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Abstract 

We report on polarization coupling from x-propagating TE-polarized 

waveguide modes to TM-polarized radiation modes in y-cut titanium 

in-diffused lithium niobate slab waveguides. The polarization cou- 

pling is linear with respect to the TE-polarized input power and 

depends on the titanium diffusion time. Furthermore, the polariza- 

tion coupling was not affected by white light flooding the waveguide. 

The maximum conversion from a TE-polarized waveguide mode to a 

TM-polarized radiation mode is 3.2 %/cm using a conservative esti- 

mate for the power initially in the TE waveguide mode. We observe 

no turn-on delay greater than 1 s between the excitation of the TE 
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waveguide mode and the observation of the TM radiation. In addi- 

tion, intentional amplitude modulations of the TE-polarized wave- 

guide mode were registered as equivalent amplitude modulations by 

the TM-polarized radiation modes. We did not observe polarization 

coupling from x-propagating TM-polarized waveguide modes to TE- 

polarized radiation modes. This polarization coupling is a source of 

loss and potentially a source of noise for titanium in-diffused lithium 

niobate optical devices. 

Keywords: lithium niobate, titanium in-diffusion, polarization coupling, optical 

waveguide. 

I. INTRODUCTION 

This work describes polarization coupling in titanium in-diffused lithium nio- 

bate slab waveguides: a source of polarization dependent loss and potentially a 

source of noise, in integrated-optical devices. 

We are developing a methodology for the fabrication and testing of titanium 

in-diffused lithium niobate (Ti:LiNb03) [1] slab waveguides. One unexpected re- 

sult of this work has been the observation of polarization coupling in these slab 

waveguides. When we couple transverse electric field (TE) polarized light into 

waveguide modes, we observe transverse magnetic field (TM) radiation modes 

radiating from the waveguide. Since this polarization coupling occurs for propa- 

gation along the crystal axis, the observed TM radiation can be distinguished from 

the TM radiation that would result from leaky modes propagating off-axis in an 

anisotropic waveguide. When the polarization of the input was changed to TM- 

polarized, we did not observe polarization coupling into TE-polarized radiation 



modes. 

There are previous reports of polarization coupling in y-cut Ti:LiNb03 for 

on-axis propagation of TE waveguide modes. However, the properties of the TM 

radiation and the circumstances yielding the polarization coupling in these reports 

are different from those in our experiments. For example, Kazansky [2] reports a 

nonlinear coupling between TE and TM modes in x-propagating y-cut Ti:LiNb03 

channel waveguides. One of his results shows a nonlinear relationship between 

the power of the input TE light and the power of the TM radiation. Another 

measurement shows a delay of the order of tens of minutes between the input of 

the TE light and the onset of the TM radiation. Kazansky proposes that the 

mechanism for the polarization coupling is a grating caused by the nonlinear cir- 

cular photovoltaic effect and directed perpendicular to the plane of the waveguide. 

This grating couples TE waveguide modes into TM radiation modes. Since we 

found neither the power nonlinearity nor the delay of onset, our observations are 

probably not the result of the same mechanism suggested by Kazansky. 

Other observations of polarization coupling from TE waveguide modes to TM 

radiation modes in lithium niobate waveguides are those reported by Chen and 

Chang [3]. They report an anomalously large attenuation loss for x-propagating 

TE waveguide modes in waveguides formed by proton-exchange in y-cut lithium 

niobate. This attenuation was observed for TE modes whose effective index is less 

than the substrate's ordinary index. Furthermore, this attenuation is associated 

with polarization coupling into TM radiation modes. The TE waveguide modes 

with an effective index greater than the substrate's ordinary index experience 

neither polarization coupling nor increased propagation loss. Chen and Chang 

do not mention either a nonlinear power relationship between the TE or TM 

modes nor an onset delay between the TE-polarized and TM-polarized modes. 



The polarization coupling seen by Chen and Chang has a similar characteristic 

to the polarization coupling we see. We both observe polarization coupling from 

TE guided modes whose effective index is less than the TM substrate's index 

of refraction. Our observations come from waveguides formed by titanium in- 

diffusion, not proton exchange. In their search for the mechanism causing this 

phase-matched polarization coupling, Chen and Chang ruled out scattering from 

surface defects, but otherwise stated that the mechanism is not well understood. 

Another situation which yields TM-polarized light radiating from a pre- 

dominantly TE-polarized waveguide mode is when modes propagate off-axis in 

anisotropic waveguides. Theoretical studies of these leaky modes in anisotropic 

slab waveguides has been extensively reported in the literature; see for example 

[4-11]. Experimental verification of leaky modes in uniaxial waveguides have been 

reported for y-cut Ti:LiNb03 [12,13]. We also have observed leaky modes, but 

in lithium out-diffused y-cut LiNb03 slab waveguides. For propagation direc- 

tions not along a crystal axis, these leaky modes exist with a hybrid polarization 

containing all six field components. For the specialized waveguide orientations 

which yield on-axis mode propagation, no leaky modes result, and these modes 

are characterized as uncoupled TE- and TM-guided modes. 

