = 0.2 um) of refractive index n = 1.46
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 wa\-felength of 632.8 nm while rapid extinction (>200 dE) is
still evicdent immediately outside of this passband. Further

reduction of the passband attenuation may result from

optimization of the buffer layer &and silicon thicknesses.
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Although no attempt has been made to optimize the filter
characteristics, Fiqgures 28 &and 29 indicate the low freqguency
cutoff and the attenuation peaks may be adjusted by prcoper choice
of cladding thickness.

In addition to the suggested application as a frequency
filter, the structure may also be used as a wavelength
demultiplexer, The frequency response of silicon-clad gquides
with thicknesses tgi = 0.03 um and tgi = 0.13 um is shown in
Figure 31. Note that the tg; = 0,03 pm curve lies in a region of
low attenuation with respect to the tgj = 0.13 um curve for a
guide wavelength of 800 nm. The roles are reversed for a guide

wavelength of 1150 nm: tgi = 0.13 pm lies in a region of low

attenuation while tg; = 0,03 um lies in a region of high
attenuation. One structure utilizing this effect is a wavelength
demultiplexer in which the semiconductor cladding thicknesses are
chosen such that oné wavelength'is attenuated while the other
wavelength is selectively passed (Figure 32).

Filter calculations and experimental results for a guide
with a silicon cladding, tgj = 0,03 pum, are presented in Figure
33. The computer calculations have been appropriately normalized
for a 0.1 mm interaction width. Again, scattered 1light
measurements were taken over the wavelength range 570 nm - 640
nm, Good correlaticn between the computer predictions and
experimental results was obtained over the wavelenagth range. Two
Series of measurements were performed on the same guide. For the
first series of measurements (RUI! 1), the peak in attenuation at
a wavelencth of 580 nm and the subsequen: .ecrease in attenuaticn

at the higher wavelength region are apparent. " In the second
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series of measurements (RUMN 2), the attenuation decreases

steadily at the longer wavelengths.

B. Gallium Arsenide Clad Wavegquide Filters

The frequency filtering characteristics ¢f Gahs-clad
waveguides were also examined., Attenuation vs gallium arsenide
cladding thickness curves were generated as the wavelength was
allowed to vary from .3 um to 1.0 pym and the permittivities of
the four layers consequently varied.0  All attenuation curves
retained their characteristic oscillations; again, the amplitude
and period of the oscilletions were significantly altered.

Figures 34 and 35 were obtained by assuming a given GaAs
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
GaAs bar is plotted vertically in E“igures 34 and 35,

-The clad quides, themselves, may be used as coarse frequency
filters; a more probable application, however, is as a wavelength
demultiplexer, as shown in Fig. 32 for a silicon-clad structure,
The device utilizes the order of magnitude difference in
attenuation for different semiconductor thicknesses in the region
of 0.8 - 1.0 um. In Figure 34, note that the tGaAs = 0,11 um
curve lies in a region of high attenuation with respect to the
tcaas = 0.16 pm curve for a guide wavelength of €00 nm. The
roles are reversea for a guide wavelength of 1600 nm: tGahAs
0.16 um lies in a regicn of high attenuation while tcaas = 0.11

um lies in a region of low attenuation. Similar behavior is

observed in Figure 35 for tg,ag = 0.13 pm ad 0.17 pm. In this
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case, however, demultiplexing could be effectively accomplished
between the wavelengths 200 nm and 1000 nm, rather than 800 nm
and 1000 nm. Also, the insertion loss of the structure may be
decreased considerably by reducing the interaction width from 1

mm, and by using a low refractive index buffer layer.

