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1. INTRODUCTION AND SUMMARY

1.1 Introduction

This is the final report on Contract No. F19628-84-C-0123 entitled

"Planar Multimode Fiber Optic Couplers", covering the work performed between

July 16, 1984 through April 15, 1986.

As short distance multimode fiber optic communication networks

proliferate, the need for multimode fiber optic access and star couplers

will increase. These couplers must exhibit good output power splitting

uniformity, low loss, environmental ruggedness, compatibility with

commercial multimode fibers, reproducibility and low production cost. Thus

far the most successful multimode coupler developed is the biconically

tapered fused fiber coupler. However, the fused fiber coupler may not

adequately meet some of the above-mentioned requirements, particularly

those imposed by the harsh military environment.

The object of the present program was to develop the technology of

electric-field-assisted Tt+-Na + ion-exchange waveguides in glass substrates

and to design and fabricate a 4-port access dnd 8-port transmission star

couplers using the developed technology. Couplers fabricated

monolithically on glass substrates could have many advantages over the

fused fiber couplers. The monolithic couplers could form a rugged,

environmentally stable package. Furthermore, the coupler pattern can be

defined on the glass substrate with standard photolithographic techniques,

which can lead to low cost in volume production.

The summary section of this report gives a brief outline of the

accomplishments under this program.
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1.2 Summary

During this program, methods of fabricating multimode waveguides in

glass by the electric field assisted T9+-Na+ ionic exchange were developed

and used to fabricate 4-port access and 8-port transmission multimode star

couplers. The output power distribution uniformity for the 2x2 and 4x4

couplers was < 0.5 dB and < 1 dB, respectively, and the waveguide

propagation loss was - 0.1 dB/cm. The numerical aperture depended upon

the Tx + concentration for the first diffusion and varied from 0.19 to

0.23. The second diffusion generally lowered the NA to -0.11 to 0.15.

During the first phase of the program, the apparatus to carry out the

highly toxic Tx+ ion-exchange experiments was designed, constructed, and

tested for safe operation. Materials such as sulfates of Na, K,

Zn, TX, etc. were ordered along with optical quality Bk-7 glasses. A mask

was designed to allow the study of waveguide size and structure geometry as

a function of diffusion conditions. Procedures for the electric field

assisted diffusion were developed and incorporated with the apparatus

design.

Iterations during the early stages of the program were necessary to

determine the optimum diffusion parameters such as temperature, time,

electric field, salt concentration, and masking material. Based on this

information, thallium enriched star and access couplers were fabricated,

polished and evaluated for transmission, output power coupling uniformity,

size, shape, and numerical aperture. Despite the problems encountered such

as glassware breakage, delays in replacements, logistical problems in

handling toxic materials, delays due to health and safety inspection and

consequent modifications, the program goals were met.

The first diffusion thallium couplers exhibited exceptionally low

scattering and good distribution of optical power. However, the second

electric field assisted diffusio6 to bury the thallium waveguides resulted

in couplers with increased amounts of scattering. The scattering is

believed to be due to scattering sites resulting from differing electric

field drift velocities for the thallium, sodium and potassium impurities.
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The potassium impurity was included to stabilize the molten mixture during

the initial study of melting points.

Lack of thallium sulfate availability from normal commercial sources

during the latter part of this program required tt..' repeated use of the old

thallium mixture. The resulting waveguides had lower NA's ( -.11 ) than
desirable and some excess scattering.

During the last week of this program a new supply of thallium sulfate

was finally received. An electric-field-assisted diffusion waveguide

coupler prepared with a new mixture, without potassium sulfate, yielded one

of the best single diffusion couplers fabricated to date, with low

scattering, excellent coupling distribution and NA ~ 0.20.

3
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2. TECHNICAL DISCUSSION

2.1 The Ion-Exchange Technique: Background

Alkali ion exchange for the purpose of strengthening glass has been

extensively studied in the past. Because of the advances in optical fiber

communications and the emergence of integrated optics in the last 15 years,

the usefulness of this process for optical waveguide formation in glass

became the subject of numerous studies. For glass strengthening purposes,

a large ion from an alkali salt melt is exchanged with a smaller ion in the

glass to produce a compressive stress on the glass surface. While glass

strength is not an important factor in light-guiding structures, the

exchange process itself can be utilized to produce light-guiding structures

since any alteration of the electronic structure of glass yields a

refractive index change. The refractive index can be increased or

decreased as a result of a combination of two major effects. The first

effect relates to the atomic size of the exchanging ions. If a small ion

such as Li+ replaces a larger ion such as Na+ or K+, the glass network will

collapse around the smaller ion to produce a umore densely packed structure

that usually has a higher refractive index. Conversely, if a larger ion

replaces a smaller ion, the network expands to a less packed structure,

yielding a lower refractive index. A second effect relates to the

electronic polarizability of the exchanging ions. If an ion of larger

electronic polarizability such as TZ+ Cs+ , Ag+ , Rb+ , or K+ replaces an ion

of smaller polarizability such as Na+ , an increase in the refractive index

will result, and vice versa. The increase in the refractive index can be

shown to be related to the electronic polarizability in the following

form 1 :

S 6n AQ3i ()

where n is the refractive index, V is volume, AQi is the number of ions

type (i) replaced, and ai is the electronic polarizability.

Sodium ions, present in common glasses such as soda limes and

borosilicates, are known for their high mobility and therefore exchange

, ::4



well with monovalent alkali ions. The extent and rate of exchange depend

on the activation energy, glass composition, temperature, molar fractions,

and various other parameters that govern the diffusion kinetics. The

diffusion kinetics of ion exchange for a binary exchange are described by

the following relationship

U D2(N+ N2)
0

mf= DIN,+ D2N2 , (2)

where Um is the interdiffusion coefficient, U is the self-diffusion

coefficient, N is the ion concentration, and subscripts 1 and Z refer to

the exchanging species. The inter-and self-diffusion coefficient have

strong composition dependence. The rate of ion exchange is controlled by

the slower mobile ions, and the mobility is reduced considerably by the

mixed-alkali effect. For light-guiding structures, however, it is

important first to consider the more directly relevant parameters as they

affect the change in refractive index. Table I lists the electronic

polarizability2 , ionic radius, melting and decomposition points of the

salts for monovalent ions that alter the refractive index of glass when

exchanged with Na+ ions, and the index increase. This table provides the

possible options available in meeting certain waveguide requirements.

2.1.1 Alkali Ions for the Ion Exchange

As shown in Table 1, the monovalent alkali ions that yield an increase

in the refractive index of glass when exchanged with Na+ ions include Li+ ,

Cs+, Rb+, K+, Ag+, and Tx+. During the past lb years, considerable work

has been reported on the use of these ions for the formation of single-mode

and multimode waveguides in glass. The general characteristics of the ion-

exchange process associated with each of these ions is reviewed next.

2.1.1.1 Li + - Na+ Ion Exchange

As mentioned earlier, the substitution of Li+ ions for Na+ ions

results in an increase in the refractive index, not because of lithium's

electronic polarizability, but because of its smaller ionic size compared

to Na+, which yields a more densely packed structure. The index increase

is generally small

5
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(<0.015), making it suitable for single-mode waveguides but marginally

acceptable for multimode waveguides of large numerical aperture. The

diffusion of Li+ ions in glass is fast due to their small size, which makes

lithium attractive for producing thick multimode layers in reasonably short

times. The losses of such layers are subject to question, however, since

it is known that the collapse of the glass network around the small Li+

ions near the surface at temperatures below the glass transition

temperature results in surface deformations and microcracks for long

diffusion times3 . Light-focusing rods in lithium aluminosilicate glasses

and planar guided layers in sodium aluminosilicate glasses were produced by

Na+ -Li+ ion-exchange from NaNO3 and LiNO3 sources, respectively, with an

index change peak as high as 0.0018495. Attempts to bury the guided layers

by double diffusion caused surface damage, but no figures on the losses

were reported. A eutectic melt of Li 2 SO4 and K2 SO4 was also used as a

source for exchanging Li+ ions with Na+ ions in soda lime glass slides at

high temperatures (575*C), yielding thick guiding layers in short diffusion

times. 6 ,7 The waveguides so produced were 40 to 140 um thick with an =

0.015 at the surface and had propagation losses of 1.2 dB/cm.

2.1.1.2 Cs+ , Rb+ - Na+ Ion Exchange

Cs+ and Rb+ ions can also provide an increase in the refractive index

when exchanged with Na+ ions due to the gain in electronic polarizability,

as indicated in Table 1. Planar waveguides produced by Cs+ - Na+ ion

exchange were reported in soda lime glass from a CsNO3 source at 520*C.