This paper presents our measurements of TE to TM polarization coupling for 

propagation along the crystal's x-axis in y-cut Ti:LiNb03 slab waveguides. Our 

observations differ from [2] in that we do not measure a nonlinear relationship 

between the power of the TM radiation and the power of the TE waveguide mode, 

nor do we observe a delay between the input time of the TE waveguide mode and 

the onset of the TM radiation. Furthermore, the polarization coupling that we 

observe occurs for mode propagation along the crystal axis and thus cannot be 

explained only by leaky mode theory, which describes off-axis mode propagation 



in anisotropic waveguides. 

The outline of this paper is as follows. In the second section we describe 

our waveguide fabrication procedures. The third section contains the descrip- 

tion of our experimental technique, and the fourth section presents the results of 

our measurements and observations. In the fifth and final section, we compare 

and contrast our results with other published observations of coupling between 

orthogonal polarizations and discuss the possible mechanisms which cause this 

polarization coupling. 

II. WAVEGUIDE FABRICATION 

The slab waveguides discussed in this paper were fabricated on the minus 

face of optical grade y-cut lithium niobate wafers'[14]. The orientation of the 

slab waveguide with respect to the substrate's crystal axes is shown in Fig. 1. 

The propagation of the guided modes is predominantly along the crystal's x-axis. 

Typical dimensions for the rectangular waveguide specimens are 1 cm to 3 cm 

along the x-axis, 0.1 cm along the y-axis, and 1 cm along the z-axis. 

According to the manufacturer, these lithium niobate wafers originate from a 

crystalline boule that is grown using the Czochralski technique. The crystalline 

boule is drawn from a congruent melt of high purity Nb205 and LiC03 powders 

(less than 2 ppm of each transition metal, including iron). The congruent com- 

position value of the melt is 48.38 ±0.015 mole-% Li20. The resulting crystalline 

boule has compositional uniformity less than ±0.005 mole-% Li20. 

We fabricated two different types of slab waveguides on the LiNb03 substrates. 

One type of waveguide was formed using titanium in-diffusion [1], The fabrication 

procedure for these waveguides is as follows. Titanium metal was evaporated onto 



an entire wafer in order to insure uniformity of the titanium thickness for each 

waveguide specimen. The titanium metal was evaporated by resistive heating in 

a vacuum of 5 x 10"4 Pa to a thickness of 25 nm as determined by a quartz 

crystal oscillator. Individual specimens were cut from this metalized wafer and 

then placed in a high temperature oven for the desired diffusion time. 

The temperature schedule for the diffusion begins at room temperature and 

reaches the diffusion temperature, T=1000 °C , after a 2 h ramp-up time. The 

diffusion temperature is maintained for a time t. Afterwards, the specimens cooled 

to room temperature within two hours. The diffusion was carried out in an at- 

mosphere of wet oxygen which was created by bubbling medical grade oxygen 

through a 17 cm column of room-temperature de-ionized water. This wet oxygen 

flowed at a rate of 300 1/h, into the oven chamber. We began flowing the wet 

oxygen during the temperature ramp-up at 345 ± 50 °C , and the wet oxygen 

continued to flow until the ramp-down temperature of 140 ± 25 °C . The final 

step consisted of polishing the specimen endfaces to optical quality use in input 

and output optical coupling. Specimen 41 was fabricated with a dwell time of 1 

h while specimen 42 has a 2 h dwell time. 

The second type of waveguide was fabricated without the titanium metaliza- 

tion. Our intention was to form lithium out-diffused waveguides [15,16]. However, 

subsequent studies [17] indicate that waveguide formation in these specimens may 

involve other processes in addition to lithium out-diffusion. 

Waveguides of the second type were fabricated in the same manner as the 

titanium in-diffused waveguides but with the following differences: the waveguide 

originated from a different yet similar LiNb03 wafer, and the polishing of the 

specimen endfaces preceded the out-diffusion step. Specimen 53 is a waveguide of 

the second type with a 2 h dwell time. 



III. WAVEGUIDE CHARACTERIZATION 

The effective index Neff of a waveguide mode is measured using prism out- 

coupling [18]. Light from a HeNe laser at wavelength A = 0.6328/xm is butt- 

coupled into the slab waveguide using a single-mode polarization-maintaining 

fiber. The extinction ratio between the two orthogonally polarized modes of the 

fiber was greater than 400:1. A rutile prism with its optic axis parallel to the 

substrate's optic axis is pressed against the waveguide to couple light out from 

the waveguide. At the output face of the prism the out-coupled light, or m-line, 

is refracted into air at the mode angle 6'm. The mode's effective index is related 

to the mode angle by [19] 

NPff = nDsin 6P + axcsin I — sin (6'm) (1) 

where np = 2.8666 [20] is the prism's extraordinary index, 9P = 60.59 ± 0.02° is 

the prism's angle, and nc = 1.0003 is the index of air. 

