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Mode Coupl~nQ Between Dielectric and
Semiconductor Planar Waveguides

T. E. BA~CHMAN, MEMBER, IEEE, AND GLEN M, MC WRIGHT, STUDENT MEMBER, IEEE

Abstract– Computer modeling studies Ori four-layer silicon-clad planar

dielectric waveguides indicate that the attenuation and mode ‘index

behave as exponentially damped sinusoids when the $licon thickness

is increased. This effect can be explained as a periodic coupling be

tween the guided modes of the lossless structure and the 10SSY modes

supported by the high refractive index silicon. Furthermore, ,the at-

tenuation’ and mode index are sig@ficantly 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

T 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

Semiconductor-clad or positive~permittivityoptics [11].

metal-clad waveguides have been analyzed more recently, and

measurements have confirmed the predicted characteristics of

such guides [12] , [13] . Both the metal- and semlconductor-

clad guides are extremely lossy in the visible region, especially

when the waveguide thickness is thin enough 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 Lee et al. [14] that

such waveguides be used for, optical control of millimeter-wave

propagation in dielectric 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 is given by

u
;r = ~’ - je” = ~’-j — (~j

(.IXO

where o is the conductivity of the metal at frequency Q. The

permittivity can also be expressed in terms of the refractive

index as

; =;1/2 = n-jk (2)

where n and k are the real and imaginary parts of the refractive

index, respectively. Althou@ values for these parameters are

sometimes hard to find, they are usually available for bulk

semiconductors [15] 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 et 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

(3)(J=UO +e&Z(Pc ‘ph)

where N= and Ph are the electron and hole mobilites, respec-

tively. The dark conductivity UO 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 dielectric waveguide and a semiconductor

cladding. It was further noted that changes in the conductivity

of this 10SSY 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 is shown in Fig. 1 where the guided light is propagating in

the z-direction in the dielectric (iV3 ), and it is assumed there is

no variation in they-direction. All materials are lossless except

for the semiconductor (fV2 ). The dispersion relations for this

structure are well known, and two methods of solution for the

complex mode propagation constant (a t j~) have been de-

scribed previously [8] , [18]

In the first technique, the operator selects initial guesses for

a and ~ and convergence factors for error estimation. The

computer then uses a random walk technique to calculate

values for a and (3 satisfying the dispersion relation for the

structure of interest [8] . In the second method, matrices are

created for each layer based on given constraints and a char-

acteristic matrix for the entire structure is obtained. Solving
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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 Urn, a semiconductor cladding

varying from 0.01 to 10 pm 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 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 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.

III. 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 urn. (The phase constant/3

has been normalized by kO = 277/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 10SSY cladding thickness to 0.01 pm 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 pm. The curves are similar to exponentially

damped sinusoids, with extreme values of the mode index

(P/ko) curves corresponding to the median values (maximum

slope) in the attenuation (a) curves. Extreme values of the ~

curve correspond to median values in the 13/lc0 curves and the

oscillations in both curves approach the median value at 1.0

Hm.

Since the period of these oscillations (0.08-0.09 urn) is not a

fraction of the wavelength of light in the dielectric (Ad =

0.3985 Urn), it must be related to either 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 t3 to 0.8 pm had little effect on the characteristics.

TABLE I

SEMICONDUCTOR PARAMETERS AT A = 632.8 ii~

Relat.ve Permlttlvlty
&’

Refract~ve Index

Mater. al
&;

r n k

>,.
?,~lxcon 16.76 1.75 4.1 0.213

Gall Iuin Arsermde 14.3 1.21 3.79 0.16

$,.German.wn 14.43 19.54 4.4 2.22

>,<
values for amorphous thin f~lms’
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Fig. 2. Attenuation characteristics of sificon- clad waveguide (TEO

mode, normal conductivity).
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Fig. 3. Mode index characteristics of silicon-clad waveguide (TEO
mode, normal conductivity).

The dielectric and glass layers were interchanged (i.e., glass

substrate, GaAs, dielectric, 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 effect 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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Fig. 4. Attenuation characteristics of germanium-clad waveguide.
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Fig. 5. Mode index characteristics of germanium-clad waveguide.

ton [22] for semiconductor and metal films, respectively.

Heavens considers thin films of a material with n = 2 and k

varying, and calculates the expected phase change on reflec-

tion of a normally incident wave on an air-film surface. For

very small k, the phase change oscillates, while for large k, the

phase changes very little until the film thickness approaches

zero. Neither author makes use of this property or considers

such materials as waveguide claddings. To better understand

the oscillatory behavior, the electric and magnetic field distri-

butions m 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 TEO mode electric field

profile in the transverse direction is shown for a cladding

thickness tz = 0.007 pm (Fig. 6). Note that the profile is

everywhere positive and not appreciably distorted from that

for the TEO mode of a three-layer lossless dielectric waveguide.

