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GaAs/GaAIAs Curved Rib Waveguides

MICHAEL W. AUSTIN
/

Abstract–Curved dielectric optical waveguides suffer from radiation INTRODUCTION
loss due to bending. To minimize the bending loss and reduce the radius

of curvature, it is necessary to fabricate guides which provide strong M ANY devices likely to be incorporated in integrated

optical confinement. This paper gives a brief review of curved wave- optical circuits, such as directional couplers, Y-couplers,
guide analysis and presents some experimentally measured loss’ values and switches may require sections of curved optical waveguide
for GaAs/GaAIAs curved rib waveguides. The rib waveguides, fabricated

using ion beam milling, have a large rib height and are tightly guided
and it will also be necessary to use curved waveguides in order

structures. When corrected for reflection losses and input coupling
to increase the device packing density in these circuits. In

efficiency, a m~imum loss of approximately 3 dB has been achieved for addition to the loss mechanisms present in straight waveguides,

a multimode 90 curved guide with a radkrs of curvature of 300 Km, and such as absorption and scattering, curved dielectric guides
8.5 dB for a single-mode curved guide with a radius of curvature of 400 suffer from radiation 10SS due to bending [1] . This bending
#m. It is believed that most of this residual loss is not radiation loss

due to bending, but rather scattering loss due to rib wall imperfections.
loss may be very large if the guide is bent abruptly. Several

authors [1] - [11 ] have investigated the problem of continuous

Manuscript received September 25, 198 1; revised October 19, 1981.
radiation Yrom curved dielectric waveguides, but very few curved

The author is with the British Telecom Research Laboratories, guides have been fabricated [1 !2] -[ 16]. The guides that have

Ipswich, England. been”made were in either sputtered glass films on glass substrates
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or in lithium niobate, and guiding was observed at a wavelength

of 0.6328 ~m. This paper reports preliminary results of an in-

vestigation into curved rib waveguides in III-V semiconductors.

CURVED WAVEGUIDE ANALYSIS

Curved dielectric waveguides have been analyzed by several

authors using different techniques [1] - [11 ] . In most cases it

was assumed that the refractive index difference between the

waveguide core and the surrounding media was small. In other

words, weak guiding was assumed. The analyses were further

simplified by assuming that the power radiated from the wave-

guide per unit length was small compared with the total power

carried by the mode in the guide. This requires that CYR<<1,

where CYis the attenuation coefficient of the curved guide due

to radiation losses and R is the radius of curvature of the guide.

In general, the attenuation coefficient of the curved slab

guide is found to be of the form

a= Cl”exp(-C’z. R) (1)

where C’l and Cz are independent of R. They depend on the

difference in refractive index between the waveguide core and

the surrounding media, and hence the lateral confinement of

the fields. The attenuation is most sensitive to the exponential

and the more slowly varying multiplier reflects some of the

geometrical details of the guide. Several authors [6] -[ 10] have

looked at the bending loss of rectangular dielectric waveguides

and have found an additional ‘1/2 dependence for the attenua-

tion coefficient. This additional R-112 dependence should

occur in all finite cross section structures.
It must be stressed that these analyses are appropriate only

to structures with relatively weak confinement in the lateral

direction. For these guides, large radii curves are needed for

low loss. The work reported in this paper is concerned with

tightly guided structures, as these are necessary to obtain low

loss for a small radius of curvature.

CURVED WAVEGUIDE DESIGN

The two main design criteria for these curved waveguides are

that they be single moded and that they exhibit low radiation

loss. Single-mode operation is essential because the guides are

to be used in monomode devices such as directional couplers.

For rib waveguides with a small lateral effective refractive index

step (guides with small rib heights), the optical confinement is

relatively weak and calculations show that a radius of curvature

of the order of a few mm is needed for the guide to exhibit a

tolerable, less than 1 dB/rad, bending loss. To minimize the

bending loss and reduce the radius of curvature, it is necessary

to fabricate guides which have a large rib height so that the rib

is surrounded predominantly by air. This provides strong lateral

confinement. Increasing the relative height of the rib by

etching away more and more of the slab layer adjacent to the

rib also tends to decrease the propagation constant of a guided

mode and hence, reduce the number of allowable modes in

the waveguide. In the present work a variational program [ 17]

is being used to evaluate the propagation constants and the

modal intensity distributions of the rib waveguides. The modal

distributions show that the confinement becomes stronger and

the number of modes decreases as the height of the slab adjacent

to the rib is reduced. In Fig. 1 the modal distributions for two

different waveguide geometries are shown. Because of sym-

metry, only half the rib guide is shown. Fig. 1(a) and (b)

shows the two possible modes of the guide when the slab

thickness t equals 0.5 Km, and Fig. 1(c) shows the only mode

of the guide when t = 0.2 ym.