We determine the mode angle 6'm using two aligned translation stages, one 

with travel parallel to the prism output face and one with travel perpendicular 

to the prism output face. A charge-coupled device (ccd) array is affixed to these 

stages at a distance of 1 m from the prism output face. The m-line illuminates 

the ccd array, and a profile of the m-line is viewed on a digital oscilloscope. The 

angle 9'm is determined using inverse triangulation. A right triangle is formed by 

translating the ccd array a distance Ax and a perpendicular distance Ay. For a 

particular stage translation Ax, the translation Ay is determined by repositioning 

the m-line at the location on the ccd array. Now, the mode angle can be calculated 

using the equation 



In a similar manner, we determine the substrate effective index Ns by mea- 

suring mode angle associated with the substrate m-line. Then we calculate the 

increment ANeff = Neff - Ns by which the effective index of the mode exceeds 

the substrate index. Using this technique, we eliminate the influences of system- 

atic measurement errors at the expense of reporting relative, rather than absolute 

values for the effective index. Details of the measurement can be found in Ref. 

[17]. 

The experimental arrangement used for observing TM radiation is shown in 

Fig. 2. The same fiber-coupled light source used for the m-line measurements is 

used here to butt-couple into the waveguide. The maximum power output from 

the fiber is 230 //W. A polarizer and viewing screen are positioned far enough from 

the waveguide output face that the polarization content of the radiation pattern 

can be investigated. The fiber source is oriented so that TE polarized light is 

coupled into a set of slab waveguide modes which will propagate in the plane 

of the waveguide with an angular extent ±6b about the x-axis. This maximum 

divergence angle 6b was calculated by fitting a Gaussian profile to the fiber mode 

field and using the properties of Gaussian beam propagation in an isotropic and 

homogeneous medium [21]. The propagation angle is calculated from the equation 

6b = arctan ( -—   , (3) 

where u>o is the beam radius where the intensity is reduced from the peak value by 

a factor of e~2. Using the values u0 = 1.5/xmfrom a near-field measurement, A = 

0.6328 /xm, and Neff = 2.22, we calculate that the waveguide modes propagate 

within the angular range of ±9b = 3.5° to the crystal's x-axis. 

Any TM radiation modes which are phase-matched to the TE waveguide modes 

will propagate at the phase-matching angle ±<p with respect to the plane of the 



waveguide; see Fig. 3. The phase-matching condition is given by 

cos(0) = ^-, (4) 
n0 

where Ne/f is the effective mode index and n0 is the substrate's ordinary in- 

dex. This TM radiation undergoes total internal reflection at both air-LiNb03 

interfaces and then emerges from the specimen at the waveguide endface in two 

branches, labeled A and B. These two branches of TM radiation emerge the sam- 

ple with angles ±4>' which are related to the phase matching angle <p through 

Snell's law, 

sin (<p') = n0 sin (cf>). (5) 

A two-dimensional ccd array was positioned in the path of branch A to record 

the detailed structure of the TM radiation pattern. The angular extent of the TM 

radiation pattern captured by the ccd array corresponds to a propagation angle 

of 9 = ±3° about the crystal's x-axis. 

We quantified the polarization coupling by measuring the power ratio p per 

unit propagation length of TM-polarized radiation to the TE-polarized input. To 

determine the value of p, a cylindrical lens, a power meter, and a polarizer were 

positioned at the output face of the waveguide so as to measure the TM radiation 

power in branch A. The TE input power to the waveguide was determined by 

measuring the output power of the fiber with the same power meter and polarizer 

combination. The measured TE input power should be multiplied by a factor of 

2 to account for the loss in the polarizer in order to estimate the TE input power 

present at the waveguide. 

Since only one branch of the TM radiation was collected by the power meter, 

the measured value of the TM power was multiplied by a compensating factor 

9 



r to obtain the total TM power. The compensation factor is determined by 

calculating the relative powers expected in each TM radiation branch. In general, 

the TM power in each branch will not be equal; see Fig. 3. The relative power 

in each branch depends on the geometrical properties of the particular sample, 

for example, the length of the waveguide and the thickness of the substrate. As 

Fig. 3 shows, more of the waveguide length contributes to the TM radiation in 

branch B than to branch A. For the case illustrated in Fig. 3, the total TM power 

radiated by the waveguide would be equal to the power measured in branch A 

multiplied by the compensation factor T = 3. The calculated values of p using 

this method will underestimate the amount of polarization coupling because (1) 

the calculation assumes complete power transfer from the input fiber to the TE 

waveguide modes and (2) the calculation excludes the possibility of TM radiation 

coupling back into the TE waveguide mode. 

