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PREFACE

This research was conducted to provide new insight into the design of integrated
optical devices while fully characterizing those devices. The complete characterization
process involves waveguide loss measurements which can now be performed simply and
consistently. Direct observation of ion-exchanged waveguides for both planar and channel
waveguides can now be done consistently and accurately using X-Ray analysis. A
numerical model was used to compare and add insight into the ion-exchange process. The
concentration profile obtained from the X-Ray analysis was then used as feedback to
. control the profile of the waveguide using different fabrication techniques. These
characterization techniques were coupled with existing techniques to design an integrated

waveguide laser.
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CHAPTER I

INTRODUCTION

Just as electronics has made the transition from large vacuum tubes to
semiconductors, bulk optical devices are starting to evolve towards integrated optical
devices. These integrated optical devices have 7the advantage of small size, structural
stability and polarization stability when compared to gas lasers, solid state lasers or optical
Beam splitters. Integrated optical devices such as couplers'?, integrated mode locked
lasers® or integrated' optical switches’ begin with a channel waveguide which is fabricated
in glass, crystal or semiconductor materials. A channel waveguide guides light by
containing the light by total internal reflection. Routing input and output signals,
multiplexing and demultiplexing will all be done on a single optoelectronic chip.? Optical
processing of the signals received from fibers can be done more cost effectively once the
initial design and fabrication of the electro-optic device is completed. The device is then
fabricated in a fashion similar to that involving the mass production of semi-conductor
devices. A mask and standard process can be made to reproduce the device easily and

cheaply.

‘This paper discusses improvements made in the characterization of optical
waveguides. The first is an improvement in the direct observation of the concentration
profile by electron microprobe of both planar and channel waveguides. The second is in

the loss measurement techniques available. A new technique to measure loss simply,



consistently and accurately is demonstrated. These improved techniques were combined
with existing techniques to characterize optical waveguides fabricated in neodymium-
doped glass. This provided the necessary information to design an integrated neodymium

waveguide laser.

Glass integrated optics is one area which continues to develop product
improvements with strong efforts being made to commercialize integrated glass devices.
Corning Glass Works Inc, as well as others, is manufacturing fiber splifters for
com;;ﬁnications using integrated channel waveguides.” National Institute of Standard
Technology (NIST) in conjunction with Schott Glass Technologies has patented an

1% Even though much work has been done, areas

integrated Neodymium waveguide laser.
including characterization and fabrication techniques as well as the development of new

glasses need additional improvement.

Ion exchange is a common technique used to strengthen glass. In 1972 a group

used this technique for the first time to make a glass waveguide."

Ion-exchange is a
straightforward method to reproduce low loss waveguides in glass. Glass has good optical
qualities, is rigid and can withstand large thermal changes. Not all glasses are ion
exchangeable, and this must be one of the first considerations when attempting to make
glass waveguides. Certain guidelines can be followed when determining which glasses

accept ion-exchange and which do not. The host glass composition varies depending on

the specific application. A few elements including potassium, sodium, cesium and lithium



are used to add certain desired effects such as changing the softening point or greater
resistance to bubble formation. These elements are also not as strongly attached to the
molecular structure. Glass containing these elements is optimally ion-exchangeable.
Additionélly, for two elements to ion-exchange they must contain the same valence and

chemical properties.

Glasses which are ion-exchangeable may not guide light because the refractive
index may not increase. Those glasses which are capable of guiding light by ion-
exchange can be characterized using optical techniques such as the inverse WKB (named
after Wentzel, Kramers and Brillouin) method or the effective index method.”*?® These
methods will provide good estimates if the index profile changes»arre small compared to
the wavelength. This information will provide a limited view of the refractive index

profile. Direct observation of the profile is the better approach.

Measuring the concentrationbproﬁle directly will provide information concerning
the guided wave mode profile and the number of modes supported by the guide. This in
turn is useful for maximizing the coupling efficiency and designing single mode
waveguides. The only visible evidence of ion-exchange in a glass is the swelling effect
which takes place because its density has increased after the diffusion of ions into the
glass matrix. Consequently, we must investigate ion-exchange with X-ray microprobe

analysis for accuracy.



Several groups have used some kind of elemental analysis to observe the
concentration profile.'*® Ramaswamy used a Scanning Electron Microscope (SEM) with
a back scatter detector to obtain a scanned profile of silver diffused into different silicate
host glasses.”* This method effectively obtained a qualitative estimate of the profile of
the waveguide. Backscatter provides a method for direct observation of both planar and
channel waveguide profiles. Numerical modeling and comparisons were made in order
to study the refractive index change after ion-exchange. Ramaswamy’s group was able
to use only silver ion-exchange for analysis because silver is a heavy element ahd easy
to see with a backscatter detector. Lighter elements such as potassium are more difficult

to directly observe with a backscatter detector.

The fabrication and characterization of Ag - Na ion-exchanged waveguides has
been thoroughly studied by Ramaswamy and other scientists.'*'**%* A look at K - Na
ion-exchange is sequentially the next level of investigation. Since this cannot be
effectively done with a backscatter detectobr, microprobe analysis was used.?>*
Ramaswamy and a host of other scientists used this method to observe both Ag and K
jons in glass waveguides.”*® Although several different groups have worked with this
method, none correctly considered the interaction volume. Only two of groups mentioned
it.2*? A group from the U.S. Naval Research Laboratory misstated completely the spatial
resolution of their experiment. They claimed the spatial resolution of their microprobe
equipment was 700 angstroms (the diameter of the electron beam). They did correct for

the profile using this number.?*



All of the analysis done with the microprobe were with planar waveguides. The
width of the planar waveguides examined directly by either backscatter or x-ray has been
as small as éix microns when observing Ag - Na ion-exchanged guides.”* K - Na jon-
exchange waveguides are much more difficult to observe. Waveguide widths of twenty
to forty microns were used.”?* To date, no direct observation of K - Na six micron
planar waveguides has been observed. This paper discusses the characterization of planar
waveguides as small as six microns using electron microprobe analysis. The interaction
volume will be considered by comparing the experimental results with a numerical model.

Observation of a channel waveguide using this technique will also be shown.

Waveguide loss is an important measurement when determining the quality of the
waveguide. Several techniques currently exist for measuring waveguide loss.””*° Each
technique has its advantages and disadvantages. The cut back method is the standard
technique for measuring loss in fiber optic cable.’' This method is extremely accurate for
fibers since long lengths can be used to begin with. Channel waveguides in substrates are
normally one to three centimeters long so there is not much to cut back. This technique
is used and does show a certain amount of consistency.?’” The major draw back of this
method is the obvious destruction which the channel waveguide will undergo. This is also
a time consuming measurement since the waveguide must be ground and polished to cut

it back.

Another method of loss measurement is the back coupled technique.® This



method relies heavily on perfect ends which will produce an intensity profile which can
be coupled back into the waveguide exactly by use of a mirror. This method was
compared against the cut back method and produced consistent results. This is a non-

destructive method. Harun et al. claim an accuracy of +0.05 dB/cm.

Another ' technique wused is the photothermal deflection technique.?
This method requires a probe laser that hits the channel waveguide orthogonally. The
channel will have a source coupled into the waveguide which creates a slight change in
the refractive index according to the intensity of the coupled source. This change in the
refractive index can be seen by detectors monitoring the probe. This has the advantage
of eliminating the coupling factor and looking directly at the guided section. Hickernell
et al stated that an accuracy of £0.03 dB/cm can be achieved with this method, however

the authors of this paper have admitted this technique is complicated to use.

A camera with a frame grabber can be used to capture coupled light in a
waveguide.”® A program can then be written to observe waveguide loss by looking at the
intensities of each pixel. This method works well for high loss waveguides,but lower loss
guides do not produce consistent results. This method is non-destructive and is easy to

use.

There are other loss measurement techniques as well, but they are complicated and

some have trouble with low loss guides.*>” My waveguide loss technique, once set up,
g q p



is easy to use, non-destructive and will observe low loss in guides. This technique uses
a microscope objective to gather light at a specific location on the waveguide. The light
is focused onto a detector and will scan the waveguide at a discrete number of points.
This has the advantages of an adjustable spot size, a maximum intensity near the
waveguide, but not on the waveguide which caﬁ be found by focusing the lens and an

adjustable sensitivity with the aid of a lock-in amplifier.

These characterization techniques can be coupled with transmission spectrum,
fluorescence spectrum and fluorescence lifetime to begin the characterization process of
an integrated waveguide laser. To fabricate an integrated waveguide laser using ion-
exchange a host material must first be chosen which will raise the refractive index after
ion-exchange. A study of four different host glasses was done and the results are
presented in this paper. Two of these host materials did raise the refractive index in the
substrate producing waveguides. A waveguide laser was made from one of these and the
results of which are presented in this paper.

Neodymium waveguide lasers have been fabricated by several different groups.***’
A group from NIST fabricated a waveguide laser in a silicate base glass.** The
fabrication process was done with field assist and a mixture of KNO, and CaNO, to
reduce the melting point since a teflon crucible was used to hold the salt bath. Another
group from Japan used a glass from HOYA using the silver diffusion technique to

fabricate the waveguides.”® A diode laser was used to pump the waveguide laser. A third



group working with neodymium waveguide lasers used potassium ion-exchange to obtain
their waveguides and pumped with a Ti:Sapphire laser.*® All of the mentioned waveguides
had varying lengths and slope efficiencies. The slope efficiency for the laser must be

determined by considering the coupling efficiency of the pump power.

The characterization techniques mentioned above have been applied to the
fabrication and design of a working Neodymium waveguide laser. This paper will
demonstrate the fabrication and characterization of the waveguides as well as lasing output

of th;resulting integrated laser.



CHAPTER 11

OPTICAL WAVEGUIDE THEORY

Optical waveguides confine light in both one and two dimensions. The theory of
optical waveguides will be discussed using the ray optics approach. This will provide the
basic understanding of guided wave 6ptics. Numerical modeling of both homogeneous

and in-homogeneous waveguides will be explained.

Planar Waveguides

Optical waveguides confine and guide light by total internal reflection. Typical
optical waveguides consist of a region of refractive index larger than the surrounding
medium. A planar waveguide is demonstrated in Figure 2.1 where there is a region with
thickness h and refractive index n, surrounded by a refractive indicies n, and n,. Planar

waveguides confine the light in one dimension.

A ray with parallel wavefronts will be confined between two boundaries.® The
ray will be reflected from each interface. This will appear as a zig-zag motion and is
* demonstrated in F igure 2.2. The ray undergoes total internal reflection if the angle 0
shown in Figure 2.2, exceeds the critical angle as given by E2.1.

