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~~As a result of 1976 IR&D effort, we have developed a technique to
eliminate Li’30 out—diffusion waveguide by annealing the crystal in LiNb O~
powder. Under this program, a series of experiments were carried out to

• study the temperature and tiir~ dependence of this powder treatment. Threi
significant results were obtained . First, It Is confirmed that up to 1%
molecular weight of L40 can be brought into the substrate surface layer
through the powder treatment. Second, the~compensation process (L120 ~z~—
dif fusion) may occur at temperatures 75O~C or lower. Third, 80% of the
compensation process can be obtained in one—half hour when the annealing
temperature is 9OO’~. The fast reaction rate implies that the powder
treatment may not be dominated by the diffusion process. Solid—solid
surface reaction may play an important role in this process.

Single—mode channel vaveguides in LiNbO3 for this program were
fabricated by diffusing Ti channels Into Y—cut LINbO3 wafers. The
diffusion usually was carried out in the 850 to 1000°C tempe a an~é~~~
in a flowing oxygen atmosphere for a period of 5 to 16 hours. The dif-
fusion process proceeds in both lateral (Z—axis) and downward (Y—ax_s)
directions. Because LiNbO3 has a uniaxial crystalline structure, it is
of great importance to compare the diffusion rates along the Y and Z
axes. In the course of this program, electron microprober was employed
to measure the Ti concentration profile. The confinement of optical fielc
in the diffused waveguide was also studied by profiling the near field
mode pattern. Both measurements showed no sign of enhanced lateral
diffusion

A critical subject of utilizing integrated optic devices In optical
communications and optical signal processing systems is the coupling
between optical waveguide and single mode optical fiber. In view of the
large index difference between m odes in glass fiber (n ~u 1.50) and in
LiNbO3 channel waveguides (n “~ 2.21), end—butt coupling seems a practical
approach. High coupling efficiency is expected when the Intensity  dis t r i -
butions of the two waveguide modes are properl y matched . The typical
cross section of a single mode channel waveguide is about 4 by 2 pm ,
which Is much smaller than the single—mode fiber core diameter ranging
from 5 to 15 pm. To assure a good mode matching of the optical fields,
one can use a three dimensional horn structure at the end of the channel
guide. We have developed a technique for forming the three—dimensional
horn structure; it uses a controlled CO2 laser heating technique. During
the diffusion , a CW CO2 laser was focused at the end of the channel wave—
guide to raise the local surface temperature. To prevent the sample from
cracking due to a large thermal gradient , the entire sample was main-
tained at temperatures ranging from 700 to 850°C. Because of the surface
temperature difference, the diffusion proceeds faster in the laser heated
area. Experimental results indicated an increase of 50% diffusion depth
was obtained. However, the surface damage was always a problem for laser
irradiation partially due to the fact that the diffusion was performed
in air. The incorporation of an oxygen supply to the diffusion furnace
is currently under way. CO2 laser enhanced diffusion will be carried
o ut  in a flowing oxygen atmosphere in the second phase of hi t s prograni.
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• I. INTRODUCTION AND SUMMARY

The objective of this program is two-fold: (a) study of channel
waveguide formation in LiNbO3 and LiTaO3 by Ti metal diffusion incl uding
Li20 out-diffusion suppression and lateral diffusion suppression ;
(b) development of three dimensiona l channel waveguide horns designed
to provide higher end-fire coupling efficiency to large core singl e
mode fibers .

The fabrication of active channel waveguide devices (modulators,
switches) compatible with single mode optical fibers is a key aspect of
integrated optics technology. Low-loss optical waveguides fabricated in
LINbO and LiTaO crystals by in-diffusion of transition metal ions (Ti ,
Ni and V) are very attractive for these appl ications . The excellent
electro-optic and acousto-optic properties provide the capability for
electrical control and high speed operation. Singl e mode channel
waveguide circuits can be readily defined using well-developed
photolithography techniques. However, a major problem in waveguide
formation by metal in-diffusion is that at high diffusion temperature
(850-1200°C), the crystalline substrate suffers the loss of loosely
bound L i20 through a surface out-diffusion process.