C. Summary
In this section, we have shown how silicon and gallium
arsenide waveguides can be used as spectral filters and
demnultizlexers. The changes in permittivity and coupling ;'Jith
wavelength result in high aAttenuations at various wavelengths for
various cladding thicknesses. Some of these results were
presented at the 1983 Conference on Lasers and Electro-Optics and

-the submitted paper summary appears in Appendix B.31

VI, PBRIODICCOUPLIHGINPLANARIﬁAVEGUIDETHIH—FHJdPHOTODEC—
TECTORS

As discussed in the previous sections of this report,
semiconductor cladding layers on planar dielectric waveguides
exhibit periodic coupling characteristics which have been studied
for use in filters, modulators, and polarizers. This coupling
occurs between the lossless modes of the dielectric wav.eguide,
and the lossy modes supported by the absorptive semiconductor
cladding. Large amounts of absorption have been observed botk
experimentally and theoretically for certain thickness values of
amorphous silicoh claddings, making them 1likely candidates for
photodetector structures. tiere, the coupling characteristics of

an easily fabricated metal-silicon-metal cladding are analyzed in



orcder to dGetermine its suitability for use as a waveguide
photodetector.

Jjohnson, et.al. have developed an amcrphous silicon thin-
fiim photodetector that emplovs a microstripline structure as in
Fidg. 36.32 Here, the semi-trans £t i i

d ' ansparent top electrode made of
gold-on-overlaps an aluminum bottom electrode, sandwiching a
layer of hydrogenated amorphous silicon. The chromium forms a
Schottky barrier with the silicon, and the light is absorbed by
the silicon as it passes through the top electrode in the area of
overlap. Due to the short carrier lifetimes and low capacitance
in this thin-film geometry, the researchers have obtained 40
picosecond response times and internal quantun efficiencies of 36
percent.

For waveguide use this structure is inverted and modified as
shown in Fig. 37 so that the light couples into the silicon
through the gold~-chromium electrode. Our computer program is
used to analyze the propagation characteristics of this seven-
layer waveguide-cladding structure. - The metal electrodesare
held constant at the thicknesses shown in Fig. 37 while the
silicon layer thickness, t3 is varied over an appropriate range
of values. The changes in silicon layer thickness result in the
attenuation characteristics of Fig. 36 for a wavelength of A=
632.8 nm. 2As discussec¢ in the previous sections, the damped
oscillatory behavior of the attenuation is chareacteristic of thin
absorbing layers on a dielectric gquide, and indicates a periodic
coupling effect between the lossless dielectric guide and the

lossy metal-silicon-metal cladding. Thus, at silicon thickness
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values where the most coupling occurs, there is a maximum amount
of energy couplecd into the cladding and absorbed, resulting in a
mazimum in attenuation.

These points of maximum coupling are more clearly
illustrated by the mode index characteristics of a six-layer
metal-silicon-metal waveguide on a dielectric substrate (with
refractive index n= 1.,588) as in Fig. 39. These TE and TIil”
modes correspond to sub-modes in the cladding of the seven-layer
waveguide, Thus, at silicon thickness values where the index of
a sub-mode is most nearly matched to the guide value (when that
sub-mode 1is at cut-off), a maximum amount of energy 1is
transferred frcm the TEO or THO mode of the wave guide into the
TE and THM sub-mode of the cladding. The absorption of this
energy results in an attenuaticn maximum in Fig. 38 for the
seven-layer guice,

This cougling and its effect on attenuation and absorpticn
is illustrated in detail for the transverse magnetic polarization
where the silicon layer is .13 um thick: As shown in Fig. 3, the
transverse magnetic field has a large value at the cladding-guide
interface and is falling exponetially in the dielectric guide,
indicating a large amount of energy being transferred from the
guide into the silicon and metal layers, This thickness value
also corresponcds to a mode-match or cut-off condcition for the Tl
sub-mode &S shown in Fig. 39 at point A. Eecause of the
abscrption in the silicon, the attenuation characteristic c¢f the
seven-layer guide at this silicon thickness of 0.13 pm is a
maximum, as shown by peint A on Fig. 38. It fol;ows that these

silicon thickness values corresponding to maximum attenuation



points in Fig., 38 potentially provide the highest efficiency for
a waveguide photodetector.