The degree of linearity between the TM radiation power and the input TE 

power was measured using the same experimental setup as that used for deter- 

mining p. The power linearity was measured by varying the input TE power 

while measuring the TM power in branch A. The TE input power was varied by 

adjusting the laser power coupled into the polarization maintaining fiber. 

We illuminate the specimen with a 250 W quartz halogen lamp to test for 

the presence of a photorefractive grating within the waveguide. An optical fiber 

bundle delivers the whitelight to the waveguide. 

IV. EXPERIMENTAL RESULTS 

Measured values of ANeff are shown in Table I for the TE modes in the 

titanium in-diffused waveguide specimens 41 and 42, and for the TE modes in 

10 



the plain LiNb03 specimen, 53. Specimens 41 and 42 also supported TM-guided 

modes, whereas we did not observe any TM waveguide modes in specimen 53. The 

values of ANeff were determined from regions of the m-lines that correspond to 

the propagation direction of the waveguide mode along the crystal's x-axis. Also 

listed in Table I are the calculated phase-matching angles <f> for each mode. 

Figure 4 displays the titanium concentration of specimen 42 after diffusion. 

Titanium concentration was measured using secondary ion mass spectroscopy 

(SIMS) [22]. The evaporated titanium layer appears to be fully diffused into 

the LiNbC>3 substrate with no residual surface titanium layer. The measurements 

of titanium concentration agree well with the Gaussian solution to the diffusion 

equation with source layer thickness much less than the diffusion depth [23]. 

The intensity radiation pattern for each specimen was studied using the ex- 

perimental setup in Fig. 2. The branches of TM radiation emerged from the 

specimen endface with a divergence angle much less than the divergence angle 

of the TE radiation. This observation is consistent with a larger beam aperture 

for the TM radiation. The beam aperture for the TM radiation is determined 

by the phase-matching angle and the substrate thickness whereas the aperture 

for the TE radiation is determined by the TE mode profile. The TM radiation 

forms lines of intensity on the screen which are analogous to the m-lines created 

by prism out-coupling. Distinct TM radiation lines are observed on the screen for 

each waveguide mode, since each mode propagates with a different effective index 

and yields a different radiation angle </>'. Another noticeable feature of the TM 

radiation is a slight curvature of the radiation line. 

The radiation pattern from specimen 41 is shown in Fig. 5. This intensity 

pattern was recorded by imaging the viewing screen in Fig. 2 onto a ccd camera. 

A polarizer determines that the two horizontal strips of light positioned above 

11 



and below the centrally located bright spot are TM-polarized, while the central 

bright spot is TE-polarized. The top TM radiation line corresponds to branch 

A while the bottom TM radiation line corresponds to branch B (refer to Fig. 3). 

Note in Fig. 5 the unequal power in the two branches of the TM radiation. It is 

possible to preferentially excite the fundamental waveguide mode or excite all the 

remaining higher-order waveguide modes of specimen 41. The radiation pattern 

shown in Fig. 5 is a result of exciting the fundamental waveguide mode. 

Figures 6 and 7 provide a detailed view of the TM radiation pattern in branch 

A from two waveguide specimens; Figure 6 shows the TM radiation from specimen 

53, while Fig. 7 shows the TM radiation pattern from specimen 41 (the titanium 

in-diffused waveguide). Note the intensity minimum in Fig. 6, which corresponds 

to the on-axis TE propagation in specimen 53. This intensity minimum is not 

present in of any of the modes in the titanium in-diffused specimens as illustrated 

in Fig. 7. Another feature in Fig. 7 is the two groups of TM radiation lines 

within branch A from specimen 41. These two horizontal stripes are a result of 

simultaneously exciting both the lowest-order mode and the higher-order modes 

of specimen 41. The bottom stripe in Fig. 7 corresponds to the lowest-order mode 

while the top stripe corresponds to higher-order modes. 

The angle 0' at which the TM radiation line emerges from the waveguide 

was measured for the fundamental TE mode of specimen 41. This angle was 

measured by inverse triangulation. The measured value of the radiation angle is 

4>' = 34.65 ± 0.05° and corresponds to a phase-matching angle 4> = 14.39 ± 0.02° 

within the specimen. Compare this value of (f> to the value 4> = 14.16 ± 0.03° 

calculated using the measured ANeff of Table I and Equation (4). There is a 

discrepancy of 0.23 ± 0.05° between these two methods of calculating $. Either 

the value of ANe/f must decrease by 0.0023 or the value of 4>' must decrease by 

12 



0.64° in order for these values of <f> to equal. Both of these changes He outside the 

experimental errors. We cannot account for this discrepancy. 