Due to its large size, Cs+ diffuses slowly in glasses. Waveguides

8 um deep were fabricated In 37 hr at 5200C.8 The waveguides so formed had

an index increase of 0.03 and an estimated loss of 1 dB/cm. The formation

of similar waveguides by Rb+ - Na+ ion exchange was also reported.8  The

index increase in this case was smaller than that of Cs+ (about 0.015),

which is expected due to the lower electronic polarizability of Rb+ . No

data were given on processing parameters and losses. Both Rb and Cs

compounds present considerable toxic and fire hazards, which explains the

limited work carried out using such materials.
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2.1.1.3 Ag+ - Na+ Ion Exchange

The Ag+ - Na+ ion exchange is probably by far the most explored ion-

exchange technique. However, considerable problems associated with the

waveguide losses produced by this method remain unsolved. Ag+ ions from AgNO3

salt exchange very well with Na+ ions in glass even at low temperatures,

typically in the range 220 to 300°C. The strong interdiffusion between Na+

and Ag+ ions, coupled with a large index increase obtainable typically 0.09

in soda lime glass,9-13 and 0.22 in TiF6 glass 14 ) result in highly multimode

waveguides for diffusion periods of a few hours. The losses in such

waveguides have been relatively high (often a few dB/cm). The refractive

index can be adjusted below the saturation level by diluting the silver salts

with sodium or potassium salts.11, 12 Lower silver concentration, and

therefore An, usually results in lower losses. Recently, a new method of

controlling the silver content, and therefore the refractive index, in silver

ion-exchange waveguides was introduced using electrolytic release of silver

i ions from a silver rod electrode immersed in molten NaNO 3.1
5 By controlling

the current, the silver concentration In the salt, and therefore the rate of

Ag+ - Na+ ion exchange, can be controlled, yielding the desired index

change. The exchange was carried out at 330*C for 20 to 120 min on soda lime

glass slides, yielding single and double mode waveguides with an index

increase An = 0.005. The losses varied with the glass type used. For example,

Schott slides yielded 0.2 dB/cm, while Labmate slides yielded 1 dB/cm at

0.633 pm. The low An obtained implies very small silver concentration in the

waveguides and explains the low loss reported in some of their samples.

Due to its compatibility with faster multimode waveguide formation, the

electric-field-assisted silver ion-exchange technique has been used to

fabricate deep planar layers as well as multimode star and access couplers.

We have previously used this technique to fabricate 2x2 and 4x4 multimode

couplers by employing a central mixing region connected to input and output

ports through Y-junctions. Distribution uniformities of 0.5 dB and 1.U dB

were obtained for the 2x2 and 4x4 couplers, respectively. The losses were In

the range of 1 to 1.5 dB/cm. The high losses commonly observed in silver ion-

exchange waveguldes are the result of silver ion reduction in glasses

containing certain impurities. This issue is discussed next.

8



On a historic note, Ag+ ion exchange dates back several hundred years,

and possibly even more. In glass-manufacturing circles, Griesinger (Ulm,

1460) is often credited with having been the first to apply this technique

(also known as staining) to window glasses. In fact, some stained church

windows of the fifteenth century are some of the old examples of this

technique for producing yellow colors and for shading other colored panes.

Artists found this method very convenient since it enabled them to produce

permanent colors without destroying the natural fire polish of the glass

surface. The process of baking a vitreous surface coated with silver

containing a mixture of clay or ochre in order to produce a variety of colors

was known and practiced long before Griesinger. Old Persian pottery and

Moorish pieces of glazed earthenware were decorated this way. In the ninth

century, the African Moors were skilled in this art, and, by varying the

composition of the pastes, time, and temperature of the baking process, they

produced yellow to brown shades and metallic lusters. Through the Spanish

Moors this art came to Spain, Italy, and France and thus spread over Europe.

The production of silver stain is based on the principle of silver ion

exchange with the existing alkali ions in the glass at temperatures below the

softening range. After the silver ions penetrate through the glass, they are

readily reduced to elementary silver if they react with other metastable ions

such as Fe++ and As+++, which serve as electron donors.16 The low solubility

of the elementary silver so formed brings about precipitation of the metal as

submicroscopic crystals. Ebell 17 was the first to point out that the yellow

color of silver-stained glass is the result of metallic silver in a state of

fine subdivision. The mechanism of the reduction of silver ions was first
18explained by Zsigmondy. In order to better understand the process of silver

staining, he used a transparent melt of silver nitrate and sodium phosphate in

a 1:5 molar ratio as the source of silver ions. Into this melt he inserted a

piece of glass and observed the formation of the yellow stain, which took

place without oxygen development. He concluded that the formation of metallic

silver cannot be the result of the thermal dissociation

1 (3)Ag2 0 + 2Ag + 7 02.

9



It was evident, therefore, that the oxygen must have been absorbed by a

constituent of the glass. In his further research, Zslgmondy found,

especially in glasses with a high FeO and As2 03 content, deep yellow colors,

whereas glasses free from these constituents or prepared under strongly

oxidizing conditions did not readily accept the silver stain. He therefore

formulated the reduction process as follows:

Ag2 U + 2FeO + Fe2 03 + 2Ag, (4)

2Ag 2 0 + As2 03 + As205 + 4Ag. (5)

The necessity for a reducing agent to be present in the glass explains the

strange sensitivity with respect to minor constituents such as sulfide,

arsenic, antimony, and ferrous ions. These ions assume the role of electron

donors and the Ag+ ion that of an electron acceptor. Wey1 16 found that Ag+

ions can also be reduced by other processes such as hydrogen treatment at

100*C, electron bombardment of the surface, cathode radiation, and X-rays.

The yellowish coloration is not produced by the mere reduction of Ag+ ions,

but rather by aggregation and crystallization. During the ion-exchange

process and during the reduction of silver ions into atoms, the silver atoms

have considerable speed. Soon after their formation, they collide, aggregate,

and form submicroscopic crystals responsible for the yellowish staining of

silver-treated glasses. Under proper conditions, silver stain can be formed

in all silicate glasses. The major constituents are of little influence,

while minor constituents such as As2 03 , Sb2 03, or FeO strongly influence the

extent of glass coloration. 16 Now the question is: How is all of this related

to the high losses reported to date on heavily exchanged Ag+ ion-exchanged

waveguides? The most likely answer is the following: Most researchers on this

subject opted to use either commercial laboratory microscope glass slides that

are generally of the soda lime category, very similar to cheap window glass,

or optical quality borosilicate glasses such as BK-7. In the case of

microscope glass slides, It is well known that such glasses contain

considerable amounts of FeO, As2 O3 , and Sb2 03 as part of the constituents and

are not refined of these elements in any way for obvious commercial reasons.

Indeed, if one were to examine a thick bulk piece of such glasses or look at a

simple microscope glass slide through its edge, a greenish-bluish color is

evident, which is particularly attributable to the presence of ferrous oxide
d

10
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in the sample. Optical quality glasses, as free from ferrous oxide as

possible, still have a certain amount of As203 that is present intentionally

in the glass. It is common knowledge to glass manufacturers that arsenic is a

good fining agent added to the glass during the glass melting and preparation

process to help remove bubbles and occlusions. Several mechanisms for fining

are given; the most acceptable one suggests that arsenic helps reduce the

oxygen concentration in the glass. At high temperatures, arsenic oxide

contains mostly AsZO 3, but as the temperature is reduced, it combines with

oxygen to form the pentavalent As20b. The trivalent arsenic can react with

the oxygen physically dissolved in the glass, reducing its concentration and

shrinking the bubbles. The presence of As, therefore, is also responsible for

silver reduction, even in optical quality glasses. The coloration and

metallic cluster aggregations are the obvious sources and causes of high

losses in the form of scattering or absorption as observed by various

researchers in Ag+ ion-exchanged glasses.

Clearly, these losses can be reduced by custom preparation of glasses

free from undesirable impurities. Glass manufacturers we have contacted

suggest that such customized glasses can be prepared but would be expensive,

especially in small quantities, since material (high purity raw materials) and

processing (fining without the use of arsenic) result in high cost.

Therefore, high quality multimode waveguides produced by Ag+ ion exchange have

certain economic limitations. Commercial raw materials are inadequate if the

objective is to fabricate waveguides with low attenuation on the order of a

small fraction of a dB/cm.

2.1.1.4 K+ - Na+ Ion Exchanye

K+ is another ion that exchanges well with Na+ ions. While a limited

effort has been made thus far to employ K+ - Na+ ion exchange for multimode

applications, this technique proves to be very useful and most promising for

applications that require low numerical apertures and single-mode

operation. K+ ions diffuse in glass at a moderate pace, slower than silver

but faster than thallium ions. The index increase obtained is in the range

0.006 to 0.009, and the diffusion coefficient from a KNO3 source at 35U0 C in

soda lime glass is about 7x10"11 cm2/s.9 ,19-23 This technique was

11



successfully applied to fabricate single-mode lxN star couplers in glass

substrates. Single-mode channel waveguides with typical dimensions of

4x3 Pm are formed on soda lime glass slides at 35UOC during a 3U min. period

with a KNU3 source. The waveguildes formed are compatible with single mode

fibers in regard to dimensions and numerical aperture. The propagation losses

are typically 4 0.2 dB/cm at U.83 pm wavelength. For multimode operation, it

is possible to extend the diffusion time and/or apply an electric field to

create thick multimode guiding layers. Our experience has shown that, in

these cases, the losses are even less than those for single-mode operation.