The field plot of Fig. 40 reveals several implications for
photodetector response and efficigncy. When the maximum field
(and thus the maximum energy) is near the silicon-chromium
Schottky bearrier, a higher eificiency will tend to result due to
the fact that the excited carriers have a small chance of
recombining before reaching the junction. The T!M polarization,
however, induces a surface plasma layer in the thin aluminum top
electrode as characterized by the sharp positive-to-negative
transition in that region in Fig., 39. Because this plasma layer
is outside the silicon region it will tend to excite few carriers
and will reduce detector efficiency. These and other effects are
described more completely by an analysis of the Poynting vectors
in the structure. | |

In conclusion, this analysis has shown how periodic coupling
between layers influences the response and efficiency c¢f an
easily fabricated fast-response photodectector adapted for
waveguide use, Additional methods which might be used to
increase the detector efficiency and reduce step scattering
losses include grating and/or taper coupling. between layers
influences the response and efficiency of an easily fabricated
fast regsponse photodetector adapted for waveguide use.
Additional methods which might be used to increase the detector
cificiency and reduce step scattering losses include grating

and/or taper coupling.
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VII. COHCLUSION

Over the period of this contract we have shown that
clad dielectric wavegquide structures can be used for both passive
and active integrated optical devices. Passive devices studied
and fabricated included a guided wave polarization filter and a
spectral filter. Both of these devices need to be optimized to
achieve the performance needed for integrated circuit
applications. This will require additional theoretical studies
and fabrication of a number of devices for experimental
verification.

The actiQe devices considered in this study were a modulator
and a waveguide clad photodetector. The theory for the modulator
has been developed but experimental devices await the development
of the capability to produce photosensitive amorphous silicon
films or superlattice GaAs structtres in our laboratories. Work
was well under way to fabricate amorphous silicon films when this
contract was terminated. Future work should explore the
development of GahAs superlattice structure for use witb
dielectric waveguides. Superlattice materials offer a number of
exciting structures on dielectric wavegquides including bistable

elements for optical memory.
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Ficure #9. INTRA-BAND TRANSITIONS IN THE VALENCE BAND.
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APPENDIX A

MINIMIZING REFLECTIONS FROM THE GaAs CLADDING LAYER

In order to maximize the absorption of the normal-incidence signal beam,

the reflection from the front surface of the GaAs (ﬁlahe P. in Fig. A-1)

1
must be minimized and the reflection from the rear surface (plane P2) mus ¢
be maximized.

For the analysis of this condition, we may treat the GaAs layer as
lossless, in the 4 layer structure df Fig. A-1, and examine the reflection
coefficients at each of the planés. The reflection coefficients at P1 and

P2, respectively, are given by:

T _ M2 T TGaas
Fl = T2 = " (A.1)

01~ Mo "in2 7 "Gaas
where no is the intrinsic impedence: n0_= VuO/eo and NGahs = uCaAs/EGaAs°

Input impedence Njnp 1s &iven by:
-3 tam(-21T d)
_ "in2 ~ Icaas AGaAs § (4.2)
"inl ~ "Gaas . can (<2 q) :
Tcaas © IMcaas ‘A '
GaAs

and N is given similarly by the parameters of layers 3 and 4. We then

solve for a free space wavelength that will minimize Fl and maximize T, for

2

the given GaAs layer thickness, d.
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Polzrization effects in silicon-clad optical waveguides

Richard F. Carson and Ted E. Batchman

By changing the thickness of a semiconductor cladding layer deposited on a planar dielectric waveguide, the
TE or TM propagating modes may be selectively attenuated. This polarization effect is due to the periodic
coupling between the lossless propagating modes of the dielectric slab waveguide and the lossy modes of the
cladding layer. Experimental tests involving silicon claddings show high selectivity for either polarization.

Semiconductor-clad dielectric planar waveguides
exhibit many interesting properties due to coupling
between the lossless modes of the dielectric guiding
layer and the lossy modes supported by the semicon-
ductor cladding. Applications previously reported
include studies of modulation by an external light
source and spectral filtering using Ge, GaAs, and Si.!-3
Here we report on the use of an easily deposited silicon
cladding layer as a TE-TM polarizer at a free space
wavelength of Ag = 633 nm.