1,

— E2.1
1

—aimn-1
0.=sin

The ray will also undergo a phase shift for each reflection. The phase shifts can



.S ' »

Figure 2.1. Planar waveguide with refractive index n;. Ray makes a zig-zag pattern
with an angle 0.
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——»

Figure 2.2. Zig-zag pattern made by ray. 0 is the angle which the ray will make with the
normal to the waveguide.
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be obtained from Fresnel’s equations. Fresnel’s equations, which can be derived from

waves at an interface, are written for both polarizations of light in equations E2.2 and

7] ;
_ n,cos0-yn; -n’sin?0

2 2 2
n,cosf+/n; -n;sin%@

E2.2

TE

E23.

I:zzzcosﬂ—nﬂ/nz2 -n’sin?@
R~ E2.3
2 2 2,242
n;cos0+ny,y/n; -n;sin®0

These equations have only one dependent angle, §. From this it can be seen that
rays incident on a boundary at an angle which exceeds the critical angle will have a

complex part. The reflection coefficient can now be written as equation E2.4.
r:lr:ezj¢ E2.4

where ¢ is the phase and }r] is the reflected amplitude. The phase shifts for both TE and
TM polarizations can be computed from equations E2.2 and E2.3 and written as E2.5 and

E2.6. These equations are used to solve for the guided modes.

12



tand _ynisin®, —ny E2.5
TE™ )
n,cosb,

2 2 2 2
n \/Il sin®b. -n
tand,=— 1= 12 E2.6

2
n? mcos6;

Plane waves are traveling in the direction of the ray which is perpendicular to the
wavefront in an isotropic medium. These plane waves will have a propagation constant
given by E2.7, where k n; is the wave vector for the thin film. The direction of

propagation will be in the z-direction as given by Figure 2.1.

Vp

It should be noted that not all values of § will satisfy the self-consistency condition. The
total phase shift for a round trip, in the y direction, must be an integer multiple of 2.
Taking into consideration the optical path which the ray traverses from the film-substrate
interface to the film-air interface and back again and both reflections, equation E2.8 can
be written. The phase shift, knf cos0, is for the wave traveling from the film-substrate
interface to the film-air interface. The phase shift, -2¢,, is incurred during the reflection
from the film-air interface. A second phase shift, knf cos0, will occur for the passage
back to the film-substrate interface. The last phase shift to consider is from the reflection
off of the film-substrate interface, which is given by -2¢,. This completes the round trip

and satisfies self-consistency.

13



2knghcosf-2¢,-2¢_=2vn .. . E2.8

Coupling equation E2.8 with equations E2.5 or E2.6, the number of modes can be
determined numerically. The number of modes which a waveguide will support depends
the refractive indices of the film, substrate and cover, the film thickness and the
wavelength of the incident light. These equations were solved numerically to determine

the effective index of each mode. The effective index for a mode is given by E2.9.

N .r=1,51n0 E2.9

A plot can be made to indicate the number of modes over a range of thicknesses
and effective indices. This plot is shown in Figure 2.3 and the fortran program which
provided the numerical results is listed in the appendix, A2.1. The plot given in Figure
2.3 is for a step index profile. A step index profile can be made using spin coating or RF
sputtering. Ion-exchanged waveguides has a graded index profile. Two different
processes will be considered for profiling. The first is the thermal ion-exchange which
produces an index profile represented by the complementary error function (erfc). The
second method of ion-exchange is to apply both heat and an electric field, this is known
as field assist ion-exchange. Field assist can be done by applying a voltage across the
substrate while heating. This technique will push the ions deeper into the glass producing
a flat top with a complementary error functioh tail. The three profiles are shown in
Figure 2.4 for comparison. The thermal and field assist ion-exchange will produce a non-

uniform refractive index or an inhomogeneous medium. The refractive index can be

14
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Figure 2.3. Plot of Effective Depth vs Effective Index. A discrete number of modes
are obtained from a planar waveguide.
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n(y)

n(y) n(y)

Figure 2.4. Refractive index profiles. Step index, erfc index and extended erfc. The
second two are obtained from the ion-exchange process.
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described, in the case of the planar waveguide, as n = n(y).

The inhomogeneous waveguide boundaries have an effective thickness which can
normally be estimated at 1/e from the peak of the refractive index profile. It is the profile
of the refractive index which will determine the mode profile. The refractive index

profile must be considered when designing waveguides to mode match fiber optic cable.

Obtaining a solution for the effective index of a graded index waveguide is done
using the WKB method. The WKB method was originally used to solve Schrodenger’s
equation.” This method is only valid if the change in refractive.index is small compared
to the wavelength. The same methodology as the step index solution is used, éxcept the
optical path is not a straight line and the turning points must be redefined. Figure 2.5

displays the exponential profile and the optical path which the ray follows.

At points A and B the phase shift will be the same as described by the step index
profile. At point C there is no discontinuity, therefore the phase shift is given by 7/2.

The optical path with phase shifts can be determined by E2.10.

]

k(x) dx-2¢,-2¢,=2mn E2.10

1Y

Using symmetry and integrating from point A to C the equation to determine the effective

index is given in E2.11.

17



AR [

Figure 2.5. WKB method to solve the consistency equation for an inhomogeneous
waveguide. The plot on the right is the refractive index profile. The picture on the left is
the optical path which the ray will follow.
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¢ Bg_kznz

2f[k§n2(x) —Bz]l/zdx~£—2tan‘1 9 C=pmm E2.11
2 2 2_ 2

A konf ﬁ

This can be solved numerically obtaining several solutions for differing effective
thicknesses. This method is useful for determining a specified propagation constant §,.
This will require a known index profile n(y). If several propagation constants are known

then this method can be applied in reverse to determine the profile shape.

Channel waveguides

Confining the light in two dimensions will produce a channel waveguide. The
most common and commercially used channel waveguide is the fiber optic cable. This
waveguide is flexible and can be used to guide light over long distances or can be coiled
around objects. A fiber optic waveguide has a circular profile which can be solved
analytically and additionally fiber optic cable is good for carrying signals over long
distances. Fiber optic cable is neither rigid nor easy to splice together to make electro-
optic devices. Using a fiber optic cable to connect the electro-optic devices is required,

therefore matching the mode profiles is important.

A channel waveguide in a glass substrate is shown in Figure 2.6. The larger the
channel the more guided modes the channel will support. The total number of modes
a channel waveguide will support is determined by the height and the width of the

channel.

19



Figure 2.6. Ion-exchanged channel waveguide in a glass substrate. The channel
waveguide will confine light in two dimensions.
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Making rigid, non-flexible channel waveguides can be accomplished with several
different techniques. The channel waveguides discussed in this paper are the result of ion-
migration in glass. These waveguides will be confined in the x and y directions. Figure
2.7 displays the embedded and buried waveguides. The embedded waveguide can be
made using thermal and field assist ion exchange. The buried guide can be made by back
diffusing ions into the substrate after the first ion-exchange or by removing the substrate

after the initial ion-exchange and applying heat and an electric field.

Figure 2.7 displays schematic profiles for channel waveguides. As stated earlier
the profile for the ion-exchanged waveguide is a graded index. A rounding effect will
occur as the ions migrate into the glass substrate. This rounding effect is desirable since
fiber optic cables are circular. A fiber optic cable is the major source of input and output

coupling for the integrated optical devices being made .

21



Embedded Buried

Figure 2.7. lon-exchanged waveguides using thermal ion-exchange, field assist
ion-exchange and backdiffusion.
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CHAPTER III

WAVEGUIDE PROFILE SHAPING

The refractive index profile of the waveguide depends upon the method used to
raise the refractive index. Techniques involving thermal ion-exchange, electric field and
ion-milling can be done separately or coupled with each other to control the shape of the
profile.*** The substrate is made of a multi-component oxide glass.* This is known as
the host material and will be comprised of a network former such as SiO,, B,0,, GeO,,
P,O, or AsO,. The network former is the strong bond between the cation and the oxygen
atom. Other composite atoms such as ZnO and PbO are known as intermediate formers
and can be added for strength. The last piece of the glass composition will be the weakly
bonded network modifiers. It is these network modifiers, Na,O, CaO, K,O and Li,0,
which will ion-exchange when placed in the salt bath. When the temperature is raised
the ion mobilities of the network modifiers increase. This coupled with a salt bath
containing ions which are of the same valence and chemical properties promotes random
collisions at the interface. At the glass-melt interface both of the ion concentrations
initially drop to zero. A picture representing the glass-melt interface is shown in Figure
3.1. The non-equilibrium situation starts the ion-exchange process. The two similar
cations will work toward an equilibrium stage. Ions moving ouf of the glass move freely
and rapidly away from the substrate. Ions from the salt bath diffuse into the substrate.
If the salt bath is removed but the temperature is kept high, the migration of the aiien ion

continues to work its way into the glass. Once the heat is removed the ions become much

23



SALT BATH GLASS

® o O O

- o4+ 2- +
(NO,) K' S1 O Na
Figure 3.1. Diagram of glass-melt interface.
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less mobile and the ion concentration becomes frozen into the glass.

When an electric field is applied in addition to heat, the ion-exchange takes place
in a more controlled way. The electric field will define the direction of ion-diffusion.
The similar cations are the charge carriers, causing both of the cations travel in the same
direction. The salt bath cation will go into the glass substrate and the glass ion will exit
through the cathode end. The higher the temperature and voltage, the faster the exchange.
The combination of these two can provide some control over the index profile. The
profile can be described theoretically using a partial differential equation.**** The partial

differential equation derives from the physics of the binary exchange inside the glass.