The maximum index increase, however, is typically about O.UU9 in soda lime or

borosilicate glasses, which is lower than needed for a good match with

commercial multimode graded-index fibers of high numerical aperture (NA of 0.2

to 0.3).

2.1.1.5 Ti +- Na+ , K+ Ion Exchange

Tt+ - Na+ and TX+ - K+ ion exchange in glass have been used to produce

light-focusiny rods, planar and two-dimensional guiding layers,9 ,24 ,Zb planar

microlens arrays,2 6 ,27 and multimode star couplers.2d As shown in Table

1, Ti+ has the largest electronic polarizability among the monovalent ions,

and therefore yields a large change in the refractive index when exchanged

with Na+ or K ions. An index change of 0.1 has been observed and lower

values were obtained by diluting the TLNO3 source with NaN.
UJ3

4  Ti+ is a

fairly large ion and therefore has very low mobility in glass. 2d This was

demonstrated by Giallorenzi et. al.9 when no guiding layers in aluminosilicate
glass were observed after an ion exchange in TLNO melt for a period of 24 hr

at 25uC. On the other hand, Izawa and Nakagome were successful in

producing thick guiding layers (160 Pm deep) in borosilicate crown glass, but

at a much higher temperature of 53U0 C and longer durations, reaching 72 hr.

The application of an electric field considerably shortens the diffusion

time. Using this method and a subsequent second exchange process to reduce

the index at the surface, excellent buried two-dimensional waveguides with a

near-circular profile 30 um in diameter were formed with losses below U.1

dB/cm.24  For multimode purposes, this technique proves to be the most viable

among other ion-exchange techniques, due to the ability to control the process

inherent in the slow diffusion of TL+ ions and the excellent outcome of low

losses and compatibility with multimode fibers.
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The use of electrothermal Tx+ diffusion has also been applied recently to

the fabrication of planar microlens array systems.26 ,27 Deep spherically

symmetric index gradation was formed by diffusing Tx+ ions through circular

windows to form planar microlenses of short focal lengths. The fabrication

procedure is similar to that used by Izawa and Nakagome,24 except that a melt

mixture of T 2S04 (3U%), ZnSO 4 (40%), and K2SO4 (30%) was used as the dopant

source at temperatures between 500°C and 6UUC. The use of sulfates instead

of nitrates is intended for operation at higher temperatures since nitrates

dissociate at low temperatures. ZnSO 4 is added to lower the melting point of

the sulfate mixture since each component's melting point is above the

softening point of some of the glasses used. With an electric field of 7

V/mm, lenses 6UU urm in radius were formed in 8 hrs. This contrasts with the

formation of similar structures in lbb hrs when no electric field is

applied. The same technique was recently applied to fabricate buried

multimode star and access couplers compatible with graded-index optical

fibers.28

The main problem that inhibits the wider use of TL+ compounds for ion

exchange is their high toxicity. However, when precautions are taken and

operation is maintained under proper fume hoods and controlled conditions,

hazards can be reduced.

2.1.1.6 Solid-State Metallic Diffusion in Glass

In addition to ion exchange from molten salts as described above,

waveguide formation in glass can also be obtained by a dry process, namely,

solid-state diffusion of metallic films on glass with and without the aid of

an electric field. 2 9-33 This process involves the evaporation of silver films

about IUUU A thick on the surface of polished glass, and subsequent diffusion

at 4UU to tUU0C. With the absence of an electric field, deep waveyuides

(IUU um thick) are easily formed in a few hours. The index change in this

case is very low, typically U.UUI. The low index indicates slow exchange rate

and low silver concentration and explains the low losses observed by such

waveguides. On the other hand, with the application of an electric field of a

few volts per mm, an index change of about O.U2b can be obtained. 29 In this

case, higher losses and coloration are observed. As previously described,

13



silver ion reduction and aggregations are cited as the reasons for the

additional scattering and absorption losses. A ten-port graded-index

wavegulde star coupler was reported using this method in Bk-7 glass with the

help of an electric field.33 Instead of burying the waveguides, two

semicircular patterns were produced on two matching substrates, which were

later aligned and epoxied together to yield a composite circular waveguide

cross section. The insertion loss measured was about 6 d8.

2.1.3 Electric-Field-Assisted Ion Exchange Problems

Buried layers are necessary in guided structures for two important

reasons. The first one relates to the index profile symmetry, and the second

relates to the propagation losses. The profile symmetry is essential to

maximize coupling between waveguides and fibers whose profile is circularly

symmetric. Furthermore, by burying the guided layer below the substrate

surface, a significant source of loss, namely, the surface roughness, is

minimized. It is important, therefore, to consider the feasibility of the

ion-exchange process for producing buried layers whose profile and geometry

are compatible with those of the fibers to be used. In the ion-exchange

process, buried profiles are produced by the so-called double diffusion

method. This process involves exchanging the species that increase the

refractive index first and then introducing a second type of species that

lower the refractive index in the vicinity of the surface, yielding a graded

bell-shaped profile.

For multimode operation, relatively deep waveguides are required,

necessitating the promotion of the thermal diffusion with an assisting force

since the speed of thermal diffusion is proportional to the square root of the

diffusion time. The application of an electric field provides the additional

force for driving in the exchanged ions at a faster pace, typically linearly

dependent on time and electric field.

A comparison of the various ion-exchange processes is summarized in Table

2.
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2.1.4 Diffusion Kinetics

Due to the low mobility of certain ions such as Tt+, an electric field may
be applied across the glass substrate to assist the thermal diffusion in driving

these ions at a faster pace into the glass. The extent to which the diffusion

speed can be increased depends on the following: (1) electric field strength,
(2) ionic mobility, (3) glass constituency, (4) temperature, and (5) ionic source

concentration. All of these factors combined tend to influence the waveguide

formation process, thus complicating a full understanding of the dynamics of the

process, both analytically and experimentally.

Understandably, no comprehensive analysis has been reported to date

that accounts for all of the above-mentioned factors and boundary

conditions that influence the process.

For a planar waveguide, the diffusion is one-dimensional and is more

easily treated following the diffusion theory. For an infinite doping

source, the index profile follows the concentration of introduced

impurities:

C(xt) = CO erfc [ x-Et 12 (6)0 2(Dt) 1/21'

where E is the applied electric field, u is the mobility, D is the
diffusion constant, and t is time. The diffusion coefficient D is defined

as
34

-A E

D(T) = Doexp -- TI, (7)

where Do is the diffusion coefficient extrapolated at infinite

temperatures, AEa is the activation energy, and T is temperature. The

mobility due to ionized impurities is given by
34

u = (m) 1/2 N'1T3/2 , (6)

where N is the ionized impurity density and m is the effective mass. From
Eqs. (6) through (8), it is evident that the diffusion is faster with (1)
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higher electric field intensity, (2) higher temperature, (3) lower ionic

size and effective mass, (4) lower impurity density, and (5) lower

activation energy.

Unfortunately, it is not always possible to vary these parameters

beyond certain limits. For example, when the electric field is increased

dramatically, it will drive the Na+ ions at a faster pace, creating a

highly sodium-deficient surface layer, which, if not compensated properly,

could create major network modification of the glass constituency, thus

causing surface cracks and deformations. The temperature increase is

limited by two factors,namely, the dissociation point of the salts used

and the softening point of the glass substrate. The ionic size is

dictated by the ions used. The glass constituency is also very

important. The Na+ content in the glass dictates to a large extent the

index change as well as speed of both thermal diffusion and electro-

diffusion, and moderately high sodium content is needed for greater

exchange and increased ionic conductivity of the glass at lower

temperatures. The effect of composition and Na+ content on the net index

change as well as speed of exchange was demonstrated experi-

mentally. 14 ,35 In an experiment using Ag+ to exchange with Na+ ions, soda

lime glass containing 12% Na20 and TiF6 glass containing 20% Na2O were

used. The maximum index change in soda lime glass was An=0.1, obtained

in 1 hr at 3000 C. TiF6 glass, on the other hand, generated an index

change of An = 0.22 in only a few minutes, showing a remarkable

dependence of the index change and speed of ion exchange on the sodium

content in the glass. 14 The ionic source composition is also important

since it modifies the effective diffusion coefficient and also affects the

compensation of sodium ions drifting by the force of the electric field in

the glass. Kobayashi36 demonstrated this effect experimentally by using a

mixture of TXNO 3  and KNU 3 as the salt melt source in corresponding

proportions of 1:9, 1:2, and 1:1 by weight, performing the ion exchange at

45U*C for 24 hrs. The diffusion coefficients of Tt+ ions in the glass

were measured to be 4.34x1U "1U, 9.8x1U" , and U.dbx1U "7 cm2/s,

respectively, indicating faster diffusion at lower Tt+ source

concentration. The glass used had the following chemical composition

S i 2 - 7U mol%, Na U - 15, K2U - 2, At2U3 - 1, ZnU - b.b, B U3 - 4.b,
2
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and PbU-1 mol%, also determines the dissociation temperature of the salt

mixture. Finally, the electrode configuration, whether metallic or

insulating, as well as the distance between electrodes, tends to influence

the electric field distribution and therefore the distribution or

dispersion of the introduced ions.