Waveguide polarizers have been constructed by using
selective attenuation in metal claddings,*5 cutoff effects
in the waveguide due to cladding interaction,® or bire-
fringent claddings such as calcite.” Unlike metal
claddings on dielectric guides which mainly attenuate
the TM mode,* a silicon cladding ailows the selective
attenuation of either the TE or TM polarization simply
by choice of the thickness of the deposited cladding
layer. '

The planar waveguide structure analyzed is the
four-layer cross section shown in the inset of Fig. 1. The
air and the dielectric substrate layers are taken as
semi-infinite, while the dielectric guiding layer is a
constant (1-um) thickness, and the silicon layer thick-
ness to is variable. The refractive indices used in the
computer predictions are also shown in the inset, where
the air and dielectric layers are considered to be lossless.
The silicon layer, being absorptive at 633 nm, is char-
acterized by a complex refractive index (for amorphous
thin films)8:

The authors are with University of Virginia. Electrical Engineering
Department, Charlottesville, Virginia 22901,
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© 1984 Optical Society of America.

1= 4.1-0.21 (n
“or a relative permittivity of
& =¢ = j¢" = 16.76-j1.75, {2)

where the imaginary portion gives a measure of the

absorption of light in the material. For a plane wave

traveling in the +z direction of propagation in a wave-

guide, the attenuation and phase characteristics for the .
electric and magnetic fields are then given by

E = F exp(—jBz) explaz),
H = H exp(~jBz) explaz), (3)

where « is the attenuation constant and f3 is the prop-
agation or phase constant.

A computer program was used to solve the Maxwell
equations and associated boundary conditions for the
four-layer structure discussed.® The resulting effective
mode index,

Blk = (AB)/2m, @

and the attenuation constant « of the entire guided-
wave structure were generated at various thickness
values of the silicon cladding layer for both the TMg and
TEj modes. As illustrated in Fig. 1 and discussed in
previous references for the TE, case, the attenuation
constant for the four-layer guide exhibits a damped
oscillatory behavior as the silicon layer thickness is in-
creased from 0.005 to 1.0 um.? These oscillations are
due to coupling between the zero-order mode propa-
gating in the dielectric waveguide and the various orders
of the modes which are supported by the silicon layer.
As the silicon thickness is increased, each successive
maximum on the attenuation curve represents a point
where the silicon layer is supporting a successively
higher-order mode.

Tostudy the modes of the silicon layer itself, the TE;,
and TM, mode indices are generated for an equivalent
three-layer air-silicon-dielectric guide, where the di-
electric substrate now has the n ='1.588 index value of
the dielectric guide in the four-layer structure. The

1 September 1984 / Vol..23, No. 17 / APPLIED OPTICS 2985
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results, shown in Fig. 2, ndicate that a given mode in the
silicon can only exist at thickness values which allow the
mode index to be >1.588 for that mode. When the sil-
icon is too thin, the mode index falls below 1.588 for a
given mode, which is then said to be in cutoff. When
the mode index is just above 1.588, the mode still
propagates, but it is matched with the substrate, and

-there is a large exchange of energy across the silicon—

dielectric boundary. In the four-layer guide, these
match points correspond to large amounts of energy
being coupled from the dielectric guide into the ab-
sorptive silicon. Thus, as shown by comparing the
mode index curve of Fig. 2 with the attenuation curve
of Fig. 1, the attenuation maxima for the four-layer
guide correspond to the cutoff thickness values for the
three-layer air-silicon-dielectric case. Similar behavior
has been seen by Sasaki et al.10 in II-VI compounds for
the TEy case.

Of special interest here is the fact that, for the TM’
case, the three-layer silicon waveguide is below the
cutoff thickness and hence does not support any modes
below 0.04 um. It follows that the attenuation of the
TM;, mode in the four-layer guide of Fig. 1 drops
steadily as the silicon thickness is decreased below the
value due to the fact that very little energy couples into
the lossy silicon. The TE; mode is supported down to
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Fig. 3. 'TE-TM mode extinction for a 100-um width of silicon
- cladding (shown in the inset) of varying thickness.

a cutoff thickness of 0.008 um as indicated by Fig. 2.
Thus the TEo mode of the four-layer guide has an at-
tenuation peak in Fig. 1 at a silicon thickness of 0.008
pm. These characteristics create regions of cladding
thickness where the TEg or TMg modes may be selec-
tively absorbed into the silicon and thus are attenuated
in the guide. )

This extinction ratio between the TM; and TE,
modes is plotted in Fig. 3, where the theoretical inten-
sity relation between the two modes is plotted by the
solid line using data from Fig. 1. The extinction is de-
fined as