Ion-exchange planar waveguide
An analytic solution for contributions of both thermal ion exchange and electric

field can be obtained using the diffusion equations. It should be noted that the electric
field can be set to zero and the equation will still be valid producing only the effects of
the thermal process. Variables to consider:

D = diffusion coefficient

¢ = ionic concentration

j = flux of ions

M = ratio of diffusion constants

T = temperature

E = electric field
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k = Boltzman’s constant

e = charge of proton

f = correlation factor
For this diffusion process it is assumed that a binary ion exchange process exists and the
ions are considered to be monovalent. This implies that when one ion leaves the solid
glass structure it is replaced by its counter part ion contained in the salt bath, occupying
the same space or very nearly the same. Denote the ions to be exchanged by A and B
with A usually representing the dopant ion being exchangedv into the glass and B is the

original ion in the glass. The flux equations can be written as follows:

} eE
JA=—DAVCA+CADAE~ E3.1
sz—DBVCB+CBDB£ E32
JkT
C4+Cp=C, E3.3

The condition for the electrical neutrality of the glass is where c, is the constant total

concentration of mobile ions in the glass.
V(c,+c,)=0 E3.4

The total ionic flux j, corresponding to the electrical current density i = ¢j, is as follows:
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J =4 E3.5

Take equations E3.1 and E3.2 and replace the j, and jy in equation E3.5 to obtain the

following:

. r
Jo="D,Ve, +CADAf£k§2 ~DpVey+cgD B}i‘% E3.6
let p = eE/kT and then solve for p giving:
j +D V¢ ,+D ¥V
pele A A s E3.7
¢ Dy+csDy

using a self-diffusion constant given by M = D,/Dy and multiplying equatiori E3.7 by

Dg/Dy produces the following:

p=—2 % E3.8

E3.9

use equations E3.3 and E3.4 to obtain:
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Jo i mve,-ve,
DB

McA+c0—cA

E3.10

p:

to obtain the equation in terms of p, only, use the definition for M again and simplify

equation E3.10 to obtain:

Mj,
M-1)Vc, +
eE _ DA E3.11
JKT ¢ (M-1)+c,
Take équation E3.11 and plug it into equation E3.1 to obtain:
M-1)Vi M,
- +
Y D( ey E3.12
=-D Vc,+c
JaTTP4Ve TPy ¢ (M-D+c,
Simplifying gives:
-D ¢ Vc,+Mc ,j
j et A E3.13
c (M-1)+c,

This is now the flux with the dopant ion as the only variable. The self diffusion constant
will be set as well as the total ionic flux and the total concentration. Therefore to obtain
the change in concentration of ¢, as a function of time Fick’s second law is used as

follows:
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sz E3.15

C(M-1)+1

At this point it is useful to simplify the terms in equation E3.13 by using the following
substitutions , J = j,/c,, J, =]/c, and C =c,/c,. This will produce relative fluxes and a

relative concentration. Using these in equation E3.14 will give the following:

aC__ DVC _ D(M-1)(VC)*+MJ *VC ‘ E3.16
o CM-1)+1 [CM-1)+1]?

This equation can be expanded as follows:

—L=-Vej, E3.14

This equation can be solved numerically using a finite difference method (see
appendix A3.1 for details). Appendix A3.2 is a copy of the Fortran program written to
solve for the concentration. Figure 3.2 is a plot of the self diffusion coefficient with
respect to time. Each individual plot is a separate time. The diffusion rate has been set
at 0.002 um?/sec and the ratio of self diffusion coefficient has been set at 1.0 and the

times vary from 20 seconds to 100 seconds in steps of 20 seconds.

A plot holding the time constant and changing the ratio of self diffusion coefficient

is shown in Figure 3.3. The ratio is changed from 0.2 to 1.0 in steps of 0.2. As'can be
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Figure 3.2. Theoretical refractive index profiles for ion-exchange. This is for a

constant self diffusion coefficient ,ratio of self diffusion coefficient and thickness.

time was varied to obtain the different plots.
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Figure 3.3. Theoretical refrative index profiles for ion-exchange. This is for a constant
self diffusion coefficient, waveguide thickness and time. The self diffusion coefficient
ratio was varied.
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seen, there appears to be very little affect when M is close to 1.0. However? for small
values of M the plot departs significantly from the linear solution. The M which is being
changed here is the ratio of the dopant ions going into the glass with respect to the
original ions leaving the glass. This implies that for M = 0.1 there will be more substrate
ions moving out of the substrate than salt bath than ions diffusing inward. Salt bath ions,
which are larger, diffusing into the substrate will create stress, adding to the change of

refractive index.

Buried waveguides

The ion-exchange process is for a single ion-exchange. It is possible to do a
second ion-exchange process and remove the ions diffused the first time. This technique
produces a buried waveguide, thus reducing surface scattering and lowering the loss of
the waveguide. The process is the same as discussed above except the salt bath is
changed to contain the same ion which is pulled out the first time. If just a small amount
of original exchanged ions are replaced, a buried waveguide will result. This second ion-
exchange with the host ion is called back diffusion. Back diffusion has several positive
results. Two glasses with similar characteristics will not necessarily respond the same
way to the back diffusing process, and not all glass is capable of back diffusing. One
may back diffuse successfully and the other may ruin the surface of the glass. It is
possible for chemical degradation of the surface to occur during the back diffusion

process.
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Applying an electric field in conjunction with the thermal process of ion-exchange
creates the third refractive index profile as shown in Figure 2.4. A fourth profile is the
buried waveguide. The buried waveguide is made by controlling the diffusing ions. This
is done by removing the salt bath ions which are being diffused into the substrate and
applying heat and an electric field. This is done after an initial ion-exchange period. The
diffused ions are then be pushed deeper into the substrate burying the waveguide. Turn
off the electric field while still applying the heat, this is called annealing.**** A smoothing
or rounding effect will take place. This demonstrates a more complete control over the

profile.
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CHAPTER IV

FABRICATION PROCESS

The fabrication process for channel waveguides consists of a masking process for
fabricating a specific channel width, an ion-exchange process to raise the refractive index
and a polishing process to reduce scattering for input and output coupling. This chapter

provides the necessary information to fabricate a channel waveguide in a glass substrate.

The ion-exchange process, as described in chapter III, is done by taking a
potassium salt bath, KNO,, and heating it until it melts. The melting point for pure KNO,
is 335 °C. The substrate is placed in the oven and allowed to heat up at the same rate as
the KNO,. Once the KNO, has melted, the substrate is placed in the salt bath for a
specified period of time. After that allotted time the substrate is removed and cooled.
A thick residual layer of KNO; is left on the substrate which rinses away with water. The
substrate will physically appear unchanged, however x-ray analysis shows a change in the

elemental make up of the glass.

Masking Process

The masking process used in the laboratory for patterning, is done with photoresist
and aluminum evaporation. Before this can take place the sample must be taken through
a preparation process. The preparation process accomplishes two things, the first is

simply to make sure the substrate is clean. The second however, is to ensure the
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photoresist will adhere well to the sample. The cleaning process consists of two steps.
The first is to clean the sample with soap and water. (It is important to note that the soap
must be oil and acid free. If it Fis not it will leave a thin residue prohibiting good
adhesion. The water must be de-ionized or it will also leave a residue prohibiting good
adhesion.) A Q-tip is used to scrub the sample’s surface and remove any particles which
will not simply spray off with a stream of water. The second step is to place the sample
in an ultrasonic cleaner with acetone and then methanol. This is left to vibrate for at least

five minutes in each solution.

Sample handling is critical to preserve the preparation. The sample is carefully
handled with rubber gloves to protect the substrate from oil. The sample is blown dry
with pure nitrogen to remove any excess moisture. It does however still contain a certain
amount of moisture which will cause liﬁiﬁg of photoresist if it is not removed. This
remaining moisture is removed by heating the glass substrate. Consideration must be
taken when selecting the temperature as the glass has a transformation temperature that
varies for different glasses. Since most glasses have a transformation temperature above
250 °C, 200 °C is used. The sample is left on the hot plate for thirty minutes. The times

used to vibrate and heat the sample for consistent results were obtained by trial and error.

Once the sample has been prepared, Hexamethaldisalane (HMDS) is spread with
a spin coater. HMDS is used for better photoresist adhesion. It is spun until it evaporates

completely leaving the sample ready for photoresist. All of the procedures mentioned
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above are done in a clean room to prevent dust and contamination from regathering on
the substrate. Photoresist is light sensitive and must be used in darkroom conditions. It
is more sensitive in the UV range and that is the source which is used. A thickness of
2 micrometers using Shipley S1400-31 produced the best results for lifting off thé

aluminum which was 1.5 micrometers thick.

The photoresist has a limited shelf life, and if not used within that time, the results
are not reproducible. Similarly, the HMDS has a shelf life, and if not applied when fresh
the photoresist will not adhere to the HMDS coated substrate. The spin time is one of
the determining factors in the thickness of the photoresist. The sample must be spun long
enough to provide a smooth surface but not so léng that the required thickness diminishes.

Spin times were varied until optimum results were obtained.

Initially the sample with the thin layer of photoresist was immediately placed
under the UV lamp with a mask containing a specified pattern. The UV lamp has 350
mW/cm? of power at 405 nm. The amount of time the sample was left under the lamp
was also varied until an optimum result was achieved. The sample was then placed in a
developer, Microposist 351,for a specified period of time. The time was again varied
until the optimum results were obtained. The desired result was to have two micrometer
thick ridges of varying widths. Expected results were inconsistent. It was discovered that
solvents in the photoresist create a very unstable break-down time when exposed to UV

light. When a large amount of solvent is left in the sample the process requires very little
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light exposure. If there is very little solvent left in the photoresist then the process
requires additional light exposure. To correct this inconsistency the solvents are driven
off by applying heat. This is called a soft bake process. The photoresist did not respond
well when it became too dry. Some moisture had to be placed back in the photoresist.
This was done with a desiccator. The times the sample spent in the heat and the
desiccator were varied until optimum results were obtained. Figure 4.1 shows

photographs, taken with an SEM, of photoresist ridges taken on two separate occasions.

The ridges made from the photoresist should be flat on the top with flat sides.
The first photograph shows severe bumps and rounding on the sjdes. Another significant
point which cannot be seen by this photograph is the discontinuity of the ridge. The strip
breaks in spots and in certain parts of the strip the ridge simply does not exist. The
second photograph displays a flat top and flat sides. It is also a continuous strip from one
end of the subsfrate to the other. A table listing the necessary events and times to obtain
optimum results is given in table 4.1. This procedure will ensure consistent results each
time because vit controls the items which affect the final outcome. Both the temperature
and the humidity affect the final outcome and must be considered. The problems of
temperature and humidity are taken care of by heating the photoresist and afterwards

placing the sample in a desiccator.

Once the photoresist has been successfully applied the sample is coated with

aluminum using an Edwards E306A vacuum coater. It is important that enough aluminum
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Figure 4.1. Photoresist ridges taken with an SEM. The first photograph displays
rounded edges. The second photograph displays a flat top and is continuous.
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EVENT TIME TEMP RPM
Ultra Sonic
Cleaner

Acetone 5 min

Methenol 5 min
Pre-Bake 30 min 200 C
Spin HMDS 60 sec 3500
Spin Resist 60 sec 3500
Soft Bake 30 min 90 C
Desiccate 10 min
Expose 35 sec
Develop 60 sec

Table 4.1. Specific times and events to produce consistent photoresist ridges using
Shipley 1400-31 positive photoresist.
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is coated to block the ion-exchange in areas which are not to be exchanged. At this point
in time there is no exact amount, however it was discovered that if the aluminum is too
thin the ion-exchange will diffuse through the mask. The diffusion rate through the
aluminum is not as fast as the uncoated diffusion rate but will create a waveguide in an
undesired region. Initially the process used was to apply approximately 200 nm of
aluminum. This allowed the aluminum on the photoresist to lift off without difficulty
leaving strips of aluminum on the substrate. The final result was thin planar guides
coupled with larger channel waveguides. A good separation of waveguides was not
achieved. A thicker coat of aluminum was the solution, but this in turn created a problem
with the stripping process. The problem was solved by coating the substrate and
photoresist with a one and a half micron thick aluminum layer. This completely covéred
the sample and the photoresist. The sample was then etched in phosphoric acid and
heated. A layer of aluminum was released, exposing the sides of the photoresist ridges.