We investigate the temporal properties of the polarization coupling using two 

experiments. The first experiment determines whether there is a turn-on delay 

between the input of TE light and the observation of TM light. This experiment 

consists of translating the input fiber parallel to the plane of the waveguide while 

maintaining coupling to the TE modes. We observe the TM radiation pattern as 

the input coupling position is translated. We found that the translation of the TM 

radiation pattern coincides with the movement of the TE input coupling position 

within a time of less than 1 s. This measurement was limited by the minimum 

response time of the human eye. 

The second experiment investigates the temporal response of the polarization 

coupling to amplitude-modulated TE light. This experiment consisted of chopping 

the input-coupled TE light from the HeNe laser while monitoring the TM radiation 

with a power meter. No time delay greater then 0.45 ms was observed. Time 

delays less than 0.45 ms could not be measured due to instrument limitations. 

The polarization coupling ratio p was measured for specimens, 41, 42, and 

53. Values of p are shown in Table II along with the measured values for the TE 

input power and the measured values of the TM power in branch A, the length 

of the specimen, and the value for the compensation factor. The multiple entries 

in Table II for specimen 41, which have the same input TE power, correspond to 

the situations where different groups of waveguide modes were selectively excited 

by adjusting the input coupling. 

No change in the TM radiation was observed when we illuminate the specimens 

with the white-light source. 

When the input fiber source was oriented so that TM polarization was cou- 

13 



pled into the waveguides, no TE radiation modes were observed for any of the 

waveguide specimens. 

V. DISCUSSION 

Our experimental results explicitly demonstrate the coupling between TE- 

polarized guided modes that propagate along the substrate's x-axis and TM- 

polarized radiation modes in Ti:LiNb03 slab waveguides. Summarizing the ob- 

served characteristics of this polarization coupling, we found that the power in the 

TM radiation is linear with the TE input power, the TM onset time is < 0.45 ms, 

which is less than the 10 - 1000 s onset time found in photorefractive processes 

[2,24], the TM radiation angle corresponds closely to the phase matching condi- 

tion to the TE guided mode, polarization coupling occurs for the fundamental and 

higher order TE modes, and the coupling ratio decreases with increasing diffusion 

time. 

We do not observe this polarization coupling in LiNb03 slab waveguides formed 

without titanium in-diffusion but otherwise fabricated using similar procedures. 

Thus, we conclude that this on-axis polarization coupling is directly or indirectly 

attributed to titanium in-diffusion. The remainder of this section discusses a 

mechanism from which this on-axis polarization coupling could originate. 

A. Polarization coupling through rotation of the principal dielectric axes 

A mechanism certain to cause TE and TM polarization coupling would be the 

rotation of the waveguide region's principal axes relative to the substrate reference 

axes. In general, these hybrid modes contain all polarization components and, 

in certain cases, have characteristics similar to the mode coupling we observe. 

14 



Rotations of the principal axes can come about from the presence of particular 

lattice strains through the photo-elastic properties of lithium niobate. Strains, 

in the form of lattice contractions, have been verified and measured in titanium 

in-diffused lithium niobate [25-27]. In fact, these strains, in combination with the 

photo-elastic effect might contribute to the increase in refractive index observed 

in titanium in-diffused lithium niobate [25,28]. We consider the possibility that 

these lattice strains rotate the principal dielectric axes through the photo-elastic 

effect in the titanium in-diffused region. 

The photo-elastic effect has also been called upon to explain hybrid mode 

propagation in proton-exchanged lithium niobate slab waveguides [27]. Later, 

this mechanism was again used to explain hybrid mode propagation in high tem- 

perature proton-exchanged lithium niobate slab waveguides [29]. 

The optical properties of lithium niobate are described by the relative dielec- 

tric tensor e. The relative dielectric tensor for lithium niobate in the substrate's 

principal axis coordinate system is 

e = 

1 tx  0   0^ 

0  tv  0 

y 0   0  ez j 

(6) 

where the ordinary refractive index is 

n0 = v^i = y/ty (7) 

and the extraordinary refractive index is 

ne = y/Tz. (8) 

Equation (6) is the form of the relative dielectric tensor used to solve for slab 

waveguide modes when the mode propagation directions and the crystal's princi- 

ple axes coincide. Solutions to the wave equation for this case describe true TE- 

15 



and TM-polarized modes. For the general case of off-axis mode propagation, or 

equivalently rotation of the principal dielectric axes, coupling between all six field 

components takes place. We designate the rotated dielectric tensor as g\ The 

fields are coupled through the nonzero off-diagonal elements in g'. The presence 

of these off-diagonal elements can be the result of a particular strain field acting 

through the photo-elastic effect. We will discuss the effects of strains on mode 

propagation in a slab waveguide and compare theoretical predictions to our exper- 

imental results. First, we offer a brief introduction to the nomenclature describing 

the photo-elastic effect. 