The basic thermal diffusion process for a one-dimensional model is

described by Fick's second law:

aN Da 
(9)

where N is the exchanged-ion concentration, t is time, x is the depth of

penetration, and D is the diffusion constant, usually dependent on

temperature and activation energy. Solving this equation yields the

concentration profile

N(x,t) = NO erfc [ x ] , (1U)
2V Ut

where No is the surface concentration at the glass-melt interface. This is

a simple solution that might be perturbed by several factors, such as

valence difference between the exchanging ions and a change in the

diffusion coefficients of the ions as they enter the medium resulting in

charge accumulation. When there is no electric field across the glass

substratc, the electrical neutrality in a binary exchange may be expressed

as
37

JIZI + J2Z2 = 0, (11)

where Z is the valence of the ions, J is the ion flux, and subscripts 1 and

2 refer to the exchanged ions. Assuming that the sell-diffusion constants

of the two ions in the glass are independent of concentration, the flux of

the ions entering the glass from the melt can be written as

a N, Z1 N1 Ei
Ji " 1 + kT q) (12)

where E1 is the internal field generated by the ion exchange to equalize
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the diffusion constants in order to maintain charge neutrality, T is

temperature, and q is the electronic charge. Alternatively, the dopant

flux may be written as

Vm ax,. Jl = -m x (13)

where Dm is now the effective diffusion constant defined in Eq. (2). This

yields a concentration profile similar to that given in Eq. (1O) with the

effective diffusion constant Dm replacing the self-diffusion constant D.

Therefore, the dopant concentration profile remains, but the rate of

diffusion is different. When an electric field is applied, the condition

for charge flow under the electric field is

Jl + J2 = J (14)

when both ions are monovalent, i.e., Zl= Z2 = 1. Assuming that the self-

diffusion coefficients are concentration-independent, then J1 and J2 are

given by

i= - (3N + N' q), i = 1,2. (ib)

where ET is now the total electric field (internal and applied). The index

profile may now be obtained from the flux equation as

nx-ETt ETx X+1.ETt
n(x,t) =n + - [erfc ( ) + exp (-f---)erfc ( ) (16)

2)ts  2 2-- -t

From this equation, it appears that an electric field will produce a higher

index at a given depth x for the same diffusion time. The diffusion speed

is also dependent on the magnitude of the field. A change in the profile

shape is also evident from the exponential term modifying the complementary

error function.

2.1.5 Two-Dimensional Confinement Distortions

One of the important issues relating to the successful fabrication of

circularly symmetric multimode channel waveguides in glass by the electric-
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field-assisted ion exchange is the tendency for the dopant ions to diffuse

sideways. 38 , 3 9 An example of this effect was demonstrated experimentally

by Lilienhof et al. 39  The authors used a diluted melt of AgNO3/NaNO 3 with

10 mol% AgNO 3 as the exchanging source in borosilicate glass (ESSAG type

D263) and soda lime glass (VERTEX). Their substrates were very thin (0.3

to 0.5 mm thick), and their masking waveguide openings were relatively wide

(35 to 106 pm). The masking materials used were Ti, Pt, SiO2, and Si3N4 ,

all yielding similar results. The anode used was the salt melt, and the

cathode was a gold film evaporated on the back of the sample. Buried

layers were formed by a subsequent exchange in pure NaNO 3 after removing

the original masks. Their study demonstrated the development of side lobes

and a sideway diffusion especially for wide channels. The side lobes were

more evident when the mask opening was large (>40 pm). The side diffusion

and depth after diffusion were found to be somewhat nonlinear with exchange

time for a given electric field intensity and temperature. Narrower

windows were found to yield deeper penetration and to have slightly more

side diffusion for a given diffusion time.

The side diffusion effect was also observed in very narrow (single-

mode) waveguides when silver ion exchange was used.40 The effect was

manifest by cream-colored bands along the waveguide sides. Walker et al. 40

attributed this effect to electrolytic deposition of metallic silver

beneath the edge of a conducting aluminum mask. Such an occurrence was not

observed when an insulating (anodized At) mask was used. Their explanation

of this phenomenon follows Doremus' suggestion I that an electrical

potential exists between an ion exchanger and the solution or melt with

which it is exchanging, as a result of thermodynamical activity and

mobility differences. Since more Na+ ions diffuse out of the glass than

Ag+ diffuse in (under no electric field), the glass becomes under a

negative potential with respect to the melt. An electrochemical potential

may also exist between the conducting mask and the melt, leaving the mask

under an additional negative potential with respect to the melt. When the

two voltages are different, ionic current flows, thus accelerating the Ag+

indiffusion and retarding the Na+ outdiffusion. Since the ion exchange is

a one-to-one process, the excess indiffused silver will be reduced and

deposited beneath the conducting mask edges, which also affects the net

20
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index change. It should be noted that the results of Walker et al. 4 0

correspond to narrow single-mode channel waveguides, and no external

electric field was used in the diffusion process.

Wilkinson and Walker 38 studied the effect of the masking film

(conducting on nonconducting) on the ionic concentration gradient of very

narrow Ag+ ion-exchange waveguides in glass under no external field by

solving the diffusion equation under two masking conditions, metallic and

nonconducting. They postulate that when a metallic mask is used, the

electrostatic boundary condition on the metal mask requires that the

electric field be zero. This implies that the gradient of the silver ions

be zero at the mask-glass interface. The width of the diffused region is

reduced, and the central section of the diffused region shows more

curvature. It should be noted again that the case considered by the

authors assumed very narrow (3.5 um wide) waveguides under no fields.

When very wide multimode channel waveguldes were fabricated with an
external electric field as in the Lilienhof 39 study, the side lobes were

not attributed to differences in chemical potentials between the melt and

the masking material, as suggested by Walker et al. 40  No difference in the

profiles was observed when different masking materials were used,

conductive and insulative. It is not easy to draw a conclusion between

the two results. However, it is reasonable to argue that when an external

electric field is applied, which is usually larger than the electrochemical

fields, the mask-induced fields may be overwhelmed by the external fields,

yielding similar results for conducting and nonconducting masks, soecially

for very wide openings.

2.2 Apparatus for the TX+ - Na+ Ion-Exchange

The Tt+ - Na+ ion-exchange experiments were conducted in a Llndberg

"lift top" vertical furnace which was slightly modified for use under a

fume hood. The glassware, shown in Figure 1 consists of a long flat

bottomed quartz tube which rests on the bottom of the furnace and extends

up above the furnace rim. A standard ground quartz joint connects a cap to
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Figure 1. Apparatus for the T1+- Na+ ion exchange under an

electric field.
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the top of the tube. There are four feedthroughs in the cap. Two are

standard 1/4" ID tubing for gas flow. The third has a compression fitting

which is used to insert a sealed long quartz tubing containing a

thermocouple for temperature monitoring. The fourth feedthrough is located

in the center of the cap and fitted with a compression fitting to allow a

double-hollow quartz tubing-rod (used to load the sample) to slip fit

through the opening. The compression fittings allows random height

positioning of the thermocouple and sample holding rods. The double hollow

in the central tubing accommodate two electrically isolated platinum wires

used to apply the electric field and carry the electrical current. These

wires are sealed at the top of the double hollow tubing, and connected with

external wires to the power supply through ball joints.

A quartz beaker in the bottom of the tube contains premeasured

impurity salts. This beaker is lined with a stainless steel beaker (not

shown in Figure 1) to isolate the molten salts from spilling into the main

tube when the quartz beaker breaks for some reason. A quartz boat with a

rectangular opening is used to hold the glass sample. The boat has four

protruding rods used to attach platinum wires to the boat and sample.

The operation of the setup is as follows: The back-etched glass sample

is loaded face down onto the boat outside the chamber. The boat is then

tied to the lift rod through platinum wires. The platinum cathode wire is

firmly placed in the back-etched depression, and a small amount of salt is

placed on it in the depression. The sample and holder are lifted and

lowered carefully into the vertical tube. The sample is then lowered to a

position slightly above the surface of the salt source in the bottom

beaker. The thermocouple tubing is similarly positioned. The furnace is

allowed to warm up till the salts melt (bO0-6000 C), during which the

temperature is recorded on a chart recorder. Argon is allowed to flow

through the vessel throughout. When ready to perform the E-field assisted

diffusion, the sample and thermocouple are lowered into the melt. Electric

field is applied with a dc power supply, and the current is recorded on a

chart recorder. After the diffusion is complete, the sample and

thermocouple are lifted above the melt surface, and the furnace is turned

off and allowed to cool down to room temperature.
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When cold, the sample is lifted out, and rinsed well with water along

all exposed glassware, fittings etc. Extreme caution is taken at this time

to avoid skin contact with the components exposed to the toxic salts.