2 
The deviation from

crystal stoichiometry at the wafer surface increases the extraordinary
refractive index . As a resul t, there is a planar waveguide formed due
to Li20 out-diffusion in addition to the waveguide formed by metal in-
diffusion . The out-diffusion waveguide can confine a TE polarization wave
propagating along the X— axis on a V-cut wa fer (or V-axis on X-cut wafer).
In a channel waveguide device , the existence of a plana r out—diffusion
waveguide woul d introduce excess cross-talk between channels. In addition,
In an end—butt coupling configuration between a single mode optical fiber
and a channel wavegu ide, a large portion of the optical energy goes to
these unwanted out-diffusion modes which are excited by the optica l fiber

input. In an early experiment, we found that subsequent to the in-diffusion

of Ti metal into V-cut LiNbO 3 the waveguide propagation caused by I.i20

out-diffusion can be eliminated by annealing the sampl e in LiNbO 3 powde’~

1
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at 900°C for 1 hour or longer.3 The mechanism of this L120 compensation
process is bel ieved to be the following. At high temperature, the
loosely bound li thium ox ide molecules tend to esca pe from the surface.
S ince LINbO3 powder has more surface area than LiNbO 3 wafer, the Li 20
vapor pressure due to the powder is sufficient to build up a Li 20-rich
environment so that the out-diffusion process from the LiNbO3 wa fer is
su pp resse d . Furthermore , the compensation process of diffusion L1 20 back
into a lithium deficient LiNbO 3 wafer becomes thermodynamically favorable.
It is a goal of thi s program to study in detail the temperature and time
dependen;e of the LiNbO 3 powder treatment. Under this program , a series
of experiments was carried out on V-cut LiNbO3 planar waveguides and
three significant resul ts were obtained . First , it is confirmed that up
to 1% molecular weight of Li20 can be brought into the substrate surface
layer through the powder treatment. Second, the compensation process of
Li 20 in-diffusion may occur at temperatures 750°C or lower. Thi rd, 80%
of the compensation process can be obtained in one-half hour when the
annealing temperature is 900°C. The fast reaction rate implies that the
powder treatment is not dominated by the diffusion process. Solid-solid
surface reaction may pl ay an important role in this process. This con-
clusion is evidenced by the fact that in-diffusion rate of Li 20 was slowed
down when the sampl e was wrapped with platinum foil. When the LiNbO 3
powder treatment was appl ied to the diffusion of Ti channels , the formation
of singl e mode channel guides without Li 20 out-diffusion became difficult.
Only two out of ten runs were successful . The process was so criti cal in
temperature and time that either the suppression of Li 20 out-diffusion was
Incomplete or no channel guide was formed . It i s bel ieve d that a thic ker
Ti coating (>200 A) and a l ower powder annealing temperature are required
to obtain truly single mode (no out diffusion modes) channel waveguides.

Single-mode channel waveguides in LiNbO 3 for this program were

fabricated by diffusing Ti channels into V-cut LiNbO 3 wafers. Lift-off

technique was used to form the Ti diffusion pattern . The diffusion

usually was carried out in the 850 to 1000°C temperature range in a
flowing oxygen atmosphere for a period of 5 to 16 hours . The fundamental

physical property of the diffusion process is that atoms tend to diffuse

2
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from a region of high concentration to that of lower ones, at a rate
proportional to the concentration gradient between the two regions .
During the fabrication of the diffused channel waveguide , the diffusion
process proceeds in both lateral (Z-axis) and downward (V-axis) directions.
Because L iNb O3 (L1TaO3) has a uniax ial crystalline structure, it is of
grea t importance to compare the diffusion rates along the V and Z axes.
Particular interest was generated when an enhanced lateral diffusion ,
at a rate of about 20 times the downward diffusion rate, was reported
in the experiment of diffusing Nb into LiTaO3.

4 In this program , electron
microprobe was empl oyed to measure the Ti concentration profile. The
confinement of optical fiel d in the diffused waveguide was studied by
profiling the near field mode pattern . Both measurements showed no sign
of enhanced la teral di ffus ion.