For rib waveguides which have a large rib height there is no

analytical theory available for evaluating the bending loss. An

estimate of the losses which may be expected can, however, be

obtained by using an estimate of the field lateral penetration

depth, obtained from the variational model, and by using an

extension of existing theories which are valid for weak confine-

ment. This procedure indicates that low-loss guides with small

radii of curvature of the order of 200-300pm are possible.

However, for the type of rib structures being considered, a

large fraction of the guided energy may impinge on the etched

side walls of the guide and the limiting loss of this type of guide

may not be radiation loss due to bending but rather scattering

loss due to rib wall imperfections.

EXPERIMENTAL

Curved rib waveguides have been fabricated on GaAs/Ga0.82

AIOISAS and GaAs/Ga0.92A10.08As slices grown by MO-CVD.

A dry etch technique, ion beam-milling, was used to fabricate

the waveguides. This is because most wet chemical etches are

anisotropic and the resulting waveguide geometry depends on

the guide orientation with respect to the semiconductor

crystal axis. This is disadvantageous when 90° curved guides

are being fabricated. Ion beam etching is done using 1 keV Ar+
ions at a current density of 1.2 mA/cm2 for which the etch

rate of GaAs is approximately 1600 A/rein.

The mask used to define the guides was made using electron-

beam lithography and consists of 90° curves of 75, 100, 125,

150, 200, 250,300, and 400 pm radius with a 300 ym straight

section at each end of the curves. The guides are 3 ~m wide.

After milling, the substrate is cleaved. This reduces the total

length of the straight sections at the end of the curves and con-

sistently produces waveguide ends with good surface quality.

Fig. 2 is a photomicrograph of a set of guides with different

radii of curvature. The apparent corrugations in the guides at

the center left of the figure are an artifact of the SEM detec-

tion system. They moved as the sample was rotated.

Optical waveguiding is observed at a wavelength of 1.15 ~m

using a TE polarized He-Ne laser. The infrared radiation is

“end-fire” coupled into the cleaved end of the waveguide via

a X 45 microscope objective. The output cleaved face is imaged

by an infrared camera via a X 20 microscope objective. Both

the input and output faces of the sample may be imaged in

white light in order to locate the waveguides and to check the

quality of the cleaved edges. As well as observing the guiding

on a TV monitor, measurements of the mode intensity profile

can be made by selecting and displaying a single camera line

on an oscilloscope. This can be plotted on an X-Y recorder

via a boxcar integrator. Loss measurements are made by

imaging the waveguide near field onto a GE photodetector

and measuring the transmitted optical power. The input

coupling is optimized and measurements are taken when the

optical output is maximized.
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Fig. 1. The modal intensity distributions for two different waveguide geometries showing (a) the first symmetric, (b) the
first antisymmetric modes when t = 0.5 ~m, and (c) the single mode when t = 0.2 ~m, The contours are normalized to unity.

Fig. 2. SEM photomicrograph of a set of gaides with
of curvature.

different radii

The first curved waveguides to be measured were multimode

guides fabricated on GaAs/Ga0.82 A10.08As slices. The GaAs

layer was 0.8 ~m thick. Results for two waveguide geometries,

where the height of the layer adjacent to the rib t is 0.3 and
0.4 pm are shown in Fig. 3. Two modes were seen in these

guides. As can be seen, the insertion loss, measured as the
incident optical power divided by the output optical power

and not corrected for reflection losses at the ends of the wave-

guide or input coupling efficiency, appears to increase expo-

nentially for small radii and exhibits a minimum loss for radii

of 250-300 ~m. For radii of curvature larger than 300 gm it

is believed that the increase in insertion loss is due to scatter-

ing loss. Assuming that the scattering per unit length is the

same for all guides of similar cross-sectional geometry, the

total scattering loss is proportional to the guide length and

hence the radius of curvature. The carrier concentration of
the GaAs layer is approximately 2.1016 cm-3 and hence free

carrier absorption losses are assumed to be negligible.

The insertion loss consists of the reflection losses at the ends

of the guide, the input coupling efficiency, the bending loss

of the curved section of the guide, and the total scattering loss

from both the curved and straight sections. At 1.15 pm, the

wavelength of light being used in this work, the refractive

indices of GaAs and Gao.82Alo. ISAs are approximately 3.44

and 3.35, respectively, [18] and therefore the reflection co-

efficient at each end of the guides is approximately 0.3 or
-3.1 dB. The input coupling efficiency and attenuation co-

efficient due to scattering may be calculated by assuming that

the bending loss is negligible for the 300 and 400 pm radii

guides with t = 0.3 ~m, as is suggested by using an extension of
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the existing bending loss theories. The coupling efficiency is

calculated to be approximately 14.5 percent, or -8.4 dB.