Changes to the dielectric tensor £ caused by the photo-elastic effect are de- 

scribed through changes to the impermeability tensor 77- The impermeability 

tensor is defined to be the inverse of the dielectric tensor 

^fl. (9) 

The change in the ith element of the impermeability tensor due to the photo- 

elastic effect is [30,31] 

6 

&Vi = Y^PvS3> *> j = 1. • • • > 6, (10) 

where the Pij is an element of the elasto-optic tensor and Sj is an element of 

the strain tensor. We are using contracted indices (i,j — 1,...,6) to identify 

tensor elements. Each numeral subscript represents a pair of axes in the substrate 

coordinate system according to: 1 = xx, 2 = yy, 3 = zz, 4 = yz = zy, 5 = xz = 

zx, and 6 = xy = yx. 

The new impermeability tensor rf showing the modifications due to the photo- 

elastic effect is 

2' = 2 + A2- (n) 

16 



The new dielectric tensor £ is found by taking the inverse of rf according to 

Equation (9). 

Now we examine the specific photo-elastic induced modifications to g using the 

elasto-optic tensor for lithium niobate and the lattice strain fields due to titanium 

in-diffusion. The contracted form of the fourth-rank elasto-optic tensor for bulk 

lithium niobate showing the eight independent elements is [32] 

/ 

P 

0 

0 

0 

0 

P41 

\ 

(12) 

Pn   Pi2   Pi3   Pu     0 

Pi2   Pn   Piz -Pu   0 

P31     P31     P33       0 0 

P41   -P41     0      P44       0 

0 0 0 0      P44 

^0-0 0 0 pu Kpn-Pn)) 

where the value of the elements is given in [33]. We assume that using the bulk 

elasto-optic tensor is appropriate for our discussion of the photo-elastic effect 

within the titanium in-diffused region. Furthermore, the values for py- we use 

represent the total effect of a strain field on the optical properties of lithium 

niobate. As discussed in [32], the total effect includes the primary modification 

due to the photo-elastic effect and a secondary modification due the combination 

of the piezoelectric and electro-optic effects. 

Next, we must determine the elements of strain tensor S_ which describe the 

strain field present in the titanium in-diffused region. We will have to consider 

only strains along the principal axes of the crystal since we are dealing with a 

static strain field. The strain along the crystal's x-axis is Si, the strain along the 

crystal's y-axis is S2, and the strain along the crystal's z-axis is S3. Thus, in our 

case, the general form of the strain tensor has nonzero elements only along the 

diagonal 
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S = (13) 

S2 

S3 

0 

0 

v0/ 
Using Equations (9) through (13), we find the only nonzero off-diagonal ele- 

ment of the rotated dielectric tensor £ is e'4. This element depends on the strain 

field according to 

e4 <xe2e3p41 (S2-Si), (14) 

where we take 

P4i = 0.154 (15) 

as in [33]. The proportionality factor in Equation (14) is a function of all three 

strain elements, e2, e3, pi2, pai, Pa, Pn, Pis, and p33. From Equation (14) we 

notice the following condition on e'4: 

e'A = 0 if Si = S2 or if Si = S2 = 0. (16) 

Next, we discuss the specific strains present in the titanium in-diffused region. 

Several groups have measured the lattice strain in the titanium in-diffused region 

on y-cut lithium niobate. A lattice contraction is found in each case. However, 

there is disagreement regarding the nonzero terms of §_. We present three examples 

from the literature which use different strain elements in their analysis of slab 

waveguides formed by titanium in-diffusion on y-cut lithium niobate. In the first 

example a nonzero strain S2 was measured in y-cut slab waveguides [25].   The 
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strain Si was assumed to be equal to 52 and the strain £3 was calculated using 

S2. In contrast, the authors of [28] use symmetry arguments to determine the 

only nonzero strain element would be S2 hi y-cut slab waveguides. In comparison, 

the third example [27] reports that S2 = 0 while both Si and S3 are nonzero. 

According to Equation (16), there will not be any off-diagonal elements in 

e' if Si = S2. Thus, the strain field described in the first example would not 

couple TE- and TM-polarized modes. However, in the second and third examples 

there would be off-diagonal terms in |' corresponding to crystal axis rotation; 

consequently there would be coupling of the TE and TM polarized modes. 

We cannot accurately model the crystal axis rotation caused by the photo- 

elastic effect without a consensus regarding the strain elements present in the 

diffused region. However, since we think that the photo-elastic effect is causing 

the polarization coupling, we will proceed by assuming the only nonzero element 

of strain is S2. We base our assumption on the opinion that the substrate anchors 

the lattice dimensions that are parallel to the plane of the waveguide. Thus, Si 

and S3 are 0 due to the influence of the unperturbed substrate lattice spacing. 