A critical subject of utilizing integrated optic devices in optical

communications and optical signal processing systems is the coupling
between optical waveguide and single mode optical fiber. To date, most
optically active devices are fabricated in Ti diffused LiNbO3 wa veguides.
In view of the large index difference between modes in glass fiber
(n “-. 1.50) and in LiNbO3 channel wave guides (n ‘~‘ 2.21), end-butt coupl ing

seems a practical approach .5 The coupling is obtained with a cleaved

optical fiber butt coupl ed (epoxied) against the polished edge of the

channel waveguide . High coupling efficiency is expected when the intens i ty

distributions of the two waveguide modes are properly matched . Usually ,

single-mode channel waveguides used in optical circuits require shallow

waveguide depth to obtain a large interaction between guided optical fiel d

and the surface electrical field. The typical cross section of a single-

mode channel waveguide is about 4 by 2 pm , which is much smaller than

the singl e-mode fiber core diameter ranging from 5 to 15 pm. To assure

a good mode matching of the optical fle’ds, we can use ei ther a small
core fiber or a three dimensional horn structure at the end of the

channel guide . Adopting a small core fiber is not practical because

of the severe coupling tolerance requirements. On the contrary , the

combination of three-dimensiona l horn structure and a relatively large

core fiber will make the tol erance less critical . We have devel oped a

Lt’chnIciue for forming the three-dimens ional horn structure ; it uses i

3 - 
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controlled CO2 laser heating technique . During the diffusion , a CW CO2
laser was focused at the end of the channel waveguide to ra ise the l oca l
surface temperature. To prevent the sample from cracking due to a large
thermal gradient, the entire sampl e was ma i ntained at temperatures rang-
ing from 700 to 850°C. Because of the surface temperature difference,
the diffusion proceeds faster in the laser heated area . Experimental
resul ts indicated an increase of 50% diffusion depth was obtai ned .
However , the surface damage was always a problem for laser i rradiation

• partially due to the fact that the diffusion was performed in air. The
• i ncorporation of an oxygen supply to the diffusion furnace is currentl y

underway. CO2 laser enhanced diffusion will be carried out in a flowing
oxygen atmosphere in the second phase of thi s program .

II. DIFFUSION STUDIES OF Ti:LiNbO 3 WAVEGUIDES

A. Channel Waveguide Formation
Singie-mode channel waveguides were fabricated in V-cut LiNbO 3

wafers by in-diffusion of titanium metal ions . The lift-off technique
was used to form a Ti diffusion pattern. The pattern of 4 pm wide strips
was first cut on the photoresist with conventional photol ithography. After
exposing and developing the photoresist, 200 A Ti metal was e-beam
deposited onto the photoresist pattern . The open area of the resist
was thus filled with Ti metal ; unwanted Ti on the photoresist was removed
by dissolving the resist in acetone. The diffusions usually were carried

out in the 850 to 1000°C temperature range in a flowing oxygen atmosphere
for a period of 5 to 16 hours. Before diffusion, Ti metal had been

oxidized at a relatively lower temperature, (for instance , 600°C).

Waveguide loss of 4 ~am wide channel guide was approximately on the

order of 1 dB/cm. Figure 1 shows the single-mode structure coming out

of a 4 pm channel guide through a rutile coupling prism.
The presence of Ti in the LIMbO 3 induces excess strain which

causes difficulty in polishing the ends of the channel waveguides. There

i~ always a strong tendency for the surface to chip around the channel

ends . To avoid this problem , we worked on substrates with prepolished

_ _ _ _ _  
_ 
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Fi gure 1. Output Mode of 4 rn Channel Guide.

5



ends. In early experiments , the sampl es were processed using the spin-
coating technique for applying the photoresist. As a result , the channel
wavegu ides terminated before one edge of the substrate but were continuous
to the opposite edge . By going to dip-coating of photoresist , channel
waveguides were formed continuous to both ends of the substrate.