2.3 Choice of Materials

Several factors determine the proper choice of materials including

impurities, substrates, and masking materials. These factors are:

1. Sample optical quality

2. Sodium and potassium content (glass conductivity)

3. Sample softening temperature

3. Temperature of operation and time

4. Salts and their melting and decomposition temperatures

5. Masking materials

Furthermore, the materials and parameters chosen must be capable of

achieving the following:

1. Low transmission loss

2. Relatively high NA (large an)

3. Reasonably short diffusion times

The general guidelines are, therefore;

1. To get low loss waveguides, use high transmission optical quality

glass, commercially available, with sufficient Na content. BK-7

and soda lime are good possible choices. BK-7 is probably better

as will be seen later.

2. To get low loss and high NA waveguides, TI is the better choice

for the impurity.

3. To perform the diffusion in reasonably short time, operation must

be at relatively high temperatures (bOU0C-bUU0 C) since the

diffusion of T. is slow.

i 4. Operation at high temperatures requires the glass to have a

relatively high softening point. Soda lime glasses in general,

have low softening points.
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6. For the same reason, the salts must have high decomposition

temperatures. This favors the use of sulfates over nitrates,

which decompose and boil above 4UU°C.

6. The sulfate's melting points are relatively high (6UU-dUU*C) and

must therefore be lowered by the addition of other impurities from

compatible salts such as zinc salts.

7. The masking film must be compatible with photolithographic

techniques and be able to sustain no deterioration by oxidation or

chemical reactions with the salts at high temperatures.

From these guidelines, it seems like BK-7 or a comparable optical

quality glass which is commercially available is the proper choice. The

sulfates also emerge as the better choice for several reasons including

high decomposition point, and viscosity. Nitrates usually creep over the

sample sides rapidly causing short circuits due to their low viscosity.

Gold and Si0 2 are appropriate choices for the masking film due to their low

reactivity with the salts. Details of the observation found with the

salts, glasses, and masking materials will be given later in this report.

3. STAR COUPLER MASKING CIRCUIT DESIGN

The waveguide and coupler mask design was comprehensive to allow for

the evaluation of the waveguides as well as couplers at the same time.

Various initial waveguide widths are introduced to determine the effect on

the final diffused guide width. Furthermore, the mask allows one to study

the effect of the mixing region in the 2x2 and 4x4 couplers on the output

power distribution uniformity. The designs are shown in this section. For

the 2x2 couplers, two configurations are employed as shown in Figure 2. In

the upper configuration (a), the structure consists of two Y-branching

waveguide sections connected together with a short straight channel

referred to as the mixing region, having the same width as the other

waveguides in the Y-junctions. Configuration (b) with a mixing width twice

the width of the two entering waveguide was expected to yield a constant

waveguide crosssection throughout the length of the glass sample, thus

conserving the number of modes throughout. Each design is repeated for

different widths ranging from b pm to 30 um in increments of t Pm at a
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time. Each family of variable width structures is repeated three times for

three different mixing region lengths of 5, 10, and 15 mm. The branching

angle of the Y-junctions is kept at 29. Straight channel waveguides of

corresponding widths interface between the various structures. The center

to center spacing between the input and output channel pairs of the 2x2

couplers is kept at 130 vim.

Figure 3 illustrates the designs for the 4x4 couplers. Three

geometries are used in this case. The first (a) combines two input ports

at a time through Y-junctions and proceeds to combine through another Y-

junction to a central mixing region. The output is branched out through

similar lx2 Y-branchings yielding 4 output ports at the end. The widths of

all guides is maintained throughout. The second geometry (b) is similar to

the first, except for doubling the channel width at every Y-emerging

branch, thus yielding a central mixing region whose width is four times the

width of the input or output branches. In the third configuration (c), all

four input and output branches merge simultaneously into the central mixing

region whose width is four times the width of the input or output

channels. Again, configuration (c) with a mixing width four times the

width of the four entering waveguides was expected to yield a constant

waveguide crosssection throughout the length of the sample thus conserving

the number of modes. The subsequent experiments showed configuration (c)

to perform the best in distribution uniformity and low loss.

All patterns are repeated six times for channel widths of

5P, 10 P, 15w, 20P, 25w, and 30w, respectively. A straight channel with a

corresponding width is included with each set of three coupler patterns.

Each set is further repeated three times for mixing region lengths of 5 mm,

10mm, and 15 mm in order to determine the appropriate mixing region

length. The branching angle is set at 20 throughout. The center-to-center

spacing between the adjacent input and output ports is kept at 130 n. The

patterns are interfaced with straight channels of corresponding widths for

evaluation and comparison purposes. A V-groove alignment pattern is also

included on the same mask with a center to center spacing of 130 wm, which

corresponds to the center to center distance between the adjacent channels

at the input and output ports of the star coupler patterns throughout.
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This spacing is adequate for alignment of an array of commercial multimode
fiber with 125 Pm O.D.

An overall layout of the various features on a 4" x 4" chrome plate is

illustrated in Figure 4. The various patterns are situated such that all

patterns, (2x2) or (4x4), can be delineated on the BK-7 sample which is

typically 0.75" wide. A copy of the mask in Cr oxide was also made

available.

4. WAVEGUIDE CIRCUIT FABRICATION

4.1 Sample Preparation :

The BK-7 samples were procured with typical dimensions of

0.75"x0.75"x3", polished on four sides, and ground only on the two square

ends. The purpose for having much of the surfaces polished is to avoid or

delay molten salt creeping and short circuits. The sample height was

chosen to be 0.75" for the same reason. The procedure for sample

preparation and processing is illustrated in Figure 5. The sample is first

covered with parafin wax on all sides. A slit is opened through the wax at

the back surface and the wax removed. The sample is then immersed in HF or

buffered oxide etch in a stirred basin to etch away a depression (2-3 mm

-'" deep) where the glass is exposed on the back side. The wax is removed

thereafter and the sample is chemically cleaned afterwards.

A proper masking film is deposited over the front surface by E-beam

evaporation. Films of Cr (10000 A), Au/Cr p000/300 A), S102 (5000 A),

SiO 2/Cr (5000/300 A), Pt/Cr (3000/300 A) , and Au/Ti (5000/300 A) were

attempted with varied results. After deposition, photo-resist is spun over

the coated surface. A special fixture was made to accommodate resist

spinning at 4U00 RPM due to the large size and weight of the sample.

Resist UV exposure was carried out either on a mask aligner or a UV

printer. Again the sample size presents certain logistical problems when

standard mask aligners are used. After exposure and development, the

pattern is etched away either by wet or dry etching, or both. After

cleaning, the sample at this point is ready for loading into the ion

exchange chamber.
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Figure 4. Overall layout of the 2x and 44 chrome mask plates.
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Figure 5. Procedure for glass sample preparation.
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4.2 TX+ Wavegulde fabrication

The following salt mixture was used for the waveguide impurity source:

Ti2So4  30% wt %

K2 SO4  15% wt %

Na2SO4  15% wt %

ZnSO4  40% wt %.

Sufficient amounts were used to allow the sample to submerge slightly

less than half way. While each of these chemicals has a melting point

greater than 588°C, the combined mixture melts at approximately 500'C.
This mixture was first melted and left to mix and interdiffuse for a few

hours. Loading the samples and connecting the setups was explained in
Section 2.2. The procedure for waveguide fabrication is illustrated in

Figure 6. After loading the sample and bringing the furnace to 540°-560°C,

the sample is lowered into the melt. The electric field is applied and the

flowing electrical current is monitored and recorded on a chart recorder
along. with temperature. Typical fields applied were in the range 7-10

V/mm, yielding typical currents into the substrate in the range 50-150 RA
depending on temperature and the height of the salt solution with respect

to the sample sides. To create 30-50 pm deep surface waveguides, 30-60
minutes of TX+ electro diffusion is sufficient at a temperature of 550 0C at

an electric field of 7-10 V/mm in BK-7 glass. Attempts to inject higher

current by using higher fields were counter-productive since the additional

electrical heat caused fractures and strains leading to sample breakage.

After the first diffusion step, the masking film was removed and the

samples were cut and edge polished for surface waveguide evaluation. The

cuts made usually overlapped the ends of the depression in the back of the

sample. In order to carry a second electro-diffusion to bury the surface

waveguides, a new back depression had to be created. This was done by

cutting the back of the sample to a flat, thus removing the old

depression. A new depression is formed by waxing and etching using the

same procedure described earlier.
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Figure 6. Procedure for waveguide fabrication.
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Alternatively, after all the fabrication parameters are optimized,

there is no need to cut the sample after the first diffusion step. In this

case, the masking film is etched away, and the sample is reloaded for the

second diffusion step.