TE-TM extinction (dB) = 10 log{/Te/ITw), (5)
and the ratio of output intensities is i
I
~IE < exp[—(aTE — arm)z], (6)
Itv
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Fig. 4. Scattered light views of the waveguide for the T and TM,
modes at two silicon thickness values.

where z is the 100-um width of silicon shown on the top
view of the waveguide in the inset. The rectangles along
the dotted curve show actual experimental measure-
ments taken by measuring the prism-coupled input and
output of waveguides with a 100-um wide strip of
sputtered amorphous silicon cladding having the
thickness values shown. The predictions and results
indicate that high extinctions can be obtained for either
mode simply by changing the thickness of the silicon
cladding layer. :

The suppression in the negative peak of the experi-
mental data is due to the large amount of scattered and
stray light in the measurement system, which caused the
noise level to be at about —40 dB. The slight shift in the
negative peak may be due to the fact that the experi-
mental waveguides are ion-exchange graded-index
guides rather than the slab guides analyzed by the
computer program. The refractive index of the sput-
tered silicon may also be different from that used in the
computer predictions due to varying sputtering condi-
tions.

Views of the scattered light in the guide are shown for
both polarizations in Fig. 4. For the TEy mode, the
beam passing under the 0.04-um thick (100-um wide)
silicon strip is much-less attenuated than the beam
which encounters the 0.007-um thick silicon. When the
polarization is changed to the TMy mode the 0.04-um
thick silicon layer attentuates the beam much more than
the 0.007-um thick layer.

We have shown here that silicon claddings on di-
electric planar waveguides offer a simple method for
selectively polarizing guided light. Because the at-
tenuation mechanism is absorptive, semiconductor
claddings might be used in p-n and Schottky barrier
junction structures as polarization-sensitive photode-
tectors. Such possibilities are currently being investi-
gated.

This work was supported by NASA Langley Research
Center, Hampton, Va.
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Measurement and Analysis of Periodic Coupling
in Silicon-Ciad Planar Waveguides

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

Abstract-Computer modeling studies indicate that planar dielectric
waveguides cladswith silicon exhibit a3 damped periodic oscillation in
their attenuation and phase characteristics. The effect is due to a
periodic coupling between the lossy, guided modes in the siicon film
and the TEp 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
cxamined and it is shown that the silicon thickness controls the filter

response curve,

Manuscript received March 1, 1982; revised May 13, 1982. This work
vas supported by the NASA Langely Research Center.

The authors are with the Department of Electrical Engineering,
Sniversity of Virginia, Charlottesville, VA 22901,

I. INTRODUCTION

ETAL-<lad optical waveguides have been studied ex-

tensively and have found considerable application in
electrooptic and magnetooptic modulators [1]-[S). Semi-
conductor<lad or positive permittivity metalclad 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<clad
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.

0018-9197/82/1000-1765500.75 © 1932 IEEE
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The permittivity of a semiconductor is given by
jo

we,

€g=€-je"=¢- (n
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 :

&)

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 small 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 '

fi=el=n-jk

0= 0peln(u, + py)

where g, and p, 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 attenuation and
mode index of the propagating mode are significantly altered
by conductivity changes in the semiconductor cladding. An
amplitude modulatos and phase modulator were proposed
using these results. Furthermore, it was noted that the planar
waveguide structures exhibit a periodic coupling between
modes in the dielectric waveguide and semiconductor cladding.
The experimental confirmation of the periodic coupling from
the waveguide modes to the semiconductor cladding is dis-
cussed in Section Il for propagation at 632.8 nm. Section
Il 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 I1I, 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 effect is
presented after a brief review of previous predictions.

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

fEEL JOURNAL O}
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Fig. 1. Four-layer planar waveguide structure.

for the complex mode propagation constant (a + jB) have be¢
described previously {11}, [12].