B. Li20 Out-Diffusion Suppression

1. SiO and Si02 Encapsulat... I Ti Di ffusion
Si02 film has been widely used in semiconductor processing as

diffusion masks because of its strong coval ent bond structure . Recently,
it was reported by Gol dberg and Lee6 that 500 A thick Si02 coating on
LIMbO 3 substrates can prevent L1 20 out-diffus ion at high temperature .
In their experiment , single mode channel waveguides (fo r TE polarization
only) were formed by Li 20 out-diffusion through the open channel s not
masked by the Si02 film. We have attempted to use SiO and Si02 encapsulat-
ing films to prevent out-diffusion during the Ti diffusion process. However ,

• both overcoating material s gave us negative resul ts.
In the SiO encapsulated diffusion experiment , 200 A Ti metal was

first evaporated onto a Y-cut LINbO3 substrate. Subsequently, a 1000 A
thick SiO overlayer was put down using an e-beam evaporation system. The
SiO film was slightly brown in color. The diffusion was then carried out
as usual . The diffusion temperature (T) and diffusion time ( t )  were
I = 950°C and t = 3-1/2 h. The surface appearance of SiO coating showed
no sign of deterioration after the high temperature diffusion process.

• However , the film became resistant to HF etching. There are four out-

• diffusion TE modes in addition to the single TE mode due to the Ti in-
diffusion. (He-Ne laser was used to characterize the waveguide properties
for all of the experiments reported here.) Figure 2 shows the waveguide
mode pattern projected on a screen. The rn-line on the left is the in-
diffus ion mode, while the four rn-lines on the right are the results of

• Li 20 out-diffusion . The strong rn-line scattering and intermode scattering
shown in the figure indicates that the wavetjuide is very lossy . The
modal index differential An , (An = neff 

- nSUb )I for different modes is

l isted below .

6
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Fi gure 2. Li 20 Out-diffus ion Waveguide Modes
for a SiO Enca psulated Ti Diffusion
in  L i NbO3
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mode An

• 
TE0 (in-diffusion) 0.004
TE0 (out-diffusion) 0.003
TE1 (out-diffusion) 0.0018
TE2 (out-diffusion) 0.0006
TE3 (out-diffusion) ~~~

+

For the TM polarized input , the waveguide can propagate only one mode
along the X-axis.

Si02 encapsulating film was also tried to prevent the Li 20 out-
diffusion during the high temperature Ti-diffusion . To ensure a
stoichiometric structure, 1000 A thick Si02 films were sputter coated
on L-i NbO3 substrates using a mixture of 2 pm 02 and 2 pm Ar as the
sputtering gas. The diffusion conditions remained unchanged. After
3-1/2 hours diffusion at 950°C, waveguides of one in-diffusion and three
out-diffusion modes were formed. The out-diffusion mode patterns are
shown in Fig. 3. The weak spot on the l eft is the singl e mode due to
Ti in-diffusion. The Si02 film dissolved readily in diluted HF etching
sol ution. However, the removal of Si02 film did not affect the waveguide
modal properties.

Based on our experimental resul ts we conclude that neither SiO
nor Si02 films can prevent Li 20 from escaping the LiMbO 3 substrate
surface. In fact, Li 20 and Si02 may react to form some kind of glass
structure which is very susceptible to HF etchant.

2. Temperature and T ime Dependence of LiNbO3 Powder Treatment
As a resul t of 1976 IR&D effort, we have developed a technique

to eliminate Li20 out-diffusion waveguide by annealing the crystal in
LiNbO 3 powder. 3 The mechanism of Li 20 compensation process was explained
to be the following . At high temperature, the loosely bound lith i um
oxide molecules tend to escape from the surface. Since LiNbO 3 powder
has more surface area than LiNbO3 wa fers , the Li20 vapor pressure due
to the powder is sufficient to build up a Li 20 rich environment so that
the out-diffusion process from the L1NbO 3 wafer is suppressed . Furthermore ,

the compensation process of diffusing Li 2
fl back into a lith i uiii deficient

LiNbO 3 wafer becomes thermodyanmically favorable.