This process is demonstrated in Figure 4.2.

The sample can then be placed in acetone which will wash away the photoresist,
taking with it further strips of aluminum. The final result is a good adhesion of
aluminum to the substrate in strips of specified width and distance apart. This is also a
critical issue since the ion exchange will not only penetrate the glass vertically, but will
also move horizontally. It is possible to place the exposed or uncoated strips too close
together which promotes energy leakage from one waveguide to another. The exact

minimum distance between the waveguides to avoid leakage is not known. A safe
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Figure 4.2. Photoresist shown in the solid grey is coated with aluminum as shown
on the top sketch. After the etching process the photoresist is exposed on the upper
edge of each side.
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distance between the waveguides can be estimated using the coupling equations. The
waveguides were then spread a considerable distance farther apart to ensure independent
guiding of light. The lines in the mask range from one micron to as many as two

hundred microns. A copy of the mask is shown in Figure 4.3.

The picture in Figure 4.3 displays just a few of the total lines contained in the
mask. The mask contains the following line widths, all in microns:
1,2,3,4,5,6,7,8,9, 10, 15, 20, 30, 40, 50, 75, 100, 200

This demonstrated broad range allows for a wide variety of tests with one mask.

An overview of the fabrication process can best be described with a step by step
procedure diagram. Once the mask is in place, thermal ion exchange can be done by
placing the substrate into a salt bath and heating. Figure 4.4 displays an outline procedure

for the fabrication of a channel waveguide using ion-exchange.

Polishing

There are three main methods for coupling light into waveguides. A grating can
be placed on the waveguide, and light incident at just the right angle will launch light into
the guide. A prism can be pressed against the waveguide and light entering the prism at
the precise angle will also couple into the waveguide. These methods are useful, but can
be complicated to set up. Using these methods to couple into channel waveguides is

equally as complicated and inefficient. End fire coupling is used to overcome many of
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200 pm

Figure 4.3. Mask used for positive photoresist patterning. Each dark strip is a metal
cover to prohibit light exposure directly beneath the mask.
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Figure 4.4. Fabrication process to make channel waveguides with ion-exchange.
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these barriers. End fire coupling can be used to couple into fibers and then butt the fiber
against the channel waveguide. In order to get the maximum coupling efficiency the ends
of the waveguide must be polished. If the end has a good polish then the major loss will
be profile mismatch and Fresnel reﬂectioné. Scattering due to surface roughness can be
reduced significantly. Two of these three methods are used in the laboratory and the

setup for these is shown in Figure 4.5.

Initially polishing was done by taking the sample and placing it in an epoxy
holder. The dry epoxy held the sample in place during the polishing. Removing the
sample from the epoxy is both difficult and frequently harsh on the sample. Epoxy forms
a very close bond with the glass. Any rounding due to polishing should not affect the
glass, just the edge of the large epoxy holder. The polished glass appe;;‘ired to have a very
smooth surface on it and endfire coupling was accomplished successfully. Epoxy grinds
and polishes at a much faster rate than the glass, so the glass edges did round. The
rounding effect can be seen by taking the sample and placing it under an interferometric
scope. The fringes in the scope will display the contour of the surface being observed.
Figure 4.6 displays two photographs of the fringes created from two pieces of glass
polished together. The first set was held in an epoxy holder. The severe rounding is
obvious from the fringes curving downward to show a gap between the two pieces of

glass.

This problem is solved by taking the second piece of glass and pressing it against
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Figure 5.4. Setup for both prism coupling and endfire coupling into optical
waveguides.
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Figure 4.6. Fringes displaying the rounding effect due to two pieces of glass
held in an epoxy holder for polishing are shown in top photograph. The bottom
photograph displays the results when the two pieces of glass are pressed tightlly
together.
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the substrate until optical contact is achieved. A thin strip of index matching giue is
placed on each side of the two pieces. When the glue has dried the sample is then
sandwiched between layers of glass and held together in a plexy glass holder. Wax is
used to keep all of the pieces in place and also used as a cushion for extra stresses upon
the glass. The sample then goes through the normal grinding and polishing stages. The
sample with highly polished ends, can now easily be taken out of the holder . The second

photograph in Figure 4.6 shows the improvement achieved with the new technique.

Endﬁre coupling can now be done with better efficiency and reliability. Coupling
efficiency to and from fibers will also improve with this polishing technique. Photographs
of prism coupling and endfire coupling are shown in Figure 4.7. The first picture shows
light being coupled into a planar waveguide via a prism. The prism was covered in the
photograph, the streak displayed is cbnﬁned in one dimension. Endfire coupling is

demonstrated in the second photograph, using a channel waveguide.
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Figure 4.7. Photographs of light being coupled in waveguides via prism coupling
and endfire coupling.
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CHAPTER V

CHARACTERIZATION OF OPTICAL WAVEGUIDES

Characterization techniques including observing waveguide profiles, measuring the
diffusion coefficient and noting waveguide loss are necessary for designing specific optical
waveguides. The contribution of each of these methods provides the necessary
information for controlling and designing channel waveguides. Shaping the profile of the
waveguide for specific applications requires a specific technique to measure that profile.
Curféhtly, several techniques such as the inverse WKB', backscattered x-rays?,
Secondary Ion Mass Spectroscopy (SIMS)’, microprobe analysis* and far field diffraction
patterns are used to measure the concentration profile. The WKB method requires prior
knowledge of the profile of the waveguide. It is not self-sufficient for direct observation
of the concentration profile of an ion-exchanged waveguide. Backscatter is a non-
destructive method that is only qualitative and it is limited to observation of only the
heavier elements such as silver. SIMS is a destructive method which is time consuming
and requires expensive equipment for an estimate of the concentration profile. While
electron microprobe also requires expensive equipment which is relatively easy to find,
it is a technique which has the potential for measuring concentration profiles of atoms as
small as boron. It has been used qualitatively. We have extended this technique in order
to make quantitative measurements of concentrations and concentration profiles. The far
field diffraction technique is used to observe directly the intensity profile of the

waveguide.
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This chapter describes in detail the electron microprobe technique where this
method is used to measure the interaction volume and the concentration profile of
waveguides made by ion-exchange with potassium. A technique for directly measuring
the number of modes in a waveguide is also described. A new technique to measure

waveguide loss is described and demonstrated.

Electron Microprobe Analysis

As described in Chapter I, microprobe analysis has been used in a limited fashion
to study optical waveguides. Electron microprobe analysis of optical waveguides made
by silver ion-exchange has been demonstrated by Ramaswamy and et al.”* Silver (atomic
weight = 107.87) is a heavy ion which is easily detected by an x-ray detector. Analyzing
optical waveguides which have been ion-exchanged with potassium presents a challenge
since potassium (atomic weight = 39.10) is a much lighter element. Electron microprobe
analysis of silver-exchanged waveguides has been demonstrated for waveguides with a
depth of at least eight microns. Observing single mode waveguides made by potassium
ion-exchange to depths on the order of eight micrometers thick has not been done since
the spatial resolution of electron microprobe is low in comparison with the depth of the
waveguide. This has prohibited quantitative measurements of the concentration profile
and accurate diffusion coefficient measurements as well. A technique to allow the direct
observation of single-mode waveguides made from potassium ion-exchange is described

below.
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Electron microprobe analysis requires the use of a Scanning Electron Microscope
(SEM). The SEM emits an electrén beam which strikes the sample surface. There is
enough energy in this beam to knock electrons out of the inner shells of the atoms
embedded in the glass surface. When an electron is removed from the inner shell an outer
shell electron decays to fill the vacancy left by that inner shell electron. The decaying
electron emits an x-ray photon which is characteristic of the energy difference between
the two levels. This is illustrated in Figure 5.1. Each atom has a characteristic x-ray
energy spectrum which identifies that atom. The energy for each atom is on the order of
thousands of electron volts. Each time an x-ray is emitted it travels in a random direction
through the SEM chamber. An x-ray detector made from a silicon-lithium crystal receives
some of the emitted x-rays. Each one received creates a charge on the crystal. The
charge is then converted to a small voltage in the pre-amplifier stage. This voltage is sent
to a second amplifier and multi-channel analyzer. The signal is then processed by a
computer to determine which element the signal most closely fits. The pulse processor
has a limited number of pulses it can process in a specified time period. In the event the
processor is full, the analyzer goes into a dead-time state. During the dead-time the pulse
processor sends the accumulated information to the computer. Once the pulse processor
is empty it begins gathering more x-rays. Not all x-rays emitted by the sample are
received by the detector, and not all x-rays received by the detector are processed by the
pulse processor. To obtain a good statistical sample, several thousand verified responses
indicating a specific element must be processed through the x-ray system. The output

from the computer is displayed as a spectral response, where each element is represented
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Electron Beam

Electron Shells

Figure 5.1. A model of a nucleus with the surrounding electron shells. An electron
beam with enough energy will remove an inner shell electron. An outer shell electron
will fill the hole thus releasing x-ray radiation.
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by a specified place on the spectrum. A typical x-ray spectrum is shown in Figure 5.2.

The accuracy of the microprobe contributes to the over-all effectiveness of this
technique. A Voyager light element detector by Noran was the x-ray analyzer used.
Noran states the accuracy of their detector is approximately 0.5% by compositional
weight. For example 20% potassium should be read as 20% + 0.5%. This is for heavier
elements such as sodium or silver. Lighter elements such as carbon require a reference
for high-accuracy detection. A test was done on a piece of glass with a known
composition. The glass tested was Corning 2947, a silicate base glass known as soda lime
glass. Soda lime glass contains silicate, sodium, calcium, magnesium and aluminum. The
x-ray analysis system has the option of manually identifying known elements when greater
accuracy is required. Examining optical waveguides can be done by identifying the
elements in advance since the glass type is typically known and the ion to be exchanged
is also known. The elements were keyed into the system and a quantitative analysis was
performed on the Corning 2947 glass. This was compared to the manufacturers data sheet
accurately shown in Table 5.1. As can be seen from the table the results are good and
fall within the error stated by the manufacturer of the microprobe system. This data was
obtained by setting the live-time to 120 seconds, the accelerating voltage to 15 KV and
the magnification to 2000x. If the accelerating voltage is set for less than 15 KV the

results become noisy and inconsistent.