This low value for the coupling efficiency is because the mini-

mum focused laser spot size is approximately 2.5-3 pm in

diameter whereas the GaAs layer is only 0.8 #m thick. This

restricts the amount of light which can be coupled into the

guide. A similar coupling efficiency is expected for the guides

with t = 0.4 &m. The attenuation coefficient due to scattering

was calculated to be approximately 6.9 cm-l . When corrected

for reflection losses (-3.1 dB), input coupling efficiency (- 8.4

dB), and scattering from the straight sections, a minimum loss

of approximately 2.8 dB has been achieved for a 90° curved

guide with a radius of curvature of 300 Mm as shown in Fig. 4.

The lengths of the straight sections are 150 Mm for the guides

with t = 0,3 pm, and 255 ~m for the guides with t = 0.4 ym

and it has been assumed that the scattering attenuation co-

efficient is the same for both waveguide geometries. hlost of

the residual loss is due to scattering from the rib wall imper-

fections. The rib profiles were studied with a SEM and the

edge roughness appears to be of the order of 100 nm, as seen

in Fig. 5.

Guides with t = 0.15 ,um have also been fabricated on this

material. Although the insertion loss for the 75 ~m radius

guides, -20.4 dB, was smaller than for the guides with t = 0.3

#m due to tighter lateral field confinement, the decrease of

insertion loss with increasing radius was not as fast and there

was a minimum in the insertion loss at a radius of approximately

200 pm. For radii of curvature larger than 200 #m, the loss

increased rapidly. It seems most likely that scattering loss per

unit length is larger in these guides because of greater inter-

action of the optical field with the rough edges.

Although multimode guides may be useful in some appli-

cations, single-mode guides will be needed for most integrated

optics requirements. Single-mode operation may be obtained
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Fig, 4. Plot of measured insertion loss, corrected for estimated coupling
losses and scattering from the straight sections of goide, as a function
of radius of curvature.

Fig. 5. SEM photograph showing edge roughness of a curved rib wave
guide.

by reducing the guide width, decreasing the height of the GaAs
layer adjacent to the rib, and/or decreasing the aluminium

content in the GaAIAs. Two batches of curved rib waveguides

have been fabricated on GaAs/Ga0,92 A10.08As material where

the GaAs layer is approximately 1 pm thick. At 1.15 ~m,

the refractive index of Gaom Alo.m As is approximately 3.40

and theoretical studies using the variational program show that

for 3 Km wide guides, single-mode operation can be obtained

for t <0.45 #m. The first batch of guides had t = 0.5 pm.

These guides supported two modes and were very lossy, as

seen in Fig. 6. Insertion loss decreased exponentially with

increasing radius of curvature and showed no sign of a minimum

loss for radii less than 400 pm. The second batch had t== 0.35
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ferent geometries and material composition to determine the

limiting loss mechanisms.

The optimum material composition for tolerable radiation

loss and’ single-mode operation is still being investigated. For

efficient coupling to single,mode, fibers a large guide width, of

the order of 5-’7 pm, is required, and to be compatible with

directional coupler structures currently being investigated,

GaAIAs with a low aluminium content of 2-5 percent is

desirable. It is believed’ that single-mode curved rib waveguides

with low’ radiation losses and radii of 200”-300 ~m may be

achieved. The limiting loss may not be radiation loss due to

bending, but rather scattering loss ‘due to waveguide wall im-

perfections. Finally, the experience gained from investigating

GaAs/GaAIAs curved rib waveguides is ‘to be carried on to

InGaA@/InP structures.
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pm. These guides were single moded as predicted. Insertion

losses, as seen in Fig. 6, were smaller than for t = 0.5 pm and

appear to be approaching a minimum loss, determined by

scattering, at a radius of 400 pm. No figure for the coupling

efficiency or scattering coefficient has be,en measured, however

if a value for the coupling efficiency similar to that obtained

for the multimode case is assumed, then a minimum loss of

approximately 8.5 dB has been achiewed for a 90° curved guide

with a radius of curvature of 400 IJm. It should be noted that

guides fabricated in GaAs/GaOo%A10.08As have higher loss than

guides fabricated in GaAs/Gao@82Alo$Is As, since the overall

optical confinement is not as tight.