For the first local minimum at t2 = 0.05 ~m, the field begins

to oscillate and crosses the zero axis at the silicon-dielectric
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Fig. 6. Wave function profile, tsi = 0.007 pm.
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Fig. 7. Wave function profile, tSi = 0,05 ~m (local minimum).

interface (Fig. 7). For the local maximum at ta = 0.09 urn,

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 (t2 = 0.13 pm and

tz = 0.18 Hm, 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 minimum and maximum pair (t2 = 0.22 and 0.26 pm,

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 dielectric waveguide couples into higher

order modes in the silicon which now behaves as a lossy wave-

guide. Fig. 10 also exhibits the characteristic sharp peak at the

interface but the field in the dielectric 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. Additional calculations confirmed that

a significant field again existed in the dielectric when t2 was

changed from 0.26 pm to 0.26 t 0.005 tire.
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Fig. 10. Wave function profile, tsj = 0.26 km (local maximum).

It is evident from the field distributions that the presence of

extremely thin films of silicon (<100 A) has little effect on

the dielectric waveguide; it behaves as a three-layer lossless

structure (air- dielectric-substrate). For thicker silicon films,

however, the TEO 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 periodic

coupling between the guided mode (TEO) in the dielectric

and the Iossy TE’ modesl of the semiconductor waveguide.

This coupling has a profound effect on the attenuation and

phase characteristics of the original four-layer 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-infinite 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-silicon-dielectric) and the TEO 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 sharp nulls in the attenuation curve, indicating

very low coupling efficiency, occur at thicknesses midway

1TE j denotes Wided modes in the semiconductor and TEi denotes

guided modes in the dielectric.
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Fig. 12. Attenuation characteristics of silicon waveguide.

between the cutoff value of two adjacent lossy TE’ modes.

Fig. 11 also indicates that the TEL 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

TMO 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 Iossless

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

~ =K(l - e-ait2icos 63t2i) (3)

where

K = semi-infinite attenuation of the four-layer waveguide

(i.e., when t2 + CO),

~i = attenuation (n/m) of the three-layer silicon waveguide

at thickness t2i,

t2i = thickness of the silicon at any point near a local min-

ima (i) in the range 0.1< t2 < 1.0 pm,

u = period of the oscillation determined by the cutoff thick-

ness of each TE’ mode.

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

[
a = 9.1 X 103 1 - e-Qit2i cos (2::iYtJn’m“)

The field plots and the analysis of the partial structure indi-

cate, then, that the attenuation and mode index of the four-

layer structure may be explained as a coupling between the

basic TEO 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 TEO mode becomes negligible

and the waveguide characteristics exponentially approach

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 u = UO (dark conduc-

tivity). The curve crosses the horizontal axis when the attenu-

ation is equal to that of the 10 #m silicon thickness structure.

Fig. 14 shows the relative change in phase shift compared to

the o = rro 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 Km. 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

dielectric waveguide transverse (y) 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 ~m (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 variety of methods

including heat, electric fields, or an incident incoherent light

beam with photon energy above the bandgap of the silicon.

In a similar 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 (1 mm length of Si at t2 = 0.05 ~m,

a >10 dB), the attenuation must be reduced significantly

for a practical device. Thin dielectric buffer layers are com-

monly used to lower the attenuation losses of metal-clad

dielectric 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 (Si02 ) buffer layer

on the attenuation versus silicon thickness characteristics are

investigated.

The results for silicon dioxide buffer layers of several dif-

ferent thicknesses and two different permittivities are shown
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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 useful 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

conductivity 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 10SSY

semiconductor films exhibit a damped periodic oscillation in

their attenuation and phase characteristics. This is due to the

periodic coupling between the 10SSY guided modes in the sili-

con film and the TEO 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-

633

106E , , I I , , , I I !, I 1 , I , !
9

‘1 AIR

SILICON tz

!
‘t!

SILICON DIOXIOE (6R = 2.12) tSio2

GuIOE
,.5

,.4

SUBSTRATE

t

I
— 4-LAYER

,.2

f

,01
—.—

‘Si02 = 1000A
------ tsio2 , zooo~

t ~ Ill ~ 1 ~ ,(~
.01 .1 1 10

SILICON THICKNESS t2 (pm)

Fig. 15. Si02 buffer layer (CR = 2.12) of different thicknesses.

‘“’~

1021 — 4- LAYER

t

,01

----- Gn = 2.387

—-— ●R = 2.12

~
.O1 10

SILICON THICKNESS t2 (pm)

Fig. 16. Si02 buffer layer (tSioz, = 2000 -%) of different Permittivities.

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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