Table 5.1 displays results from a large area scan, seventy five microns by seventy
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Figure 5.2. A spectral output for an EDS system. Each peak is a specified element
where the relative concentration is related to the height of the peak.
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‘MATERIAL EDS MANUFACTURE

S102 73.4 % 73 %
Na20 13.3 % 14 %
Al203 2.2 % 2 %
MgO 4.4 % 4 %
CaO 6.7 % T %

Table 5.1. Comparison of manufacturers data sheet on Corning 2947 with EDS
quantitative output. EDS was set at 15 KV accelerating voltage, 2500 magnification
and a live time of 45 seconds.
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five microns. This can be taken one step further and a spot on the glasé sample can be
analyzed in the same manner. The electron beam is approximately 200 A for an Amray
1600 SEM. This would allow a high resolution line scan to be done on waveguides with
a depth of two to ten microns. The spot size is not the determining factor in the spatial
resolution of microprobe analysis. The electrons scatter inside the glass sample to emit
x-rays which are emitted from a region approximately a few microns in size. This region
is called the interaction volume. The volume size depends on the electron beam energy
and composition of the sample. The shape and the depth of the penetration depends upon
the accelerating voltage and the material being examined. Richards determined the shape
and the size by examining a polymer material.¥’ After the electron beam struck the
sample, the polymer was chemically etched away while photographs were taken of each
layer as it was etched away. From the photographs it was obvious the electron beam
impacted the strongest in the center of the polymer and decayed outward. This decay
could be r_epresented using some kind of exponential or gaussian shape. The interaction

volume is represented in Figure 5.3.

With an interaction volume of three microns, obtaining information from a six
micron deep waveguide would provide two points for the profile. Over sampling can be
done by collecting data from many more points from the same line than just two. This
gives an averaging effect which produces accurate information from each point obtained.
Reducing the interaction volume to one micron by reducing the accelerating voltage

allows for higher resolution which adds to the accuracy of the averaging effect. The
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Figure 5.3. Interaction volume for X-Ray analysis. The higher the accelerating
voltage the large the diameter.
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interaction volume spreads the end of the profile since x-rays are detecte-:id f_rom the tail
of the gaussian-shaped detection area. This problem was solved by taking the solution
to the diffusion equations discussed in chapter III and convolving them with a guassian
function. The mathematical analysis for this is discussed in Appendix AS.1. It is
expected the solution for the diffusion equations, erfc, will appear with rounded edges and
spread out from the original solution. The results for this are shown in Figure 5.4. This
is indeed what happens, which implies that if enough information can be obtained from
the experimental data then accurate diffusion coefficients can be obtained.

The aforementioned authors, Ramaswamy and DeBernardi, have used microprobe
to analyze optical waveguides with depths in the range of twenty to sixty microns.*%
This will provide a good estimate of the diffusion profile since the interaction volume will
be small compared to the overall depth of the waveguide. This still does not eliminate
the problem on the edge of the sample and does not allow direct observation of shallow
depth waveguides. To eliminate the edge problem a piece of Corning 2947 glass was ion-
exchanged for a specified period of time. A piece of Corning 2947 was optically
contacted to an ion-exchanged sample. The end face where the two pieces of glass meet
were then polished to obtain a smooth, continuous surface. This provides a homogeneous
line scan with the microprobe. The only effect which is seen in the line scan is due to
the exchanged ion entering the glass. A step size of 0.02 um has been used with accurate

information for each point. This evidence leads to the conclusion that over-sampling

coupled with deconvolution permits higher resolution even for single mode waveguides
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with depths as small as six micrometers.

The same concept can be applied to estimate the interaction volume using the
above sample preparation technique . Two pieces of dis-similar glass were optically
contacted. The two samples that were used were Corning 2947 and BK-7. The Corning
contains approximately 7% calcium by weight and the BK-7 has no calcium. A line scan
was done using a live time of 180 seconds, an accelerating voltage of 15 KV and a
.magnification of 2000X. The step size used was 0.1 um. The total length of the scan
was 20 um. The results were compared to the theoretical model shown in Appendix
A5.2. A least squares fitting routine was used to obtain a gaussian width. The fitted
data displayed a Full Width Half Maximum (FWHM) of approximately one micron as
shown in Figure 5.5. A comparison was made using the slope of the transition for the
slope in the equations shown in Appendix AS5.2, the FWHM for this technique was

approximately one micron as well.

The diffusion coefficient and the ratio of the diffusion coefficient was estimated
by taking four pieces of glass and ion-exchanging these pieces for fifteen minutes, one
hour, three hours and eight hours. Line scans were then performed and the data acquired
was used in the least squares fitting routine. This was done for each piece ion-exchanged.
The first piece was scanned twice, the second piece was scanned four times, the third
piece was scanned six timés and the fourth piece was scanned six times. A table

summarizing the results along with the SEM, x-ray settings are shown in Table 5.2. The
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Figure 5.5. Curve fit of x-ray linescan and theoretical model of a step function
convolved with a gaussian function.
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0.25 HOURS ION-EXCHANGE

D=4.08 AVG=3.75
D=347 STD=0.31

3.00 HOUSRS ION-EXCHANGE

D=235

D=2.49

D =248 AVG=2.38
D=244 STD =0.11
D=2.16

D =239

SEM SETTINGS:
Accel Volt => 15 KV
Beam current => 50 uA
Magnification => 2500
Working Dist => 24 mm

1.00 HOURS ION-EXCHANGE

D=3.10
D =348 AVG=3.30
D =3.08 STD=0.21
D=3.52

8.00 HOURS ION-EXCHANGE

D =1.67
D=1.82
D=1.51
D=1.19 AVG=1.56
D=1.59 STD =0.19
D=1.74
D=1.55
D =1.39

X-RAY SETTINGS:
Livetime => 120 sec
Deadtime => 25%
Magnification => 2500
Accel Volt => 15 KV

Table 5.2. Corning 2947 ion-exchanged for four different times. Curve fitting was
then performed and the diffusion coeficient for each plot was found. Both SEM and

X-ray settings are given.



times were taken and plotted against the diffusion coefficients, shown in Figure 5.6.
Previous literature concludes the diffusion coefficient is constant for a specified piece of
glass at a constant ion-exchange temperature. As noted earlier these conclusibns come
from long ion-exchange times or waveguides with deep concentration profiles. The
results obtained for short ion-exchange tfmes or shallow waveguides indicate the diffusion
coefficient is higher for shorter times. As the time is extended the diffusion coefficient
drops until a saturation point is reached and the diffusion doefﬁcient becomes constant.
One of the fits, four hour exchange, is shown in Figure 5.7. As the plot demonstrates and

the results in the table show, the technique is consistent and accurate.

Malone has stated that electron microprobe is only for qualitative analysis. We
have shown that this technique was used successfully to examine planar waveguides
quantitatively and produced reliable results. This technique has also been taken one step
further and used as a qualitative tool for examining channel waveguides. This is done by
taking a channel waveguide and scanning in a matrix format. Once the channel
waveguide is located, a matrix of points is set up to obtain quantitative results concerning
the potassium concentration. The information provided is certainly an accurate profile of
the channel waveguide. The theoretical model was not, however developed for
comparison with experimental data. To demonstrate what a valuable tool this can be for
examining channel waveguides, Figure 5.8 demonstrates a two dimensional x-ray matrix
showing potassium concentration vs. depth and width. A second two dimensional plot,

shown in Figure 5.9, demonstrates the same idea when a dip in the waveguide is present.
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Figure 5.6. Diffusion coefficients for four different samples are plotted against the
time in the salt bath.
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Figure 5.7. Curve fit of x-ray linescan and theoretical model for 8 hours of ion-
exchange in potassium nitrate.
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Figure 5.8. Two dimensional scan to obtain concentration profile using X-Ray
analysis. This plot is for Corning 2947 ion-exchanged for 2.5 hours.
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Figure 5.9. Two dimensional quantitative X-Ray scan for a channel waveguide. The
profile displays a dip in the concentration indicating a hole in mask during
ion-exchange.
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This dip could not be easily detected or understood without a definitive picture such as
this. The dip displays a hole in the mask that allows ion-exchange to occur beyond the

boundaries of the mask. The profile is certainly affected by this.

Optical profile

The x-ray profile can be coupled with the optical profile of the wavegﬁide for
more complete information and can be observed using an optical scope. The optical
profile for a fiber optical éhannel waveguide will display a circular pattern with the
highest intensity at the center. A circular guided wave mode for ion-exchanged
waveguides which have not been buried is not possible. Figure 5.10 demonstrates the
optical profile for a nine micrometer wide mask. The profile is a narrow strip of light,
which when compared to Figure 5.8 demonstrates how the shape of the potassium profile

affects the far field diffraction pattern.

Modes in waveguides

The concentration profile of the waveguide and the optical profile are part of the
characterization process for a waveguide. Determining the number of modes is also an
important feature. This can be done most efficiently by endfire coupling into a planar
waveguide and out-coupling through a prism. Each mode has a different exit angle
clearly exposing the number of guided modes. A photograph of the output for this setup

is shown in Figure 5.11.
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Figure 5.10. Far field diffraction using an optical scope. This is an ion-exchanged
channel waveguide intensity profile.
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Figure 5.11. Modes from an ion-exchanged planar waveguide. Output was taken
from a prism coupler.

71



Using this information coupled with the x-ray profile giving the diffusion depth
and the information given in chapter II on modes in a planar waveguide, one can then
estimate the times needed to create single and specific multi-mode waveguides. The
effective depth is the criteria used for determining waveguide modes. The effective depth
of the planar can then be determined as well using the three different techniques
mentioned. This information can then be transferred over to channel waveguides to
determine the number of modes in the y direction, the effective depth and the

concentration profile.

Waveguide loss

Waveguide loss can be measured using several different methods. Each method
has its advantages and disadvantages. The particular method chosen is to use a
microscope objective and xyz translation stage. A detector is placed behind the objective
with a metal casing completely surrounding both of these items to eliminate noise. This
method is very similar to the bundle fiber method. The bundle fiber method is used to
collect light and send this back to a detector. The microscope objective can be used to
select a small point and then scan in a perpendicular motion across the guided light. The
output is recorded from low ';o high and then back to low again. This produces a two-
dimensional plot which represents one section of intensity. The microscope objective is
then moved parallel to the guided light and the process is repeated. Figure 5.12 displays

the experimental setup to measure waveguide loss.
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Figure 5.12. Waveguide loss setup and output for a Corning 2947 channel
waveguide.
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The lenses can be interchanged to adjust the spot size at the focal length. One of
the advantages of this method over the fiber bundle is the focus in the z-direction. A
maximum is obtained at a specified distance away from the glass thus promoting
consistency. A second advantage is the variable lens provides control over the spot size.
The resolution can be increased if needed for low-loss waveguides. This was »s.et up and
a loss measurement was taken on a channel waveguide fabricated in Corning 2947. The
loss for this waveguide was 4.8 dB/cm. This was taken using a HeNe as a source (632.8
nm). It should be noted that only 1.1 mm Ilength was needed to obtain loss

measurements. The output is also shown in Figure 5.12.