Insertion losses are Wailer for the guides with larger relative

rib heights. For small radii of curvature, this is due to a dif-

ference in the bending loss resulting from tighter lateral field

confinement. For larger radii, the losses asymptote to a value

determined by scattering low. More work with guides of

different geometries and material composition i$ needed to

determine whether radiation loss, “scattering loss, or input

coupling efficiency is limiting the guide performance and, to

minimize these losses.

CONCLUSION

This paper has given ‘a brief review of curved waveguide

analysis and has presented some experimentally measured loss

values for GaAs/GaAIAs curved rib waveguides. Results look

encouraging. When corrected for reflection losses and input

coupling efficiency, a minimum loss of approximately 3 dB

has been achieved for a multimode 90° curved guide with a

radius of curvature of 300 #m, and 8.5 dB for a’ single-mode

curved guide with a radius of curvature of 400 pm. In cases

where the input coupling can be optimized, for exa~ple when

a semiconductor laser and curved waveguide are integrated on

the same substrate, the insertion ‘loss of the guides maybe re-

duced significantly. More work is needed with guides of dif-

C. D. W. Wilkinson of the University of Glasgow in providing

the variational program for calculating waveguide propagation

constants and field distributions; and Dr. L. M. Walpita and Dr.

K. Riddle’ of the Department of Electronic and Electrical

Engineering, University College, London, England, are thanked

for assisting with the ion beam milling of the curved “waveguides.

E. J: Thrush of STL, Harlow, is thanked for growing and

supplying the MO -CVD .GaAs/GaAIAs material; and Dr. M. E.

Jones and C. Dix of BTRL are thanked for providing the

electron-beam photolithography mask. Acknowledgment is

given to the Director of Research of the British Telecom Re-

search Laboratories for permission to publish this paper.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

,,

REFERENCES

E.A.J. Marcatili, “Bends in optical dielectric guides,” Bell Syst.

Tech. J., vol. 48, pp. 2103-2132, Sept. 1969.
D. .Marcuse,“Bending lossesof th? asymmetric slab waveguide,”
Bell Syst. Tech”J., vol. 50, pp. 2.S51-2563, Oct. 1971.
S. Kawakrtmi, M. Miyagi, and S. Nishida, “Bending losses of di-
electric slab optical waveguide with double or multiple claddings:
Theory,” Appl. Opt., vol. 14, pp. 2588-2597, Nov. 19’75; and
“Bending 19ss?sof dielectric slab optical waveguide with double
or multiple claddings: Theory; Correlation,” Appl. Opt., v9L 15,

p. 1681, July 1976.
Y. T&kuma, S, Kawakarpi, and S. Ni;hi~a, “Radiation and propa-
gation along a urdformly curved siab waveguide?” Trans. Inst.
Electron. .Comrnun. Eng. Jap., vol. 60-C, tip. 111-119, 1977.
M. Heiblum and J. H. H~ris, “Analysis of curved opticaJ wave-
guides by con formqJ transform ation,” ‘IljEE J. Quqntum -Elec-

tron., vol. QE-11, pp. 75-83, Feb. 1975.
D. C. Cluing and E. F. Kuester, “Radiation and propagation of a

surface.wave mode on a curved open wavegnide Of arbitrary CXOSS-
$ection,” Radio tici., VQ1. 11, pp. 449-457, May 1976.
E. F. Kuester and D. C. Chang, “Surface-wave radiation loss from
curved dielectric slabs and fi~ers,$’ IEEE J.’ Quantum Electron.,
vol. QE-11, pp. 903-907, Ncw.’ 1975.

E. F. Kuester, “An alternative expression for the curvature loss ~f

a dielectric waveguide and its application to the rectangular di-
electhc ch,iymel,” Radio Sci,, vol. 12, pp. 573-578, July-Aug.
1977.
L. LQW~, “R@ation from curved dielectric slabs an@fibers:’
lEE~ ~afls. Microwave Theory, Tech., vol. MTT-22, pp. 718-

727, July 1974; and “Correction to “Radiation ‘from curved di-
electric aiabs and fibers,’ “ IEEE vans. Microwave Theory Tech.,

vol. MTT-23, p. 779, Sept. 1975.
,,

M. -Miyagi and S. Nishida, “Bending lossesof dielectric waveguides
for integrated ~optics,” J: Opt. Sot. Amer., vol. 68, pp. 316-

319, Mai. 1978:



646

[11]

[12]

[13]

[14]

[15]

[16]