8
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Figure 3.
Li 20 Out-diffusion Wave guide Flodes
for a Si 02 Enca psulated Ti Diffusion
in  L i N bO3.
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Under this program, the effect of LiMbO3 powder on the wave guide
formation in LiNbO 3 was investigated in a greater detail. A series of
exper iments was carr ied out to study the temperature and time dependence
of this powder treatment. Three signifi cant results were obtained .
First, it is confirmed that up to 1% molecul ar weight of Li20 can be
brought into the substrate surface layer through the powder treatment.
Second , the compensa tion process (L i20 in—diffusion) may occur at a
temperature 750°C or lower. Third, 80% of the compensation process can
be obtained in one-half hour when the annealing temperature is 900°C.
The fast reaction rate impl ies that the powder treatment may not be
dominated by the diffusion process. Solid-solid surface reaction may
play an important role in this process.

To chara cterize the LiNbO3 powder annealing process, we define
a parameter Ane as

Ane = n f
_ n

i

where n1 and flf are the effective modal indices of TE modes before and
after the LiNbO3 powder treatment. The modal indices are determined to
within 0.001 by measuring the excitation angle of a rutfle prism coupler.
To study the temperature dependence, a planar waveguide was fabricated by

diffusing 200 A Ti into a 1 in2 V-cut LiNbO3 substrate. The diffusion
was done in a flowing oxygen atmosphere and the diffusion temperature (T)
and diffusion time (t) were T = 950°C, t = 16 h. After diffusion , the
waveguide can support two Ti in-diffusion modes and two Li 20 out-diffusion
modes for TE polarization waves propagating along the X-axis. The index
of refrac tion of the TE0 mode was 0.005 above that of the substrate. The
sampl e was then cut Into s ix smaller p ieces ; five of them were annealed

in L1NbO3 powder at different temperatures. The annealing time was fixed
at 16 h. After the powder annealing, the wavegu ide model index was
measured again with rutile prism couplers . It was noticed that all the
in-diffusion waveguides became singl e mode in addition to the elimi r-ation

of out-diffusion waveguides . Figure 4 shows the modal index change for
T[~ mode as a a function of the annealing temperature. Afle varies froiii

10
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-0.01 to -0.012 as the temperature increases from 750°C to 950°C. The
amount of change is even greater than that due to the Ti in-diffusion.
Since the extraordinary refractive index of LiNbO3 increases approximately
linearly as the Li20 concentration decreases , an index decrease of 0.012
represents an increase in molecular weight concentration of Li20 by 0.8% .
The effective index of refraction for the TM mode did not show significant
changes although the throughput of the prism coupling configuration had
dropped by a factor of 3-5.

The next question to be addressed is how fast is this annealing
process . One LiNbO3 wavegu ide was annealed in LiNbO3 powder at 900°C.
The model index was checked at several different annealing times. The
resul ts are shown in Fig. 5. Eighty percent of the maximum index change
occurred in less than hal f an hour and the asymptotic value was approached
after 2—1 /2 hours.

3. A New Diffusion Source , Ti tan ium Si l ica  F i lm

During the search for diffusion sources other than e-beam
evaporated (or RF sputtered) Ti metal , an organo-metallic liquid called
TITANIUMSILICAFILM was brought to our attention . The film converts into
Si02 and T102 at a moderately high temperature . The l iquid can be applied
to LiNbO 3 substrates in a thin-film -form using dip-coating technique and
T102 molecules in SIO2 glass matrix can be used as the diffusion source.
The TIO 2 

. Sb 2 proportion may vary by mixing TITANIUMSILICAFILM sol ution
with appropriate amount of pure SILICAFILM sol ution. The sol ution we
tried was solution B wh ich contains 28% S102 and 72% Si0 2 after conversion .
At pulling speed 1/4 in/mm , the resul ting film thickness was about 1150 A.