Characterizing a material varies depending on the desired output. If a material has
a rare earth doping in it is useful to have the above information plus the absorption
spectrum, fluorescence lifetime of the material, the fluorescence spectrum and the gain.

Techniques to accomplish this are discussed in the next chapter.
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CHAPTER VI

NEODYMIUM WAVEGUIDE LASER

This chapter presents the fabrication and characterization of the neodymium-doped
waveguide laser. Several different host materials were experimented with until a suitable
material was found which would raise the refractive index after ion-exchange. Three of
the glasses are silicate base glasses, LG-680, BK-7, S-3 and one is a phosphate base glass,
APG-1. Two of the glasses, LG-680 and APG-1, have lithium as the loose bond or
network modifier. The network modifier is the ion which is released from the glass
during ion-exchange. BK-7 and S-3 have sodium as the network modifier. LG-680 and
APG-I are both available in the commercial market and are designed with a high gain
cross section. BK-7 has been used to make a neodymium waveguide laser*® providing a
base for comparison with the other glasses. S-3 is not available as a commercial lasér
glass, however it was doped with 3% neodymium by weight. S-3 was chosen because it
was designed specifically for ion-exchange. A waveguide laser was fabricated and tested

using ion-exchange techniques described in chapter I'V.

Glass characteristics

Initially one must determine whether an ‘off-the-shelf” glass will ion-exchange.
The glass must contain ions with loose bonds or network modifiers. The transformation
temperature of the glass must be high enough to avoid a complete structural change in the

glass when immersed in the salt bath. Potassium was used for as the exchange ion since
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it produces a lower loss waveguide than silver. The melting point for KNO, is
approximately 335 °C, depending on its purity. The transformation temperature of the
glass must therefore be greater than 335 °C. Schott Glass Technologies has two different

‘off-the-shelf” laser glasses V;Ihich fit the above criteria: APG-1 and LG-680.

APG-1 is a phosphate base glass with 3% neodymium doped into a host (;,ontaining
both lithium and aluminum. The gain cross section for this glass as stated by Schott
Glass is 3.5 x 10®cm®. The transformation temperature is 450°C. The LG-680 contains
3% neodymium doping in a silicate-based glass containing lithium, calcium and
aluminum. The gain cross section for this glass as stated by Schott Glass is 2.9 x 10
cm?. The transformation temperature is 468 °C. These glasses have proven to be good
laser glasses because of the high gain cross section. They are known to be easily ion-
exchanged since ion-exchange is commonly used by glass companies to strengthen the

glass.

Ion-exchange

The APG-1 was ion-exchanged in potassium nitrate at 390 °C for four hours. The
glass displayed micro-cracking on random parts of the polished surface. This effect is
shown in Figure 6.1. An x-ray line scan was taken as described in chapter IV. The line
scan output should follow a typical diffusion profile. The first photograph in Figure 6.2
displays a shoulder where a smooth transition should appear. The profile indicates ion-

exchange did take place, but it appears to degrade the surface. Since this glass is typically
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Figure 6.1. Photograph of APG-1 after 4 hour ion-exchange in potassium
nitrate at 390 °C.
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Figure 6.2. APG-1 ion-exchanged for four hours in potassium nitrate. The first
plot was done at a temperature of 390 °C. The second plot was done at a
temperature of 342 °C.
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ion-exchanged as a strengthening tool, successful ion-exchange should be possible. The
temperature was lowered closer to the melting point of potassium nitrate and ion-
exchanged a second time. The outcome was a smooth surface with no micro-cracking.
The x-ray line scan for this is shown in the second photograph of Figure 6.2. This figure
displays a typical diffusion profile. An attempt to couple light into the ion-exchanged

guide was unsuccessful.

The LG-680 was treated in a similar manner as the APG-1 with similar results.
A thin film was apparent on the surface of the glass which when looked at closer
displayed micro-cracking. A photograph of the surface is shown in Figure 6.3. The x-
ray line scan for this is shown in plot of Figure 6.3. The profile did not appear unusual
except that the depth of the diffusion was very shallow for a four hour exchange. The
temperature was lowered to determine if the thin film would disappear. The LG-680 was
ion-exchanged a second time at 342 °C. The surface was clear in spots, but did not
appear completely smooth as did the APG-1. Since Schott Glass typically strengthens this
glass successfully with sodium exchange, a third ion-exchange was done at a temperature
of 320 °C in sodium nitrate for four hours. The surface was clear after the exchange.
The ends were polished and an attempt to couple light into the waveguide via endfire

coupling was not successful.

The next two glasses tried were BK-7 and S-3. These glasses are both silicate-

base glasses which are commonly used for potassium ion-exchange. BK-7 is a common
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Figure 6.3. LG-680 ion-exchanged at 390 °C for four hours in potassium nitrate.
The top photograph shows microcracking. The plot displays a normal diffusion
profile, however it is very short.
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glass used in making lenses and other bulk optical pieces because of its good optical
properties. BK-7 has been doped with neodymium and ion-exchanged to make a
waveguide laser.*® S-3 is an ophthalmic glass developed by Schott Glass and designed
specifically for ion-exchange. Glasses with a mixture of zinc and no mixture of calcium
provide good ion-exchange qualities as noted by Stroud.* Neither of these glasses are
commercial laser glasses since a laser glass is designed specifically to have a high gain
cross section. A combination of good ion-exchange characteristics and high gain cross
section would be the optimal glass to use for developing waveguide lasers. This work has
not been completed. Studies of the ion-exchange properties of neodymium doped glass

are still being conducted by NIST & Schott.'

BK-7 is a mixed-alkali glass containing barium and borosilicate.  The
transformation temperature of the BK-7 is 557 °C. This glass was doped by Schott Glass
with 3% Nd. The gain cross section was determined by Stokowski* to be 1.3 x 10% cm?
for 3% Nd doping. S-3 is a mixed Alkali glass with high concentrations of Zinc and
Silicate. The Zinc in this glass enhances the ion-exchange capabilities*®. S-3 was doped
by Schott Glass with 3% Nd. The transformation temperature of this glass is 532 °C.

Since this glass has not previously been studied , the gain cross section is not known.

The neodymium doped BK-7 was ion-exchanged at 390 °C for four hours. The
polished surface appeared to be unchanged after ion-exchange. The x-ray linescan is

shown in the first plot of Figure 6.4. A least squares fit to determine the diffusion
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Figure 6.4. X-ray line scan for BK-7 after four hour ion-exchange in potassium
nitrate. The second plot is a fit to determine the diffusion coefficient. For this
particular glass the D = 2.8 um’/hr and M = 1.0.
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coefficient and ratio was done as explained in chapter V. The diffusion coefficient is D
= 2.8 um*/hr and the ratio is M = 0.6. The fit for this is shown in second plot of Figure

6.4. Light was successfully coupled into this guide via endfire coupling.

The neodymium doped S-3 was ion-exchanged at 390 °C for four hours. The
results of this glass were similar to those of the BK-7 except the least squares fit showed
a diffusion coefficient of D = 8.9 um?hr and a ratio of M = 1.0. The x-ray line scan and
the least squares fit are shown in Figure 6.5. The diffusion coefficient is three to four
timéismlarger than the BK-7 or the Corning 2947. This can be attributed to the large
amount of Zinc in the makeup of the glass. Stroud did a study on the effect of Zinc when

ion-exchanging.*® Light was successfully coupled into the waveguide via endfire

coupling.

Backdiffusion

Both BK-7 and S-3 were successfully ion-exchanged to make surface waveguides.
Surface waveguides produce less efficient waveguide lasers since scattering is much
higher due to the surface imperfections. These two glasses were taken one step further
and backdiffusion was attempted. After the initial ion-exchange of 4 hours in potassium
nitrate, a second ion-exchange was done using sodium nitrate. This second ion-exchange
removes the potassium ions on the surface of the glass thus leaving a buried waveguide.
This proved to be true for the BK-7, but S-3 displayed severe micro-cracking over the

entire polished surface. Figure 6.6 shows photographs of S-3 and BK-7 after four hours
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Figure 6.5. X-ray linescan and curve fit of S-3 for a four hour ion-exchange in
potassium nitrate.
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Figure 6.6. S-3 and BK-7 ion-exchanged in potassium nitrate for four hours, then
ion-exchanged a second time in sodium nitrate for half an hour. The S-3 shows
microcracking.
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of ion-exchange in potassium nitrate and a half an hour second ion-exchange in sodium
nitrate. Backdiffusion was attempted several times in S-3 with the same result each time.
A possible solution which would need to be pursued for confirmation would be to mix
a second nitrate solutioﬂ with the sodium nitrate to slow down the exchange process.
Adding potassium nitrate to the sodium nitrate would slow down the ion-exchange process
and possibly stop the micro-cracking. This was suggested by Dave Sapak with Schott
Glass. Sapak also suggested that a depletion of potassium probably occurred at the
surface of the glass. This suggestion was confirmed by line scanning the backdiffused S-

3. Figure 6.7 shows the depletion of potassium ions on the surface.

Laser characterization

The transmission spectrum, the fluorescence spectrum and the fluorescence lifetime
were all measured for the neodymium doped S-3 using a bulk piece of glass. The
transmission spectrum was obtained using a Cary 2400S spectrophotometer. This is
shown in Figure 6.8. This spectra contains the obvious characteristics of strong
absorption peaks at 580 nm and 805 nm as well as the minor absorption peaks which

neodymium doped glasses posses.

The fluorescence spectrum of the glass can be obtained by pumping the glass with
805 nm and taking the output behind a monochromator. The setup for this experiment
is shown in the first plot of Figure 6.9. A lock-in amplifier is used to overcome the small

signals obtained from the fluorescence. The second plot in Figures 6.9 shows a plot
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Figure 6.7. X-ray linescan of S-3 backdiffused, the potassium depletion is evident
in the dip area.

87



80.00 |

60.00

% TRANSMISSION

40.00

20.00

| | ' | |
0.00 400.00 800.00 1200.00 1600.00

WAVELENGTH (nm)

Figure 6.8. Transmission speétrurn of 3% Nd doped S-3 glass. The absorption stron
absorption peaks are at 580nm and 805nm..
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Figure 6.9. Setup and output for the spectrum of the fluorescence for Nd doped
S-3.

89



displaying a spectrum covering 975 nm to 1050 nm with the peak centered around 1054

nm.