Contrarily, the lattice spacing perpendicular to the plane of the waveguide is free 

to experience strains resulting from titanium in-diffusion. Next, we calculate the 

effects on the dielectric tensor from the strain S2. 

We need to know the relationship between titanium concentration and strain 

in order to calculate the strain S2 in the in-diffused region. We found this rela- 

tionship from the data presented in [25]. We use measurements of strain S2 and 

surface titanium concentration from a y-cut, titanium in-diffused lithium niobate 

specimen that was in-diffused for 10 h at 1000 °C . We find the relationship 

between strain S2 and titanium concentration Cs(Ti) is 
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S2 = -9.5xl(r25es(Ti) (17) 

where the units of titanium concentration are atoms/cm 3. We assume the linear 

relationship of Equation (17) holds over the range of titanium concentrations 

found in our specimens. We find different values for the proportionality constant 

in Equation (17) using the data in [25] for specimens fabricated similarly except 

with different diffusion temperatures. Values of 52/Cs(Ti) are plotted against 

diffusion temperature in Figure 8. We speculate that this variation in S2/Cs(Ti) 

is a result of the titanium ions residing at different lattice sites corresponding to 

different diffusion temperatures. 

The strain within the titanium in-diffused region of waveguide specimen 42 

is calculated using Equation (17), and the measured titanium concentration is 

plotted in Figure 4. The resulting strain profile is plotted in Figure 4. The 

maximum contractive strain occurs at the surface and has a value of —2.2 x 10-3. 

The magnitude of this maximum contractive strain is greater than the breaking 

strain (2 x 10-4) resulting from thermal expansion in lithium niobate reported 

in [34]. In fact, the magnitude of the strain in specimen 42 is greater than the 

breaking strain until a depth greater than 2.2 //m. 

These calculations show that the titanium in-diffused region will consist of 

different layers each with its principal dielectric axes oriented differently because 

of the nonuniform strain field. We calculate the rotated dielectric tensor £ at 

several depths within the titanium in-diffused region using the strain profile of 

Figure 4. Then, we reduce i to its diagonal form to find values of the new principal 

refractive indices (n'x, n'x and n'x) corresponding to new principal dielectric axes 

(x1, y\ z'). The rotation angles ax^V)Z are defined as the angles between the 

substrate principal dielectric axes (x, y, and z in Figure 1) and the corresponding 
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new principal dielectric axes of £ . We also calculate the difference between the 

new and the old principal refractive indices AnI)yi2 = n'xyz — nX)V)Z. The rotation 

angles and the principal refractive index differences are plotted in Figure 9. The 

new principal axes experience a rotation about the mode propagation axis (x- 

axis). The maximum rotation angle is ay — az = 1.3°. Also, the refractive indices 

nx and ny change by different amounts. Thus, the titanium in-diffused region 

becomes biaxial. 

For comparison, a crystal axis rotation of less than 1° was calculated in [27] for 

proton-exchanged lithium niobate waveguides. In another study [29], a crystal axis 

rotation of 10° about the x-axis was used to fit theoretical calculations to measured 

values of hybrid mode effective indices in proton exchanged slab waveguides in x- 

cut lithium niobate. 

The waveguide geometry resulting from this depth-dependent rotation of the 

principal dielectric axes is complex. Traditionally, the titanium in-diffused region 

is modeled as a region characterized as graded-index, uniaxial anisotropic and 

uniformly oriented principal axes. However, in the presence of photo-elasticity, 

the titanium in-diffused region has a depth dependent biaxial anisotropy and a 

depth dependent principal axes orientation. 

We know this waveguide geometry will couple the z-directed electric field (TE) 

with the y-directed electric field (TM). We also know the t/-directed field is not 

guided and will radiate from the waveguide region. This is so because the phase- 

matching condition between the TE and TM fields does not simultaneously satisfy 

the TM waveguide condition. We cannot be more specific about waveguide mode 

characteristics without solving the electro-magnetic boundary value problem for 

this geometry. 

We are not aware of any investigations analyzing a waveguide geometry of 
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the same complexity as our waveguide geometry. There have been investigations 

into the modal properties of waveguides formed from 3 step-index layers, each 

with own arbitrary anisotropic properties [7]. A multi-layer approach was used 

in [12] to analyze graded-index waveguides of uniaxial anisotropy. Certainly, an 

approach combining these two methods would provide the capabilities to analyze 

the waveguide geometry of interest here. 