[17]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 4, APRIL 1982

H. F. Tavlor. “Power loss at directional change in dielectric wave-
guides,” ~pp>. Opt., vol. 13, pp. 642-647, M~r. 1974.
J. E. Goell and R. D. Standley, “Sputtered glass waveguide for
integrated optical circuits,” Bell Syst. Tech J., vol.48, pp. 3445-
3448, Dec. 1969.
J. E. Goell, “Electron-resist fabrication of bends and couplers
for integrated optical circuits,” Appl. Opt., vol. 12, pp. 729-
736, Apr. 1973.
J. E. Goell, “Rib waveguide for integrated optical circuits,”
APP~.Opt., vol. 12, pp. 2797-2798, fkc. 1973.
H. Furnta, H. Noda, and A. Ihaya, “Novel optical waveguidefor
integrated optics,” Appl Opt., vol. 13, pp. 322-326, Feb. 1974.
L. D. Hutcheson, I. A. White, and J. J. Burke, “Losses in diffused
LiNb03 waveguides caused by directional changes,” in Dig. of
Top. Meet. Integ. and Guided-Wave Opt., Incline Village, NV,
Jan. 1980, paper WB2.
R. G. Walker, “The design of ring-resonators for integrated optics
using silver ion-exchanged waveguides,” Ph .IJ. thesis, University
of Glasgow, 1981.

C(32 Laser Annealing
Thin-Film Optical

of

[18 ] J. T. Boyd, “Theory of parametric oscillation phase matched in
GaAs thin-film waveguides,” IEEE J. Quantum Electron., vol.
QE-8, pp. 788-796, Oct. 1972.

Michael W. Austin was born in Melbourne,

Australia in 1955. He received the B.E. degree
with distinction in communication engineering
in 1977 and the Masters degree in electronic
engineering in 1980, both from the Royal Mel-
bourne Institute of Technology, Melbourne,
Australia.

Since late 1979 he has been employed as a
Research Felfow at the British Telecom Research
Laboratories, Ipswich, England, where he is
currentlv workirw towards the Ph.D. in the field

of integrated optics in HI-V semiconductors.
Mr. Austin is a member if IREE Australia.

Si3N4, Nb20S, and Ta205
Waveguides to Achieve

Scattering Loss Reduction

SUBHADRA DUTTA, STUDENT MEMBER, IEEE, HOWARD E. JACKSON, J. T. BOYD, SENIOR MEMBER, IEEE,

RICHARD L. DAVIS, AND FRED S. HICKERNELL, SENIOR MEMBER, IEEE

Abstract –Significant reductions in the optical scattering losses of

Si3N4, Nb2 05, and Taz 05 waveguides fabricated on Si02/Si substrates

have been measured foflowing C02 laser annealing. The largest improve-

ments were observed for Si3 N4 waveguides, where waveguide attenua-

tion values of about 6.0 dB/cm before laser anneafing were reduced to

as low as 0.1 dB/cm afterwards. An improvement of more than an

order of magnitude was obtained for a Nb205 waveguide upon laser

annealing, the attenuation coefficient decreasing from 7.4 to 0.6 dB/cm.

In the case of one Nb205 waveguide no improvement was obtained

upon laser annealisig. The attenuation coefficient of a reactively

sputtered Ta205 waveguide was found to decrease from 1.3 dB/cm

before laser annealing to 0.4 dB/cm afterwards. In the case of a

thermally oxidized Ta205 waveguide a smafl initiaf improvement in

waveguide attenuation was followed by degradation upon further laser

annealing.
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1. INTRODUCTION

sCATTERING of light propagating in thin-film optical wave-

guides represents a loss mechanism and, concommittantly, a

limitation on the dynamic range obtainable in integrated op-

tical signal processing devices [1]. An order of magnitude

reduction in waveguide scattering loss, for instance, leads to -an

approximately 10 dB increase in dynamic range [1] . In addi-

tion, a lower loss waveguide requires a lower power light source,

an advantage in some applications. Reduction of scattering in

thin-film optical waveguides is thus desirable, as it would make

integrated optical signal processing devices more competitive

with other approaches.

We have previously reported C02 laser annealing that dra-

matically reduces scattering losses in Corning 7059 glass [2],
[3] and ZnO [4] thin-film waveguides fabricated on thermally

oxidized silicon substrates. Losses as low as 0.05 dB/cm for

Corning 7059 glass waveguides and 0.01 dB/cnl for ZnO wave-

guides have been achieved by this technique, a factor of 50-100

times lower than the best results previously reported for these

two waveguide materials [5] - [10] . In this paper we wish to

report the success of CO~ laser annealing in reducing scatter-

ing losses in SisNq, Nb205, and Ta20s waveguides, all fabri-

cated on thermally oxidized silicon substrates.

The lowest loss reported for any thin-film optical waveguide
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