Fluorescence lifetime can be obtained from a gain medium by exciting the medium
with a short pulse. The pulse must be several orders of magnitude shorter than the
lifetime of ‘the neodymium. The source for the short pulse is obtained from a pulsed
nitrogen laser. This is not optimal with respect to absorption but it is adequate. The
nitrogen laser lases at 337 nm with a pulse width of 600 ps. It is expected that the
fluorescence lifetime of the Nd glass will be on the order of hundreds of microseconds.
The setup for the fluorescence iifetime measurement is shown in the diagram of Figure
6.10 along with the output for this measurement. The resulting signal is an exponential
decay. Taking the fluorescence lifetime to be the 1/e of the peak fluorescence signal

yields a value of approximately 250 us.

Comparing the S-3 data with the other glasses shows no significant difference in
the transmission spectrum or the fluorescence spectrum although the fluorescence lifetimes
varied from glass to glass. The longest fluorescence lifetime resulted from the BK-7, and
the shortest lifetime from the S-3. Table 6.1 displays the glass and lifetime that was

measured.

Channel waveguide laser

Channel waveguides were made in the neodymium doped S-3 glass as discussed
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Figure 6.10. Experimental setup and output for fluorescence lifetime taken on Nd
doped S-3.
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GLASS TYPE | LIFETIME (in microseconds)

APG-1 360
LG-680 310
BK-7 405
S-3 280

Table 6.1. Fuorescence lifetime for each glass. This was done using a short pulsed
laser and measuring the decay at 1/e from the peak.
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in chapter IV. The length of the waveguides after polishing was approximately 1 cm.
The width of the channels varied from a few microns to as much as 200 microns. Since
the waveguide is on the surface of the glass and less than 25 microns deep, the edge of
the glass must be perpendicular to the surface of the glass. A rounding effect takes place
while polishing, so it is critical to pr_oted the edge by pressing a second piece of glass
against the surface (discussed in chapter IV) to avoid a lensing effect. These two effects
can prohibit the neodymium doped channel waveguide from lasing. A third item to
ensure a proper laser cavity, is the alignment of the channels with respect to each edge.
A perpendicular alignment must be made between the channel and the edge of the glass.
Each channel waveguide has an acceptance angle which must be considered when trying.
to reflect light back into the waveguide. If the angle is exceeded the neodymium doped
channel waveguide will not lase. All three of these issues are taken care of during the
polishing process. Proper sample mounting and holding for the polish is critical to ensure
that the waveguide edge is perpendicular to the channel and rounding or large spacings

are minimized.

To make the neodymium channel waveguide lase, mirrors must be placed on each
end. The mirrors are made using dielectric coatings which have high transmission at 800
nm. One mirror has a near 100% reflector around 1060 nm. The other mirror has
approximately a 95% reflector at 1060 nm. Cover slides were coated by Colorado
Research Inc. and used as the mirrors. The mirrors were placed against the neodymium

doped waveguide with index matching fluid. This is then pumped with the Ti:Sapphire
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laser at 805 nm. The output is taken from the 95% reflecting mirror behind an RG 850

filter. The setup for this experiment is shown in diagram of Figure 6.11.

The mirrors were attached to the end of waveguide using index matching fluid.
This left a small gap of fluid between the dielectric coatings and the end of the glass.
Focusing the pump laser on the end of the waveguide would cause the fluid to burn when
the pump power was increased thus ruining the mirror and the end of the waveguide. At
lower powers, if the beam was focused on the gap instead of the waveguide this also
burned the fluid. Caution had to be taken to insure both proper power and focusing of
the pump beam. The laser was pumped and the output was measured with a power meter
after the pump source was filtered out. The output power versus the input power for the
waveguide laser was recorded . The plot of Figure 6.11 displays the typical input vs.
output laser charaéteristic with the threshold at approximately 130 mW. It should be
noted that this is the power from the pump laser and not the power coupled into the

waveguide.

A successful Nd waveguide laser was made using S-3. Two improvements need
to be made before this laser could be a commercial item. Burying the waveguide for
lower loss, thus providing a more efficient laser. Coating the ends of the waveguide
directly with dielectric coatings will eliminate both the gap and the oil in the gap. This
will allow a higher power to be pumped into the waveguide without destroying the device

as well as providing a stable, easy to implement laser source.
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CHAPTER VII

CONCLUSION

Summary

The theory of ion-exchanged planar waveguides was described with numerical
models for comparison with theory. The diffusion equations were used to define the
profile of ion-exchanged planar waveguides. This was compared with the experimental
output obtained from the quantitative output of x-ray analysis. X-ray analysis was done
by taking two pieces of glass and pressing them together until optical contact was
obtained. This allowed the observation of the concentration profile without distortion due
to the interaction volume. The interaction volume determined the spatial resolution of the
x-ray scan. A second piece of glass pressed together with the original glass allowed for

higher accuracy.

The accurate experimental data was then taken and compared with the theoretical
model by using a least squares fitting routine. From this the diffusion coefficient and the
ratio of the diffusion coefficient can be determined accurately. This technique also allows
a direct observation of the concentration profile of a channel waveguide. A more
complete characterization can be done by comparing these results with results obtained
from optical techniques. This also aids in the development of profile shaping. Direct
observation of the concentration profile provides direct feedback for the controlling

process. The controlling process includes thermal ion-exchange, field assist ion-exchange
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and backdiffusion. These tools allow more control over the profile, which leads to a

circular profile compatible with fiber optic cables.

These techniques can also be used to develop integrated optical devices such as
an integrated optical waveguide laser. This was demonstrated in neodymium doped glass.
The same techniques were used to develop an integrated waveguide in the neodymium
doped glass. Mirrors were placed on the ends of the waveguide with high reflectors set
at 1.06 nm. This was pumped with 805 nm and lasing observed. The ion-exchange
waveguides were made in two separate and suitable glasses after it was tried in four
different glasses. All glasses ion-exchanged but only two were able to guide light. The
subsequent study of the glass indicated that the ion-exchange process raised the refractive

index in only two glasses.

Recommendations

The x-ray microprobe technique was used to directly observe the concentration
profile in soda-lime glass after ion-exchange with potassium. The ion-exchange time was
varied and the diffusion coefficient was found to change with the time. This was
discovered because the x-ray technique provided information for shallow depth
waveguides. For long periods of ion-exchange the diffusion coefficient appears to become
constant, matching what has been published by several authors. There is no existing
model or explanation concerning the changing diffusion coefficients for short ion-

exchange times.
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The S-3 glass is suitable for both ion-exchange and making waveguide lasers. The
S-3 laser has not been completely characterized and compared with existing waveguide
lasers made from other host materials, such as BK-7. Once the complete characterization
of the waveguide laser has been completed, passively mode-locking the laser could be

attempted.
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APPENDIX A2.1

Fortran program to estimate the number of modes in a given waveguide
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15

422

210
20

If (((nf**2)*a)-(ns**2) .LT. 0.0) goto 15
c = sgrt((nf**2 * a) - nc**2)
phic = atan(c/(nf*b))

s = sgrt((nf**2 * a) - ns**2)
phis = atan(s/(nf*b))

v = (k*nf*b*ht(j) - phis - phic)/pi

mode (i) = int(v) + 1 -

angle=180.*zz/3.1415926

If- (mode(i) .NE. mode(i-1)) then
If (mode(i) .EQ. 0) goto 422
print*,‘mode’,int(v),’ at angle’,bangle
write(j,210)ht(j) *scale,nf*sin(zz)

End if

ZZ = ZZ + X

goto 5

dl = k*nf*b*h
eff=nf*sin(zz)

format (3x,E12.4,3x,F12.4)
Continue

close (1)
close(2)
close(3)
close(4)
close (5)
close(§6)
close(7)
close(8)
close (9)
close (10)
End
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Real nf,nc,ns,h,y,pi,nd, k,uplimit, lolimit, count,N
Dimension mode(0:10000)
Dimension ht(1:10)
open(unit=1,file='numl.dat’)
open (unit=2,file='num2.dat’)
open(unit=3,file='num3.dat’)
open (unit=4,file='num4.dat’)
open(unit=5,file='num5.dat’)
open (unit=6,file='numé.dat’)
open(unit=7,file='num7.dat’)
open (unit=8,file='nums8.dat’)
openf{unit=9,file="numd.dat’)
open (unit=10,file='numlo0.dat’)

Do 3 1 = 0,10000
mode (i) = 0
~ Continue

Num = 1000

Print*, 'How thick is the film?’

Write(*,*) 'The number you enter will be multiplie
Read(*,*)hl

hi=4.0

scale = le+é6

h = hi*le-6

maxht=10

Write(*,*) 'What is the index of refraction of the
Read(*,*)nf

nf = 1.55

Print*,’The cover is usually air.’

Write(*,*) 'What is the index of refraction of the
. Read(*,*)nc

nc = 1.0

Write(*, *) 'What is the index of refraction of the
Read (*, *)ns

106

ns = 1l.46
i=20
Do 20 j = 1,maxht
v = 1.
Yy = .6328E-6
pi = 3.14159
nd = nc/nf
k = 2*pi/y
2z = asin(nd)
x = (pi/2-nd)/Num
zx = pi/2
ht (j) = j*h/Float (maxht)
If ( v .LT. 0.0) goto 422
i=314+1
a = sin(zz) **2
b = cos(zz)
N =

nf*sin(zz)



APPENDIX A3.1

Explanation of finite difference method used
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There are several different methods which can be considered and each has its advantage.
I chose the same method Ari Tervonon (author of the glass waveguide section) which is the
Dufort-Frankel method. This method does however require an initial set of values which can be

obtained from the Euler method. The Dufort-Frankel finite-difference form is as follows:

C(i,n+l)-C(i,n-1) =D C({i,n+1)-[C(i,n+1)+C(i,n-1)]+C(i-1,n)
2At [C(i,n) (M-1)+1]hR?

Mg, [C(i+1,n)-C(i-1,n)]
[C(i,n) (M-1)+1]%2h

Initially we are working with just the thermal ion exchange without the electric field
assist. The above equations are still valid, however the electric flux J, which is proportional to

the electric current density is set to zero. Therefore the last term in th equation will go to zero.

The desired unknown to solve is C(i,n+1), and as can be seen from above this variable
is on both sides of the equation therefore C(i,n+1) must first be solved for algebraically. When

this is done the following results:

C(i,n-1)[C(i,n) (M-1)+1]+k[C(i+1l,n)-C(i,n-1)+C(i-1,n)]

Cli,n+1)= C(Z,m (M-1) +1+k

k [[C(i+1,n)-C(i-1,n)]*(M-1)] [C(i,n) (M-1) +1]
4 [(C(i,n) (M-1)+1+k] [C(i,n) (M-1)+1]°?

where k =2A t D/ h?> . Notice the nonlinear term can be taken out of this simply by setting M
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= 1. Tdlbtaisathe initehnigimes femstartinglthismmethed thpreare divaztohineanrterdsténmivagd
therefore a very simple Euler form is used for one iteration. This method allows
1 a r g e r A t ’ S t 0
be used and still obtain a valid solution. To confirm whether or not this method
is converging, several different step values for both At and h were used. In the
above difference equation i is space and referenced to h and n is time referenced to Af.