The purpose of the second electro-diffusion step was to bury the

waveguide so that surface losses due to potential surface contamination

could be minimized. During this program the mixture used to bury the

waveguides was: ZnSO4 , 50 wt %; Na2SO4 , 30 wt %; K2S04 , 20 %. The

potassium was included to obtain a well-behaved molten mixture. However,

examination of the buried waveguide couplers near the end of this program

indicates that potassium may have contributed to increased scattering.

4.3 Problems Encountered

It is instructive at this point to describe some of the problems

encountered during this program and their solutions.

1. Glassware breakage: This was a problem frequently encountered

during all phases of the program, causing undue delays. The

components subject to frequent breakage were the salt fused quartz

beaker and the quartz boat. Since both are nonstandard items, one has

to keep adequate supply since procurement and availability consumed

ti,*. These items broke frequently during the cooling down period

when the molten salts recrystalized, causing tensions and strains

within the beaker and quartz boat. Standby supplies were not always

available, and some delays were encountered because of this problem.

2. Masking film: Several masking films were attempted in order to

choose the best film that withstands the chemical reactions with the

salts at high temperatures. The combinations tried include: Cr, Al,

Cr/Si0 2 , Pt/Cr, Ti, Au, Cr/Au, Ti/Au, and SiO 2 . Al and Ti were found

to oxidize (forming high index planar waveguides) and thus become

difficult to etch afterwards; this necessitated surface polish for

oxide removal, which is not an easy task without damaging the surface

region. Cr surprisingly reacted with the salts and was found to
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degrade rapidly. Even 1.5 pm thick Cr did not survive more than 0.5

hr at 550 0C. The reaction appeared also to degrade the salts. Pt and

Pt/Cr were attempted but were found difficult to etch during pattern

definition due to substantial uncontrollable undercut. Gold survived

nicely but had an adhesion problem and tended to flake off. Au/Cr

adhered and survived well, but the thin Cr layer still caused

undesirable reactions at the openings where the Cr edges where

exposed. Au/Ti also survived, but the thin Ti layer oxidized

(evidently getting the oxygen from the glass) and was thus difficult

to remove.

SiO2 survived best and yielded the cleanest surfaces with no

degradation to the surface and no reaction with the salts. The only

-problem with SiO2 is etching since the chemical wet etchants also

attack the glass. Etching the SiO2 with a dry CVD plasma process

avoided this problem and yielded the best results. The process of

finding a good masking film compatible with the process consumed a

large fraction of the program time but this mask was necessary for the

successful completion of this program.

3. Trapped air bubbles: In the early designs of the boat (sample

- holder), tne opening in the boat is about the size of the sample

surface. Accordingly, when the sample is placed on the boat and

immersed into the molten salt, bubbles were trapped in the boat hollow

under the sample. These bubbles could not escape easily due to the

4 meniscus effect and the high viscosity of the sulfates. This caused

non-uniform diffusion since different surface areas were not uniformly

exposed to the melt. To avoid this problem, new boats were designed

such that the opening width is sufficiently larger than the sample

width. In this case, the sample rests on the boat surface at its

ends, leaving the sides free of contact with the boat to allow the

bubbles to escape.

4. Slow warm-up time of the furnace: A substantial portion of the

diffusion tube (especially the cap and fittings) protruded beyond the

rim of the furnace heating chamber. This coupled with the large
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diameter (~ 5") and short height of the heating element ( 1U") did
not provide good thermal isolation and substantially slowed the warm-
up time. For example, it takes about 6 hours for the furnace to reach

550C. Such a long period causes logistical problems to the operator,

thereby decreasing the number of possible experiments.

5. Health and safety issues: Needless to mention, there are some

hazards imposed by TZ compound processing. Because of the health and

safety considerations, processing techniques have been necessarily
modified. Considerable care must be taken with the molten thallium

salts due to the potential for inadvertent leaks at high

temperatures. The investigator was warned that he may not stick his

head into the hood to look inside the chamber. Problems of this
nature were impediments in fully investigating, trouble shooting and

remedying problem issues.

4.4. Waveguide Characteristics

F-rom our thermal TX+ - Na+ ion-exchange (no electric field)

experiments, an approximate value of the diffusion coefficient was
determined following the relation:

d
2D = -(17)

where D is the diffusion coefficient, d is the diffusion depth (l/e) and t

is the time. For Bk-7 at 5600C, the diffusion coefficient was

approximately 2x0 - 1 5 m2/sec. It took, for example, 30 hrs. to diffuse a

waveguide 35 um deep at 5600C without an electric field. A similar

penetration depth was obtained in less than 1 hour, with the application of
an electric field of 7 V/mm at the same temperature using the same salt

mixture:

Ti 2 SO4 , 30 wt %

Na2SO4 , 10 wt %

K2 4  , 10 wt %

ZnSO4 , 50 wt %

4.4.1 Side Diffusion
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For two dimensional waveguides (patterned with SiO2 mask), side

diffusion was evident in both thermal and electric field assisted ion-

exchange processes. Figure 7 summarizes that the side diffusion (on each

* side) increases as the initial width is decreased. The depth measured at

*: the center of the waveguide behaves similarly. In narrower waveguides, the

cross-se~tion of the waveguide after the first ion-exchange was nearly

semicircular. For shallow waveguides (< 5 um deep), especially for wider

waveguides, the waveguide cross-section exhibited swelling on both sides

which penetrated deeper than the central region as was observed by

Lilienhof et al. 39 Such waveguides were of no interest to us since the

depth and aspect ratio were not compatible with the objectives.

4.4.2 Thermally Diffused Waveguide Couplers

Our investigation has shown that thermally diffused thallium

waveguides (without electric-field-assistance) are exceptionally good with
very low scattering. Figure 8 shows cross sectional microscope photograph

of a 4x4 coupler (sample #3) fabricated thermally with no electric field.

The waveguide was backlighted with a tungsten lamp for the photograph.

The exact pattern to be seen in the microscope depends upon the sample

illumination. Only a first diffusion was performed on this waveguide. The

duration of the thermal ion exchange was 3 hours at a temperature of

570*C. The melt mixture for the first diffusion was described above. The

waveguide center to center separation is 130 um. The mask opening in Figure
8a is 5 um and the opening in Figure 8b is 20 um. Side diffusion of

thallium results in the half moon shaped cross section with dimensions

of -50 Pm wide and 25 um deep. The thallium concentration is highest near

the surface of the glass. The swelling of the waveguide is due to the

larger size of the TL+-ion than that of the Na+-ion which it replaces.

Thermal diffusion over a longer period of 22 hrs formed excellent

waveguides with minimal surface scattering. Figure 9 shows a crosssection

microscope photograph of a thermally diffused thallium (single diffusion)

waveguide coupler (sample #8). The sample was thermally diffused for 22

hrs at 5700C. The thallium concentration gradient does not appear to be as

37



30 -4x 60

25 50 W 50

20 4
00

I

wQ

4LU oU
~SD

10 20 -20

D
5 10 ---- ,10

T = 550'C
E - 7.6 V/mm
t = 30 MIN.

I 1 1 , - I o
10 20 30 40

MASK OPENING X0 (Pm)

6008 7-4
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(a)

' 
(b)

Git

Figure 8. Cross-sectional microscope photograph of a 4x4
coupler (sample #3) fabricated thermally (with
no electric field). First diffusion only.
3 hour duration, T=570°C, (a) 5 pm mask opening
(b) 20 im mask opening.
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Figure 9. Cross-sectional microscope photograph of a 2x2 coupler
(sample #8) fabricated thermally. 22 hours at 570C.
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high as that for waveguides with shorter diffusion run.

4.4.3 Waveguide Couplers with Thermal First Diffusion and Electric-Field-

Assisted Second Diffusion

A 2x2 coupler (sample #6) was fabricated with a second diffusion

performed to bury the waveguides. The first diffusion was done thermally

without an electric field; the diffusion duration was 8 hours at 560 0 C.

Figure 10a shows the cross-sectional microscope photograph after the first

diffusion, Figure 10a. A swelling of the waveguide is clearly seen. The

halo around the most intense portion of the waveguide may be due to

potassium diffusion. As described previously, the potassium was included

in the diffusion melt durig the investigation of mixtures and their

melting temperature. The molten mixture behaved well. (The mixture had

not been changed during the latter part of this program.)

Subsequent burial of the thallium waveguide was attempted with an

electric field assisted diffusion for 2 hours where the molten mixture

contained only sodium, potassium and zinc sulfates. The electric field was

again 7.2 V/m, resulting in a steady state current of 12UnM at 570 0 C. The

waveguide coupler cross section after the second diffusion is shown in

Figure lOb. Considerable swelling of the waveguide surface is to be

noted. The photograph indicates that partial burying of the waveguide has

been attained. The burying process, however, resulted in considerable

optical scattering in the waveguide. We believe that the second diffusion

with an electric field has driven the more mobile Na+- and K+- ions through

the less mobile Tt+ - ion waveguide in a non-uniform way, modifying the

smoothly changing refractive index of the waveguide obtained after the

*, first thermal diffusion.