In the preliminary experiment under IR&D program, a V-cut LiNbO 3
was dip-coated with the TITANIUMSILICAFILM . The coating was very uniform
except edges where thinner coat ing was obta ined. The di ffus ion was carried
out at 950°C for 16 hours. Before diffusion , the sample was baked at 600°C
for 4 hours to ensure a compl ete conversion . The residue film on the
surface can be etched away readily with diluted (‘~3O%) HF. However , the

area coa ted w ith TITANIUMSILICAFILM had been ra i sed by about 200 A .
Accor ding to our experi ence with diffusion of e-bea m evaporated Ti film,

12
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the resul ting diffusion area woul d raise by 2.5 times the original Ti
film thickness. A 200 A increase indicates that the amount of Ti metal
diffused into the L1NbO3 substrate is equivalent to 80 A thick Ti coating.

The resulting waveguide has good surface appearance. One TE mode
and one TM mode have been successfully excited in the waveguide using a
He-Ne laser and Ti02 prism couplers . The mode patterns for both polariza-
tions are shown in Fig. 6. One thing not expected was that no Li20 out-
diffused waveguide was observed . This behavior is not currently
understood. It might be that Ti02 and SiO2 composite film is denser

and effectively el iminates the out-diffusion process. A detailed
investigation on this new processing technique is underway.

The waveguide loss was measured using two prism couplers . The

first prism couples TE polarization He-Ne laser light into the waveguide

and the second prism extracts the guided light to a detector. By monitor-

ing the output as a function of the prism separation the waveguide loss

was determined from the slope of a semi-logarithmic plot. The experimental
results are shown in Fig. 7. The waveguide loss was calcul ated to be

1.6 dB/cm. This loss number is slightl y higher than for the diffusion

waveguide obtained from diffusion of e-beam evaporated Ti. We expect

comparable waveguide properties can be obtained with more careful

processing and handling. According to the information suppl ied from

the manufacturer , the impurity concentration of the solution are

Fe < 1/2 PPM , Cu < 1 PPM and Na < 1 PPM. Hence, this organo-metallic

solution will offer a new, low cost and high purity Ti source for

waveguide fabrication .

C. Lateral Di ffusion Studies
At high temperature, the diffusion of Ti channel s proceeds in

both lateral (Z-axis) and downward (V-axis) directions. The diffusion

can be described by the second order partial differential equation

3N(y, z ,t) — D ~ N(y,z,t) 
+ D ~

2N(y,z,t)
__________ — y z ciz2

______________________________________________________________________________________ 
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Figure 6. Single Mode Wave guide Formed in LiNb O 3 by Di ffusing
Ti Doped Silica.
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where Dy and D
~ 

are diffusion coefficients along y and z axes respectively.
The magnitude of 0 gives a measure of the relative ease or difficul ty
with which the diffusant can move about in its environment. LiMbO 3 and

LiTaO 3 are uniaxial crystals with the c-axis along the z direction . It
has been reported that an enhanced latera l diffusion , at a rate of about
20 times the downward diffusion rate , was observed in Nb diffused LiTaO
channel waveguides. We have studied the Ti concentration profil e near
the edge of a strip of 70 pm initial width - using electron mi croprobe
technique .7 No enhanced lateral diffusion was observed .

During this program, the lateral diffusion profile of 4 pm wide
singl e mode channel waveguide was measured us ing the same microprobe
technique . A focused electron beam was scanned across the sampl e surface
at an angle of 32° with respect to the channel edge. The concentration
of Ti was rnonitored by the intensity of emitted characteristic X-ray
emission of Ti. The penetration depth of the electron beam is estimated
to be about 1 pm at the beam energy of 20 keV. Using one-dimension
diffusion model , the Z-dependence of diffusion profi le is given by

N
N ( z )  = —~~~ ~erf h-z 

+ erf h+z
2 2~~ t 2~~I

where N0 is the initial surface concentration of Ti channel and 2h is the
initial channel width . Figure 8 shows the resul ts of electron micro-
probe measurement and a plot of the theoretical function N(z) . The
diffusion time was 4 h and the diffusion coefficient along the Z-axis
is assumed to be