The figure is for varying step sizes in the t direction. The standard which convergence is

measure is taken from At = .001 seconds. At At = 1 second no solution was obtained.

This does truly converge and requires a step size in the t direction of about
.002 seconds. A fortran program was written which took the data from each run
and subtracted each run from the standard of At = .001 sec. The maximum was then
found and noted. Four different step sizes were compared and the following is

a summary of those results:

Atl= 0.1 sec Max diff = .169
At2= 0.02 sec Max diff = .0251
At3= 0.01 sec Max diff = .0116

At4 = 0.002 sec Max diff = .0013

At5= 0.001 sec Each of the above compared to the values obtained here.

The following was used to determine the Max diff:

Maxdiff=Jf(At5)2-f(Atl1)?
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convergence for different step sizes h. In this direction it is vary stable with
little wvariation due to the large step size. However if the step size is too
large then there will not be enough data to accurately determine what is going

on in the diffusion process.

There is little variation between the large step size and the smaller step
sizez This data was run through the same program as above to determine the

maximum difference between a standard value and the other step sizes.

h=0.5 um Max diff = .014
h=0.25um Max diff = .003
h=0.1 um Max diff = .0011
h = 0.05 um Max diff = .00097

h =0.02 um Each of the above compared to the values obtained here.

These are maximum values which indicates the worst case. There worst case

usually occurred in the middle of the curved part of the plot.

A second question which would be good to answer is the validity of the
final solution. As can be seen from the above all of the plots appear to
exponential. This is the solution to the linear diffusion equation. The exact

solution is the complimentary error function and can be determined analytically
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from the above equation. The nonlinear terms was taken out to obtain an

analytical solution by simply setting M = 1. The solution for this is as follows:

x-J.t J X xX+d

C=0.5[erfc( 2 )+ (—=)erf 2
erfc Wi exp(—-) er c 2\/'D_t)]

This can be plugged into a canned math package and plotted. The package I used to do
this was Mathematica. This package has the complementary error function built in and allows
easy access to plots also. To compare to the solutions which were obtained by my program set

J 0=0. The plot is therefore the analytical solution for thermal diffusion only.

As can be seen from the table above at time t = 100 sec there is a very good match
between the numerical solution and the analytical solution. From this we can conclude that the
linear part of the numerical model is accurate. To determine weather or not the nonlinear part
of the model works can only be done at this point be making sure the deriv;ltion of the solution
is correct. After grinding through the math my results did match Ari Tervonen the author of the
section on "Theoretical Analysis of Ion-Exchanged Glass Waveguides" in the Integrated Optics
book. He also produced a couple of plots in his book, however his numbers did not match the
analytical or my numerical output. Therefore I concluded the numbers he said he used in his
program he did not use. However, the plots were consistent in shape with each other at M = 1.0
and M = 0.1. This last plot is for a constant time of 100 sec while all other variable are the same
as above, except for the ratio of self- diffusion constant which I varied from M =.9 to M = .1

in steps of .2. The plots mentioned are shown in Figures 3.2 and 3.3 in Chapter III.
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APPENDIX A3.2

Fortran program to provide a least squares fit for data
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Integer ix,nt

Real*8 k,M,nlnr,kl,nlnr2

Real*8 elsq, minelsq, Delsq, Welsqg, Selsqg
Real*8 cnp(0:1001), cn(0:1001)

Common cnf (0:1001) ,x(0:1001) ,psum(0:1001)
Common x2(0:1001),shift

Open (unit=1,file='jun20e3.dat’)

* total time = nt*delt (hours)!iitriirrirrrrprrirrrrereyy
nt = 40000
delt = .0001

total distance = ix * h (microms)!!tttirrrtrrrerrtrrialy
ix = 560
h = .05

*

*
-3
[np
'..l.
0
|_l.
0
ct
jnp
1]
%,
|_l.
Q.
ct
(=
(o]
+h
ot
(=
()
G
)
o]
0n
0n
'..l-
)
]
0n
[np
o
o)
[1)]

wid = 12

*
w
|_l.
Hh
Hh
[
0
'..l.
(o]
s ]
Q
(o]
=]
n
'y
)
=]
ot

D=28.9
kl = delt*D/(h**2)

k = 2*delt*D/ (h**2)
nm = 1

npnts = 124

30 Continue

cnp(0) = 1.0
cn(0) = 1.0
cnf(0) = 1.0

Do 60 1 = 1,1ix
cnf(i)=cn(i)+( cn(i+l)-2*cn(i)+cn(i-1) )*kil
cn(i) = cnf (i)
60 Continue

Do 80 i 1,ix

Do 70 n = 1,nt
nlnr = cn(i)*(wré.o) + 1.0



* This is the interaction volume,

10

20

30

Subroutine f£iltf (h,mpts,wid)

Common cnf (0:1001), x(0:1001), psum(0:1001)

real*8 £(0:1001)
real gg(0:1001)
open(unit=3,file='volé6.dat’)

npts=71

max=npts+mpts

do 5 i=1,npts
gg(i)=0.

continue

do 10 i=npts+l,mpts
gg(i) = cnf(i-npts-1)

continue

sum=0.

do 20 i=1,npts

set at 51 => 1 micron

prit = -(( real(i)-real (npts/2)-1 )**2/wid**2)

If (ABS (prit) .LT. 100) then
£(i) = exp(prit)

else

£(1) = 0.0

end if

sum=sum+£ (i)
write (3,*) real(i)*h,f (1)
continue

snorm=sum
do 40 j=1,mpts+1l

sum=0.
do 30 i=1,npts

sum=sum+£ (1) *gg (i+j~1) /snorm

continue

psum(j) = sum

* This finds maximum point in numerical output
If (psum(j) .GT. psum(j-1)) peak = sum

40

* Normalization procedure if desired

50

continue

do 50 j = 1, mpts+l
psum(j) = psum(j)/peak
continue

close (3)
end
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Function comprf (npnts, ix, h)

Common cnf (0:1001), x(0:1001)

Common psum(0:1001), ex(0:1001), shift
Real x2(1001),exn(1001),dif (1001)

unit = 4 is the input file to read the experimental data
Open (unit=4,file='jun20e3p.dat’)
Open (unit=5, file='jun203pe.dat’)
Open (unit=6, file='jun203pt.dat’)

number to multiply by to match expr points with diff eq
may need to change this number!!!iiiiiiryriiitrrrrrprtty
mat = 4

Do 10 i = 1,npnts
Read (4,*) x2(1i),ex(1i)
Write(5,*) x2(i),ex (i)
10 Continue

put shift wvalue in k!llititrrirrrrrrrprrrrrrrierriteyigy
k=6

dif (k) = 0.0
Do 20 1 = 0,npnts
j = mat*i+k ‘
dif (k) = dif(k) + (ex(i) - psum(j))**2
write(12,*) psum(j)
20 Continue _

Do 40 i1 = 0,npnts*mat
write(6,*)real (i-k-2)*h, psum(i)
40 Continue

shift = k
comprf = dif (k)

close (4)
close (5)
close (6)

Return
End
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nlnr2 = (( cn(i+l) - cn(i-1) )**2)*(M-1.0)
cl = cnp(i) *nlnr
c2 = k*( cn(i+l)-cnp(i)+cn(i-1) )

cenf (i) = (cl+c2)/(nlnr+k)-k/4.0* (nlnr2*nlnr)/ (nlnr+k)
cnp(i) = cn(i)
cen(i) = cnf(i)
80 Continue

cn(0)=cnp (0)
70 Continue

Do 76 jj = 0,ix
Write (1, *)Real(jj)*h,cnf (33)
76 Continue

dhkdhkhkdkdhhkdhdhdkdkdkdkkhkdkhkhkdkdkhkhkhkhhdhkhkhhhhhhhkhdbhkhhkkdhkhhkhhkdhkkkdkhkdkhhddis

'* This is the convolution of the Gaussian
Call filtf (h,ix,wid)

(L ZZZEE XSS AR S AR R AR R RRRRRRRRRRlR il AR R R R RE R X X

* This is the error fitting routine
elsg = comprf (npnts, ix, h)

Print*, ‘error’ ,elsqg

Print*, 'Dmin’,D

Print*, 'Width g’ ,Wid

Print*,’shift’,shift

Print*, 'M’ ,M

300 Format(3x,F7.3,3x,F25.8) -

close (1)
close (2)
End
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APPENDIX AS5.1

Analytical explanation of convolution
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The convolution of two functions by definition is given by:

-0

g(x) *h(x) =fg<x> £(x-X) dx

The functions of interest are:

g(x) =erfc( X _)
2yDt
and:
flx)=e

This will produce the following mathematical form:

—00 _ (X‘X)z

X Z
(x) *£(x) = fe( °
gx*x{erczj_)t)e

dx

A numerical solution was found for this since this was to be used in a least squares
fitting routine. The numerical solution was written in Fortran and is shown in

appendix A5.3.
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APPENDIX A5.2

Analytical model and fit for intereaction volume
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The interaction volume can be estimated by starting with a generic guassian intensity

profile given by:

_ (x2+y?2)

I(x,y)=I,e *
Integrating with respect to x and y will give the following:

oo Yo _ X2+y2

I=Iofdxfe “ dy

Yo _y2

I=Ioﬁofe * dy

—00

This integral has an analytic solution of:
T y
I=—§02IO [erf(—oo) +1]

The slope of this equation can be found by taking the derivative with respect to y,.
This is useful since a slope can be found from the linescan obtained from the x-ray

analysis. The derivative of the above equation is given by:

v

I'(y,) =y%I,0e ©
Using y, = 0, this will be the center of the of the linescan and plugging this back into

the intensity equation and its derivative gives the following:
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and
I'(y,=0)=y/mI 0
Dividing I by I’ will give the following:

I_ymo
I’ 2

At y, = 0 the intensity, I, will be at one half the maximum intensity, 1/2 I,. Taking
two pieces of glass with a few differences in the elemental make up and pressing them
tightly together then polishing will produce the desired sample for scanning. The x-
ray line scan for this is shown in the text. The slope for the two lines came out to be
4.558 for the calcium slope and 4.3578 for the potassium slope. I was esitmated to be
2.42 and 2.52. Sigma was then found to be 0.60 and 0.65 for the two different curves.

The FWHM of the guassian shape can by using the following:

yvi=0y/In2

2
FWHM=20/1In2

Using this the interaction volume came out to be approximately 0.97 micometers for

one curve and 1.0 micrometers for the other.
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