During the fabrication of samples #5 to #11 after SiO2 was found to be

the best masking material, a lack of an immediate supply of thallium

sulfate from commercial suppliers forced us to reuse old mixtures. A small

quantity of the original mixture was added to the old mixture. Iur supply

of thallium was depleted beyond expectation by glass breakage and by the

study of masks. Vendors were unable to supply us with a new stock of

thallium sulfate until the end of the program. The excessive use of the
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(a)

(b)

Figure 10. Cross-sectional microscope photograph of a 2x2 coupler
(sample #6) double diffused. (a) thermal diffusion for
8 hours, (b) electric field assisted second diffusion
for 2 hours.
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old mixtures as well as the potassium impurity during the first diffusion,

may have contributed to the excess scattering.

4.4.4 Electric-Field-Assisted First, Second, and Third Diffusion

A xZ waveguide coupler was fabricated with electric field

diffusion. Then two attempts were performed to btury the couplers with

electric-field-assisted diffusion initially for 1 hour, then for two hours.

Figure 11a shows a cross-sectional microscope photograph of a single

electro-diffusion 4x4 coupler (sample #5) corresponding to the largest mask

opening of 30 wm. No photo was taken of the section with a smaller

opening. An electric field of 7.2 V/mm was applied during the electro-

diffusion which resulted in a steady state current of 120 PA at the melt

temperature of 570 0 C. The duration of the diffusion was 27 minutes, after

which the electric field and the furnace electric current were turned off

abruptly. The sample was then pulled up just above the melt to cool down

gradually in the furnace. The optical transmission of the sample after the

first diffusion was qualitatively examined. The optical throughput

distribution of the electric-field-assisted first diffusion surface

waveguide couplers was well behaved but showed a slightly larger amount of

scattering than a thermally diffused (-25 hours) thallium waveguide

coupler.

The same sample after a second electric field assisted diffusion is

shown in Figure l1b. This photograph is of a different part of the sample

where the mask opening was 5 and 10 pm. The second diffusion was done in a

mixture of sodium, potassium and zinc sulfate in an attempt to "bury" the

thillium enriched waveguide, as described above. The SiO 2 mask was removed

for the second diffusion. Some swelling of the waveguide is evident as the

thallium ions drift further into the glass. Again an electric field of 7.2

V/um was applied, resulting in a steady state current of I0 riA at a melt

temperature of 5600 C. The duration of the second diffusion was one hour.

The sample was removed and examined qualitatively for its optical

characteristics. Considerable scattering from the waveguide was evident in
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(a)

Jp

(b)

(c)

Figure 11. Cross-sectional microscope photograph of a 4x4 coupler

(sample #5) after electric field assisted diffusions.

(a) First diffusion, 27 minutes (30 pm mask) (b) second

diffusion, 1 hour (5 and 10 im mask) (c) third diffusion,

2 hours (5 im mask).
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the near field output pattern.

Figure lc shows the microscope cross section photograph of the same

#5 sample after a third diffusion to further bury the thallium-enriched

waveguide. Again, an electric field of 7.2 V/rm was applied, resulting in

a steady state current of 120 MA at 560°C. The duration of the third

diffusion was 2 hours. The photograph suggests that the refractive index

gradient near the surface is not as high as in Figure 11b, leading to the

conclusion that the very high thallium concentration at the surface has

been depleted. The photograph shows a considerable amount of index

inhomogenieties which can lead to poor waveguide characteristics.

Examination of the optical transmission of the coupler after the third

diffusion, indeed, exhibited a considerable degradation of the optical

throughput with an excessive amount of scattering. Illumination of one arm

of a coupler also resulted in excitation of the adjacent couplers. Further

details of the optical transmission properties are described in the next

section.

5. TESTS AND EVALUATION

In this section, the test procedures are described and the test

results are given for the numerical aperture, measurements of losses,

output coupling uniformity, and coupling efficiency to commercial multimode

fibers.

5.1 Numerical Aperture

The numerical aperture was measured by exciting the input of the

waveguide with all the possible modes it can support and measuring the

conical angle of the optical beam from the output of the waveguide. For

this measurement to be a good representative of the actual numerical

aperture, the waveguide must be saturated with all the modes it can

support. To do this, the laser beam is expanded with a beam expander, and

the input to the waveguide is focussed with a high NA lens such as 4UX or

60X magnification. A screen is placed at a relatively long distance (L)

from the output facet of the sample (say 0.5-1.0 m) without an output lens
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as shown in Figure 12, and the radius (r) of the spot on the screen is

measured. The numerical aperture is:

NA - r sine (18)
(r2 + t2) /2

Alternatively, the same measurement could be done by replacing the high NA

input lens with a multimode fiber, which in turn, is excited to saturation

(steady state) with all the modes it can support. Our measurements using

both methods yielded numerical aperture of U.23 for a waveguide

approximately 50 pm deep. This particular waveguide was fabricated with a

mixture consisting of: TZ2S04 , 4U wt%; Na2SU4 , ibwt%; K2SU4 , lb wt% and

ZnSU 4 , 4U wt%. It is estimated that the An of the waveguide is

approximately U.017 following the formula:

NA = V2nAn (19)

.

where n is the refractive index, and An is the index increase. The

.numerical aperture measurements by the method described above can be

performed on a single channel waveguide only. Overlapping of the outputs

from the output channels of the 2x2 and 4x4 couplers does not allow

accurate NA measurement by this method.

The numerical aperture of sample #5 (see Figure 11) was measured to be

-0.11, well below the value of 0.23 mentioned above. The long thermal

-process had diffused the thallium particularly near the surface

concentration, thereby reducing the An. Generally, a second diffusion

sample exhibited a smaller NA than a first diffusion sample.

5.2 Transmission Losses

The transmission losses are separated into two parts, namely, the

losses incurred in a straight channel waveguide, and the total loss of the

coupler. This way the excess circuit loss could be identified and may be

used in the future to further optimize the guided circuit designs.

The transmission losses were measured by the end-fire coupling

method. The test setup is shown in Figure 13. It consists of a He-Ne
.' 4...
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Figure 12. Method for measuring the numerical aperture of a Single
* ~. channel.
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laser, a beam splitter, a beam expander, two microscope objectives (one

used to focus the beam onto the waveguide, and the second used to image the

output of the waveguide), a detector, and a chart recorder. The beam

expander and iris were adjusted so that the focussed beam approximately

matched the NA of the waveguide. Precision alignment stages with

XYZ aIO degrees of freedom are used to align the polished sample for

maximum coupling efficiency. With the sample removed, the optical power is

measured by bringing the two lenses in and focussing onto the detector.

This value P1 represents the input power. With the sample in place and

after aligning and maximizing the coupling efficiency, the output power P2
is measured. This output power contains loss components attributable to

the waveguide loss a, the Fresnel reflections (FR), and the coupling

efficiency n, such that:

P2
10 log T- = a + F R + n (20)

The Fresnel reflections from the two facets of the sample are easily

calculated to be - 0.37 dB for glass. Since the focal spot of the input

lens is much smaller than the waveguide cross-section, n can be considered

zero (1O% input coupling) if the numerical aperture of the focussed beam

is smaller than the numerical aperture of the waveguide. From this

assumption the waveguide loss can be determined after accounting for the

Fresnel reflections. All other losses in the optical setup cancel out

since they are the same when P1 and P2 are measured. The beam splitter is

used to account for fluctuations in the laser output. Our best results

yielded a straight channel waveguide attenuation of <0.1 dB/cm. For a

device 5 cm long, the overall loss is 0.5 dB.

To measure the overall coupler losses, the same procedure is used. In

this case, the input power is focussed on one of the input channels. The

output is measured by adding the total power of the output channels. This

is done by scanning the detector and recording the power from each output

port. The overall losses measured for 2x2 and 4x4 first diffusion couplers

(after accounting for Fresnel reflections) were < 1.0 dB and < 1.4 dB,

respectively. The 2x2 coupler was 3 cm long, while the 4x4 coupler was 5

cm long. From these measurements, and referring to the attenuation in a
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Figure 13. Transmission test set-up for measuring, insertion loss

and optical power distribution of the coupler.
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straight waveguide of approximately 0.1 dB/cm, it appears that the excess

loss encountered by the 2x2 coupler is < 0.7 dB, and by the 4x4 coupler is

1.0 dB.

5.3 Output Power Distribution

The output power distribution of a 2x2 single diffusion coupler, a 4x4

single diffusion coupler and a 2x2 double diffused coupler is described in

this section. A HeNe laser beam was expanded, focussed and end-fire coupled

into each input port of the edge polished sample. The output was imaged

with a second lens and focused through a circular iris to a detector. The

output power of each output port, was measured and recorded for each input

port. The output power was also displayed on an oscilloscope by scanning

the output across the detector iris with a scanning mirror.