VI. SUMMARY 

We have observed polarization coupling form TE guided modes to TM radia- 

tion modes in titanium in-diffused lithium niobate slab waveguides. The charac- 

teristics of this polarization coupling are not the same as the polarization coupling 

that originates from photo-refractive effects. We hypothesize the polarization cou- 

pling we observe is the result of the photo-elastic effect. The photo-elastic effect 

transforms the titanium in-diffused waveguide region into one with a complex 

geometry. Still, this waveguide geometry is amenable to analysis by numerical 

techniques. 
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TABLES 

TABLE I. The difference between the TE mode effective index and the substrate 

extraordinary index (ne = 2.2028) are tabulated for the LiNb03 slab waveguides. Ef- 

fective index measurements were made using prism out-coupling. Also listed are the 

phase-matching angles <j> calculated using equation (4) and the substrate ordinary in- 

dex n0 = 2.2865. The effective mode index Neff was found by adding the substrate 

extraordinary index ne = 2.2028 to the value of ANeff. The values for Tie and n0 are 

from [35]: 

Specimen 

4 42 53 

Mode ANeff (t>[°] ANeff <M°] ANeff 0[°] 

# 

1 0.0142 14.16 0.0127 14.32 0.0025 15.32 

±0.0003 ±0.0002 ±0.0004 

2 0.0028 

±0.0002 

15.29 0.0046 

±0.0002 

15.11 0.0015 

±0.0004 

15.41 

3 0.0006 15.49 0.0030 15.27 0.0004 15.51 

±0.0002 ±0.0003 ±0.0004 

4 0.0014 

±0.0002 

15.42 

5 0.0011 

±0.0002 

15.45 
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TABLE II. Measured TE-TM coupling characteristics for the LiNb03 slab wave- 

guides. 

Specimen Conversion TE Branch A Length Compensation Comments 

Ratio Input TM L Factor 

P Power Power [cm] r 
[%-cm-ll [nW] lnW] 

41 3.2% 83 2.1 1.9 2.4 Fundamental waveguide 

mode 

41 3.2% 47 1.2 1.9 2.4 Fundamental waveguide 

mode 

41 1.2% 83 0.79 1.9 2.4 Higher-order waveguide 

modes 

41 1.2% 47 0.46 1.9 2.4 Higher-order waveguide 

modes 

42 0.8% 63 0.68 2.8 2.2 Optimum Input fiber 

poslUon for maximum 

TM Power 

42 0.7% 62 0.56 2.8 2.2 Same as above 

42 0.8% 55 0.59 2.8 2.2 Same as above 

42 0.7% 40 0.37 2.8 2.2 Same as above 

42 0.7% 22 0.20 2.8 2.2 Same as above 

42 0.8% 11 0.11 2.8 2.2 Same as above 

53 0.07% 63 0.025 1.3 2.2 Same as above 
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FIGURES 
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FIG. 1. The waveguide orientation and mode propagation direction relative to the 

LiNb03 crystal's axes. The extraordinary index is ne = 2.2028 and the ordinary index 

is na = 2.2865 at the wavelength A = 0.6328/xm [35]. 
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FIG. 2. The experimental setup used to observe the intensity patterns emerging 

from the waveguide specimens. The polarization of the emerging radiation is determined 

using the polarizing analyzer. 
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FIG. 3. Illustration of phase matching between the TE polarized waveguide and the 

TM radiation mode. The TE mode propagates with effective index Neff while the TM 

mode propagates with refractive index n0- 
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FIG. 4. Depth dependence of titanium concentration and absolute value of strain 

within specimen 42 after diffusion. Measured titanium concentration is compared to the 

Gaussian solution to the diffusion equation. The Gaussian profile was fitted with the 

following parameter values: the surface concentration Cxi(O) is 2.31 x 1021atoms/cm3 

and the 1/e diffusion depth is 1.4 /xm. The strain along the crystal's y-axis Sy i6 

calculated using the Gaussian titanium concentration profile and the linear relationship 

between strain and titanium concentration calculated from the data in [25]. 

35 



Viewing Screen 

Slab Waveguide 

Branch A 

--■:xW:W>--- TM 

Hr " 

Branch B 
TM 

FIG. 5. Intensity pattern emerging from specimen 41 as seen on the viewing screen. 

The central region is TE polarized while both the upper and lower regions are TM 

polarized. 
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FIG. 6. Detailed view of branch A radiation from specimen 53. The on-axis intensity 

minimum is indicated by the arrow. 
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FIG. 7. Detailed view of branch A radiation from specimen 41. 
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FIG. 8. Temperature dependence of S2/Cs(Ti) from [25] where 52 is the strain along 

the y-axis and Ca(Ti) is the surface concentration of titanium in atoms/cm3. 
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FIG. 9. Depth dependence of the change in principal refractive index An and the 

principal axes rotation angles a within specimen 42 after diffusion. The change in 

refractive index between the principal axes x and x' is Anx, between principal axes y 

and y' is Arty and between principal axes z and z' is Anz. The rotation angles are found 

by taking the vector dot product between corresponding principal dielectric axes. The 

angle between x and x' is ax, the angle between y and y' is ay and the angle between 

z and z' is az. 
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