The waveguide consists of a semi-infinite glass substrate
dielectric core of thickness 1 um, a silicon cladding varyir
from 0.01 to 10 um in thickness, and a semi-infinite layer ¢
air. A free-space wavelength of 632.8 nm was assumed and s
material parameters shown in Fig. 1 are for this wavelengil
It should be noted that permittivity values for thin amorphoeu
semiconductor films depend on the method of deposition an
any impurities deliberately or accidentially added to the sem
conductor [13], [14]. Thus, values assumed in these calcul:
tions may vary from those of-the experimental films since n
attempts were made to measure the permittivity of the exper:
mental films at optical frequencies.

Silicon was investigated as a semiconductor cladding and th
attenuation curve of Fig. 2 was generated by varying th
cladding thickness from 0.01 to 10 um. All other parameier
were held constant in the calculations and results were cox
firmed using the two computer solution techniques [11]. [12]
It was initially expected that decreasing the lossy claddin;
thickness to 0.01 um would reduce the attenuation to zero i1
a well-behaved manner; however, the results were not =z
expected below a silicon thickness of 1.0 um.

Experimental confirmation of the oscillatory behavior o
the attenuation versus silicon thickness curve was subsequentiy
attempted. Low-loss, single-mode optical waveguides were
diffused into soda-lime glass from a sodium nitrate/silves
nitrate melt using an jon-exchange fabrication technique
{15]-[18]. Uniform silicon films 1 mm wide and extending
across the waveguide were deposited using a radio-frequency
sputtering system [19]-[21]). For each run, the system was
prepumped to a base pressure less than 5 X 107¢ torr and ali
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 um were fabricated. High
predicted attenuations in the silicon<lad guide along with
severe experimental inaccuracies in either the fluid coupler
or the sliding-prism atienuation measurement technique [3]
has made quantitative confirmation difficult. Thus, a photo-
graphic technique was employed for confirmation of the
behavior shown in Fig. 2.

As Fig. 3 indicates, qualitative confirmation of the damped
oscillatory behavior, of the attenuation versus silicon thickness
curve has been successful. A 5 mW He-Ne (632.8 nm) laser
was coupled into the siliconclad guide using a prism coupler.
Fig. 3 is a top view of the coupler and silicon-clad planar
waveguide with propagation from left to right. In each of the
thrze photographs, the coupling into the waveguide was
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Fig. 3. Experimental measurements of waveguide attenuation.

maximized. All photographic exposures are 5 s, {2, ASA 400
film.  Uninterrupted propagation occurs until the beam
encounters the | mm wide silicon film at which point it may
suffer a large attenuation. Slight differences in the beam
intensity to the left of the slilcon filmm are due to differences in
coupling efficiency and scattering in the individual waveguides.
For a silicon film 200 A thick [Fig. 3(a)], the beam is clearly
sttenuated as computer calculations predict. For a fitm 500 A
thick (a predicted minimum on the attenuation thickness
curve of Fig. 2) nearly uninterrupted propagation occurs

PLRIODIC COUPLING IN SILICON-CLAD i LAar nAavELGUIULS

[Fig. 3(b)], and for a film 1100 A thick (u predicted region of
high attenuation), the beam is again attenuated {Fig. 3(c)].
The three points labeled “measured™ in Fig. 2 correspond to
the film. thicknesses at which the photographic exposures
' ere 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 minimum between 200 and 1100 A was similarly veri-
fied with a different set of silicon-clad waveguides. [t should
be noted that accurate thickness measurements are difficuit
for silicon films less than 200 A and that the values for the
refractive indexes used in the computer calculations may differ
from those of the actual silicon-clad waveguides. Further-
more, predicted high attenuations for subsequent peaks and
valleys of the attenuation versus silicon thickness curve make
confirmation of the oscillatory behavior for thicker silicon
films extremely difficult (i.e., the attenuation for subsequent
peaks is greater than 1000 dB/cm). Additional measurements
will be required to confirm the absolutc attenuation levels
observed.