• D
~ 

= 2 x 10-8 cm2/hour

The measurement is in good agreement with the theoretical curve except
at tails where the measured concentration is higher. The difference

could be due to the finite resolution (“el pm) of electron microprobe

technique. The half maximtnn width is about 10 pm as compared to the
original Ti channel width of 4 pm. The lateral diffusion on either side
is about 3 lim; this is comparable with the downward diffusion depth .
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Figure 8. Lateral Diffusion Profile of a Ti Channel of 4 ~irn Initial Width.
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The equal diffusion rates along the y and z axes was further
verified by the results of mode intensity profile measurement of the
singl e mode channel waveguide . The mode was excited by an end-fire
arrangement. The input He—Ne laser light was focused onto the edge
of the channel guide . The near fiel d pattern was then magnified by a
50 X microscope objective and scanned with a slit and a detector.
Figure 9 shows the results of scan along the depth and width directions.
The FWHM are 1.8 pm and 4.4 pm, res pec tively . Because of micro n s i ze
chips at the edge, the measured (dot) points scattered around the
Gaussian—like curve in Fig. 9(b).

III. FORMATION OF THREE—DIMENSIONAL CHANNEL WAVEGUIDE HORNS

Usually, singl e-mode channel waveguides used in optical circuits
require shallow waveguide depth to obtain a large interaction between

guided optical fiel d and surface electric or acoustic field. The
typical cross section of a diffused channel waveguide is about 4 by
2 pm, while single mode optical fibers have rel atively larger core
diameters ranging from 5 to 15 pm. To assure a good mode matching in
optical fields , we can use either a small core fiber or a three-dimensional
horn structure at the end of the channel waveguide . Using smal l core
fiber in an optical system is not practical because of the severe
coupling tolerance requirements. On the contrary, the combination
of three dimensional horn structure and a relatively large core fiber
will make the tolerance less cri tical . During the program, we have
developed a novel technique for forming the three-dimensional horn
structure; it uses a controlled CO2 laser heating.

In principle , the formation of a horn-l ike structure is
determined by a number of parameters such as laser spot size, absorption
coeff ic ient of LiMbO3 at 10.6 pm, thermal conductivity, temperature
dependence of the Ti di ffus ion coeff ic ient, and diffusion time. The
mathematical theory of diffusion in isotropic med ium is based on the
hypothesis that the rate of transfer of the diffusion substance through
unit area of a section is proportional to the concentration gradien t in

19
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the direction normal to the section , or F = -D3N/ 3x , where F is the rate
of transfer per unit area , N is the concentration of the diffusion sub-
stance, and D is the diffusion coefficient. The negative sign arises
because the diffusants move from a high to a lower concentration region.
The magnitude of D gi ves a measure of the relative ease or difficul ty
with which the diffusion substance can move about i n its env ironment.
For the diffusion of substitutional impurities , such as Ti diffusion
in Li M bO 3, the diffusion coefficient has its temperature dependence given
by 0 = D0 exp(_ E a/kT) , where k is Boltzmann constant and Ea is defined
as activation energy . For the diffusion process induced by CO2 laser
heating, the sample temperature and thus the diffusion coefficient vary
from point to point. Assumi ng the activation energy is 2.7 eV,8 the
diffusion rate at T = 850°C is almost 15 times the diffusion rate at
T = 750°C. The differential equation of diffusion is given by

3N . ~ 1D ~~~~ ~ ‘D ~~~ + ~ “D 3M
3t 3x ‘ x 3x ’ 3y ‘ y 3y ) 3z ‘ z 3z

The solution of Ti concentration distribution and hence the horn
structure can only be obtained by numerical computing technique.

Cons ider the case of a CW laser beam with a Gauss ian profi le
absorbed at the surface of a semi-infinite solid. Assuming no radiation

loss, the temperature increase , ~T, at the center of the irradiated area
can be calcula ted by

i~iT=
2/ii dK

where K is thermal conductivity, P is the total power absorbed, and d
is the Gaussian beam size at (l i e) 2 point.9 If we substitute numbers

into this equation for a LiNbO3 wafer with a thermal conductivity of

4.2 x lO
_2 

W cm~ deg~ irradiated with a 2W CW CO2 laser of spot size
d = 0.5 m, the temperature increase at the center is about 270°C.