The output scan of a 2x2 coupler (sample #8) fabricated with a single

thermal diffusion for 22 hours at 570'C is shown in Figure 14a. The

coupler mask opening was w=5 pm and the mixing length was L=15 mm and had a

width of 2W=10 pm. The total outputs of both ports were compared with the

throughput of a straight channel (with mask width w=5 lim) located adjacent

to the 2x2 coupler on the glass substrate. The scan of the straight

channel is shown in Figure 14b. The ratio of the total output of the

coupler for each input port and the output of the straight channel is shown

in Figure 14c.

The chart in Figure 14c shows the fractional output distribution of

channel ports 1' and 2' as a function of input ports I and 2. The

variation is less than 0.2 dB. The total output is compared with the

output of the straight channel in the chart. The variation in total output

of the coupler is 0.8 dB. The throughput ratio indicates that no

significant loss is incurred by the 2x2 coupler.

Figure 15 shows the power distribution of a single diffusion 4x4
coupler (sample #3) which was fabricated by thermal diffusion for 3 hours

at 570C. This sample was described in section 4.4.2 and Figure 8. Scans

of the output as a function of the input ports is shown in Figure 15a. The
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OUTPUT VTHROUGHPUT RATIO

INPUT (COUPLER/ST. CHANNEL) (c)

1 0.51 0.49 1.02

2 0.49 0.51 0.85

60087-10

Figure 14. (b) output scan of a straight channel
(c) splitting power ratios and throughput ratios

for total coupler output to single channel
output.
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output scan of corresponding straight channel located next to the coupler

is shown in Figure 15b.

The output distribution chart of the 4x4 coupler is shown in Figure
15c. The fractional outputs of each output port are shown for a given

input port; the output power variations about the mean ranges from .6 to 2

dB. The throughput ratios of the total coupler outputs to the straight

channel output varies from -.6 dB to -1.5 dB. The output power
distribution variation is probably much higher than desirable for a

multimode coupler. However, these results are for a thermally diffused

sample fabricated near the end of the program after the masking problems
were solved. Much better distribution can be expected as this ion-exchange

technology improves.

Figure 16 shows the power distribution of a double diffused 2x2

coupler (sample #6) described in section 4.4.3 and Figure 10. The first

diffusion was done thermally for 8 hours, the second was an electric-field-

_ assisted diffusion. Figure 16a and b shows the scan patterns of the

coupler and Figure 16c that of the corresponding straight channel. The

output variation of the coupler is shown in Figure 16d; the variation about
the mean is <0.4 dB. The throughput ratio is fairly large for one of the

coupler input, corresponding to - 3.5 dB. We found that most of the

couplers on this double diffused sample showed a significant amount of

inconsistencies not observed on singly diffused couplers. At this time we

believe that the deterioration of performance of the second diffusion

couplers arose from the inclusion of potassium in the mixture, the

difference in ion mobilities of thallium, potassium and sodium, and the

long period required to "bury" the thallium waveguide.

5.4 Mixing Lengths, Widths and Geometry

The effort of mixing lengths and widths were examined semi-

quantitatively on the numerous first diffusion couplers fabricated on this

program. For the 2x2 and 4x4 couplers we found that a couplers with mixing

lengths of 15 mm performed better than the couplers with mixing lengths of

5 and 10 mm. The distribution of output power was found generally to be
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OUTPUT 1 2' 3' 4' THROUGHPUT RATIO

0 UTT' 
3 4 HOGHU 

AI

INPUT (COUPLER/ST. CHANNEL)

1 0.38 0.35 0.18 0.20 0.74

2 0.21 0.35 0.23 0.21 0.71

3 0.25 0.28 0.25 0.22 0.88

4 0.32 0.25 0.18 0.25 0.80

60087-16
d)

Figure 15. Coupler output power distribution for a 4x4 coupler

(sample #3). (a) output scans of 4x4 coupler (b)

output scan of single channel (c) power output ratios

and throughput ratios for total coupler output to single

channel output.
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more uniform for the longer mixing lengths. This was more evident, as

expected, for the 4x4 than the 2x2 couplers.

The best widths for the mixing region, again for output uniformity and

higher power output, was 2W for the 2x2 coupler (when W is the single

channel width) and 4W for the 4x4 couplers. We also examined two different

geometries for the 4x4 couplers and found that the "single star" (where all

ports were connected directly to the mixing region) configuration resulted

in the best output uniformity.

5.5 Final Waveguide: New Mixture Without Potassium

A new mixture not containing K2SO4 was used to fabricate the final and

best waveguide (sample #13) for this program. The mixture was: 36 wt% of

thallium sulfate, 21 wt% of sodium sulfate and 43 wt% of zinc sulfate. A

new shipment of thallium sulfate received near the end of this program was

used. The 2x2 coupler was fabricated with an electric-field-assisted

diffusion. Diffusion parameters were: 30 minute diffusion period, an

electric field of 7.2 V/mm, electric current of 120mA, and a diffusion

temperat-ure of 575C.

A cross-section miscroscope photography of a pair of 2x2 waveguide

couplers is shown in Figure 17a. Again, the waveguides were backlighted

through a pinhole with a tungsten lamp. The photograph shows a fairly

*smooth variation of the light intensity. A definite swelling of the

waveguide is noted, again due to the larger thallium ions replacing sodium

ions. The mask opening for the waveguide in Figure 17a was 15pm. The

mixing lengths of both couplers were 15mm. The waveguide width is measured

to be -35m and -8pm deep. The scanned outputs of one of the couplers

is shown in Figure 17b. The coupler output distribution is shown in Figure

17c. The output variation about the mean is < 0.1 dB.

The numerical aperture of a straight channel waveguide on this sample

was measured with the method described in Section 5.1. The horizontal WA

was -0.19 and the vertical NA was - U.20.

Sample #13 fabricated with a new mixture, not containing potassium,

exhibited the best waveguides in the cross sectional photograph of all the
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(b) 6008 7-18

Figure 17. Final 2x2 waveguide coupler (sample prepared with a new
mixture (no potassium)).
(a) cross-sectional microscope photograph
(b) 2x2 coupler scan output, (c) power output ratios.
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first diffusion waveguides fabricated during the program. The very low

scattering of this sample and the excellent distribution of the couplers

clearly indicates that very good thallium couplers can be fabricated with

electric-field-assisted ion diffusion. What remains is further experiments

to bury the waveguide.

6. CONCLUSION

The efforts of this program focussed primarily on developing and
implementing techniques for fabrication low loss integrated optical

multimode waveguides in glass by the T - Na+ electric field assisted ion

exchange method and using such methods to construct 2x2 and 4x4 star

couplers. The results show that very low loss (< 0.1 dB/cm) waveguides can

be fabricated on glass by this method. The experiments show that potassium

should not be included as a mixture component. The results also show that

monolithic optical waveguide circuit structures such as passive star

couplers can also be fabricated yielding promising results for future

development. The technical difficulties encountered in a limited

laboratory environment are not limiting factors for the future. The issue

of toxicity can be dealt with under a controlled environment. Other

- logistical problems such as apparatus and equipment can easily be modified

and designed to optimize yield. The process itself is compatible with

volume production as it can be envisioned that a large number of couplers

for example can be simultaneously fabricated in a batch process. There

• " are, however, few areas of further research and development that are

worthwhile looking into in the future. They include:

1. Investigation of glasses other than Bk-7 containing larger

amounts of sodium whereby the ion-exchange can be done faster-Cap:
at lower temperatures. If this can be done the issue of salt

mixture melting point compatibility with the softening point

of the glass as well as the durability of the masking film

become easier to deal with. This suggests the use of

nitrates instead of sulfates for example.

2. Investigation of masking film durability and integrity due to
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chemical reactions with the salts at high temperatures.

While SiO2 was found compatible with the process, it

presents, nevertheless, a problem during the removal of the

masking film in preparation for the second diffusion stage

for waveguide burying. Surface polishing is not a desirable

approach, and chemical etching attacks the glass. Dry

etching works, but it also attacks the exposed glass surface

to some extent. Operation at lower temperatures with

nitrates would facilitate the use of metallic masking films

if the rate of diffusion can be made reasonably fast at lower

temperatures with special glasses.

3. Investigation of the mixing region's design on the output

coupling uniformity. Such analysis could improve the circuit

design and yield shorter devices with better output coupling

uniformity and lower circuit related waveguide losses.

4. Investigation of the diffusion mechanics of the electric

field assisted ion-exchange in order to reduce the side

diffusion effect and yield a more symmetric waveguide cross-

sect ion.

5. Further study of the burying process is required. An

electric-field-assisted second diffusion involves the

movements of the relatively slow and large thallium ion and

the more mobile sodium ions. Optimum choices of electric

field and current, second diffusion mixture, and diffusion

times must be determined. New masks for the second diffusion

may optimize the burying process.
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