1II. CALCULATIONS AND ANALYSIS AT 1150 nm

It has been predicted that the attenuation and mode index
of the fourlayer silicon-clad guide are significantly altered by
conductivity changes in the silicon, and amplitude and phase
modulators have been proposed using these results [9]. Cal.
culations were presented for a wavelength of 632.8 nm, and
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 inad-
vertently 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 [22],
[27] and appreciable excitation of the silicon cladding due to
the 1150 nm guided wave is unlikely. Direct optical modula.
tion, however, would still be realized by altering the conduc-
tivity of the silicon with a light beam with photon energy
above the bandgap of silicon (in the visible region). Computer
predictions of the propagation characteristics of the four.
layer silicon-clad 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
0.01 to 1.0 um (the phzse constant B has been normalized
by ko = 2a/X, so that all curves show the mode index). Ma.
terial parameters shown in Figs. 4 and 5 are for a 1150 nm
wavelength. The curves are again similar to exponentially
damped sinusoids with extreme values of the mode index
(B/ko) coresponding 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 oscil-
lations in both curves approach a median value at 10 pm.
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 (TE,) in the dielectric and the lossy
TE' modes® of the semiconductor guide [9]. Figs. 4 and 5
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 lavers 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. Al modes (except, perhaps the jowest order
TEo mode) are very lossy and the atienuation 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 dielectric.
80
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Fig. 7.
match condition occurs between the TE; 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 hngher 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 ai
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) is reason-
ably low-loss, and that, although nearly complete transfer of
energy 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 atienuation curve (Fig. 4), coupling is into high-
loss modes of the partial structure and the attenuation of the
four-layer guide is 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-layer 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
lincarly tapered directional couplers |[24]-{26]. Finally,
note that the period and amplitude of the attenuation charac-
teristics of the silicon<lad guide are a function of the material
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.

1V. SeLecTive 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<lad wave-
guide. In particular, for a given siliconcladding 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 obtained with the clad guide. For
example, note that a silicon thickness rg; =0.10 um lies in a
range of high attenuation (@ > 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, guid=, substrate) in the planar waveguide
structure of interest vary with wavelength; however amorphous
silicon is particularly c2nsitive to frequency variations as
Table 1 indicates [27]. The predicted frequency filtering
cffect 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 pym and the permittivities of
the four layers consequently varied (10], [27]. All attenua-
tion curves retained their characteristic osciliations; however,
the amplitude ‘and period of the uscillations were significantly
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TABLE |
AMORPHOUS SILICON PARAMETERS AS A FUNCTION OF WAVELENGTH

Waveloagih ‘mizranst Q-fraziive ladex Rrlative Permittivity
n * Ca ¢"p
0.1% 31.43 2.860 5.0 20.%0
LA L. %) 1.27% 18.4 1%.40
LA 34 4.3 s.ann 18.8 a.00
L 2.1 N, 4540 7.3 3.60
0,52 L.t n 3ne 16.8 3.20
2.58 2.0 n_ 283 15.3 1.5

0 A9 3.7  0.18A 15.8 1.%. .
N7 J.AR 0158 1%5.0 1.20
0.80 3.67  0.n4R 13.% 0.%0
1 a9 3.A5 0.n%2 12.3 0.4%
1.1s 3.99 0.0%% 12.9 0.40
1.2¢ 3.8 0.n39 12.6 n.18
1.99 1.%2 0.02R 12.4 0.20

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 realized in Fig. 8. Insertion
loss is less than 7 dB for a wavelength greater than 1.0 um for
the three silicon thicknesses considered (zg; = 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
wavelength region of 0.7-1.0 um may be adjusted by changmg
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 (fg; =
0.15, 0.17, 0.19 um) and that high attenuation (>100 dB)
occurs immediately outside of this passband region. 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 bc:n
used’ to lower the attenuation losses of metalclad 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 fg; =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 (rg; = 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 63_.8 nm while rapid
2xtinction (>200 dB) is stil! 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 periodic oscillation in their
attenuation and phase characteristics. 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 confirmation of this periodic coupling for a
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wavelength of 632.8 nm has been achieved. Calculations for

wavelength of 1150 nm indicate that the attenuation an
mode index still retain their oscillatory behavior. Thus,

direct optical modulation scheme through excitation of th
silicon cladding is still applicable without inadvertent excitz
tion of the cladding by the guided wave. The silicon<la
guide may also be used as a frequency filter, and the charac
teristics may be adjusted through optimization of the silico:
thickness and through control of a buffer layer. Practice
devices are currently being constructed to confirm their pre

dicted characteristics.
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