LINbO is a brittl e material . The thermal expansion coefficient

in the a-axis is 16.7 x l0~ per °C over the range from room temperature
to 600°C and the c-axis coefficient Is 2 x 10 6 per °C over the range
from room temperature up to 600°C.1° To avoid thermal cracking due to
a large thermal gradient it Is important to know what the max imum

22
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temperature difference that can be imposed on LiNbO3 crystals.
Experime ntally, it is difficult to measure the temperature profile
at the laser irradiated area . A simpl e test was designed to determine
Indirectly what the maximum temperature difference is that the LiNbO 3
wafer can take without cracking. V-cut LiNbO3 wa fers of thickness 1/2 m
we re irradiated with CO2 laser beam wi th spot size 500 pm. Al though
some samples coul d absorb up to 5 W of laser power without cracking, all
the diffusion experiments were done at a power l evel 2 W or less. When
a Ti (200 A) coated LiNbO 3 wa fer was heated with 2 W CO2 laser , oxidat ion

of the Ti began at furnace temperatures as low as 350°C. It is known that
Ti ox idizes at a temperature around 500°C. This resul t indicates that
the temperature increase due to laser heating was about 150°C.

A 3” high vertical furnace was constructed to provide a uniform
heating of LiNbO3. The CO2 laser beam for enhanced local heating was
directed onto the sample holder In the furnace by a steering mirror.
During the heating experiment, the furnace temperature wa s mainta ined
at T = 650-850°C and the laser power was varied from 1.2 to 3.0 watts.
Surface damage was always the major problem partially due to the fact
that diffusion was performed in air. There are speckles and etched pits
at laser irradiated area as shown in Fig. 10(a). The sampl e was heated
with 1.2 W laser for 20 h. and the furnace temperature was 760°C. The
three vertical lines are 4 urn wide singl e mode channel waveguides. Most
etched pit cl ustered around surface scratches while speckles were
scattered over the heated area. However after annealing the sample in
oxygen atmosphere for one hour at 850°C , most speckles were annealed
away, Fig. 10(b ). In phase II of thi s program, the CO2 laser enhanced
diffusion will be carried out in an oxygen atmosphere. The diffusion
furnace will be redesigned to include an oxygen flowing sys tem.

Experimental results showed that 50% increase in diffusion rate
was obtained for one channel waveguide. The diffusion parameters were
P = 1.25 W , I = 850°C and t = 4.5 h. Oxygen annealing was done at

T = 850°C for one hour. Figure 11 shows pictures of guided modes for
expanded and unexpanded channel waveguides . Figures 12 and 13 are the
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near field intensity scan along the depth and the width directions . It
is not known why the Intensity distribution oscillates in the depth
direction. More work is requi red to eva l uate thi s expanded channel
horn structure. Electron microprobe technique shal l be used to actually
plot out the Ti concentration profile.

IV . SUGGESTED PLANS FOR PHASE II

1. Fabrication of single mode channel waveguide without the
presence of Li20 out-diffusion waveguide. Thicker coating
of Ti and/or lower Li2O vapor pressure will be used.

2. Fabrication and eval uation of three dimensional channel
horn structures by CO2 laser local ized heating. The
diffusion will be performed in oxygen atmosphere.

3. Study of the end-butt coupling of single mode optical
fiber and expanded single mode channel waveguide. More
than 60% coupl ing efficiency has been achieved from singl e
mode channel waveguide to singl e mode optical fiber. The
optical fiber has core diameter 12 pm and is single mode
for optical wavelengths greater than 0.85 pm.
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Figure 10. (a) Surface Damage due to CO2 Laser Heating.

(b) Surface Structure after 1 h Annealin g
in Oxygen .
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Figure 11. Near Field Intensity Distribution for (a) Expanded
and (b) Unexpanded Channels.
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Figure 12. Intensity Scan along the Depth Direction for (a) Expanded and
(b) Unexpanded Channel Guides .
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