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In LiNbO3 waveguides light is converted from ordinary to extraordinary polarization. We use a simple model to describe this 
effect, especially the dependence on the geometric properties (thickness, cut direction) of the waveguides. We report results for 
linear and circular photovoltaie tensor elements of iron- and copper-doped lithium niobate waveguides. 

1. Introduction 2. Mode coupling equations 

Besides materials like GaAs, doped glasses or 
polymers, LiNbO3 is of great interest for fabricating 
integrated optical devices [ 1,2]. Phase holograms 
formed in strip and planar waveguides can be used 
e.g. as memory cells, modulators or light amplifiers. 

A specific photorefraecive nonlinearity in LiNbO3 
optical waveguides is the conversion of light from 
ordinary to extraordinary polarization. The mecha- 
nism of coupling of orthogonally polarized modes is 
explained by writing holographic gratings due to 
photovoltaic currents [3]. Light is diffracted from 
these gratings with polarization conversion, which 
leads to an energy exchange between the modes. At 
first, the effect was only observed in strip wave- 
guides [ 4 ], while it was unclear whether there exists 
a corresponding process in planar waveguides. Some 
years later this interaction was observed in strongly 
iron-doped planar waveguides [ 5 ] too. 

In this paper we investigate the influence of dif- 
ferent crystal orientations and dimensions of wave- 
guides on the coupling strength of orthogonally po- 
larized modes. Predictions of a simple model are 
compared with experimental results. Measurements 
of the linear and circular photovoltaic tensor ele- 
ments as a function of depth in iron- and copper- 
doped planar LiNbO3 waveguides are reported, and 
the influence of titanium is discussed. 

The polarization-dependent photovoltaic current 
density [ 6 ], following from a phenomenological the- 
ory, is given by 

S " l i t  j ,= ~ (flUk't ' l f l i jk)gI Ek , (1) 
j,k 

where f lu  are the real linear (symmetric) and cir- 
cular (antisymmetric) photovoltaic tensor compo- 
nents and Ej, k are the interacting light fields. 

Now the interaction of two orthogonally polarized 
modes in a planar y-cut LiNbO3 waveguide propa- 
gating along the x-axis is considered. In this geom- 
etry, the tensor component/3232 = fl223 contributes to 
the modulated photovoltaic current along the y-axis: 

J2 = [ (fl[32 -I- ifl]32 )A~E(X) UTE (Y)* 

× UTM(y)ArM(X) exp(iAkx) +c .c . ] ,  (2) 

with A as amplitude and U as normalized compo- 
nent of the electric field (mode) of the ordinarily 
(TM) and extraordinarily (TE) polarized wave. The 
longitudinal field component of the TM mode is 
small compared to the transverse one and can be ne- 
gleeced. The photovoltaic current is modulated in the 
propagation direction With the period A = 27t/Ak= 
2 o/( n o* - n ~*), determir~ed by the difference of  the ef- 
fective refractive indi~es no*.e of the interacting 
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modes. Here 20 is the vacuum light wavelength. In- 
stead o f / / i t  is convenient to use 1/i defined as / / i=  
2 / / / ( c a o ~  ), where c and ~o are the vacuum light 
velocity and dielectric field constant. 

Neglecting diffusion effects, the total current den- 
sity in the crystal consists of drift and photovoltaic 
contributions. The resulting space charge field E~ 
follows from the continuity equation in form of a 
differential equation [7] and has, in the considered 
planar geometry, components in x- and y-direction. 
The space charge field E,c,2 in y-direction leads to a 
perturbation of the dielectric tensor or a phase grat- 
ing via the electrooptic effect: 

AE23 = ,~.2 ~ . 2  17 - - ¢ ' o  rue r232L, sc,2,  ( 3 )  

where r232 is the electrooptic tensor component. The 
perturbation of the dielectric tensor has unshifted 
components according to //[32 and components 
shifted by n/2 according to//]32, relative to the iso- 
phase surfaces where A/~ is equal to 27~. As it is well 
known [8 ], the shifted components lead to a sta- 
tionary energy exchange between the orthogonally 
polarized light waves, while the unshifted parts only 
influence the relative phases. 

The coupling equations for orthogonally polarized 
modes [ 5,9] can be written in the form: 

dATE / n~h-TM (i7" + 7' ) I ATM I 2ATE 
- ~ n:h'rE 

-- ( OtTE/2 )ATE , (4) 

d A T M  n~¢* ~TE ( i T " _ 7 ' ) I A T E I 2 A T M  
dx -- "%1 no*hrM 

--(aTM/2)ATM, (5) 

with 

~ , ,  w-"'~O ,n' o ~e  
40" rF232 / /~2  ' 

(.DE n * 2 n  .2  o o • ~1r232//~i2, ~tt 
4~ 

~l= --~TE nh'rM U~'E U~¢,2 UTM dy.  

(6) 

(7) 

(8) 

Here h is the effective thickness of the TE and TM 
mode, according to the normalization fUT Uj dy= 
htJij, a is the conductivity, ot is the absorption coef- 

ficient, and 09 is the light frequency. The dimen- 
sionless factor ~/accounts for the spatial overlap of 
the interacting light fields with the space charge field. 
The spatial distribution of the space charge field, 
U~.2, is a solution of the differential equation 

d 2 (~~2 - (Ak)2) Usc,2(Y)= (Ths~,2~x, d-y2J2(x,Y) 
d 2 

- dy = [U~E(Y) UTM(Y) ] , (9) 

with the separation of the space charge field 

Ese,2 (X,  y )  - -Asc ,2  ( x )  Use,2 (Y)  - -  - ( / / [32 "~- i / / ]32  ) / a  

X A T E ( X ) A T M ( X )  e iascz Uve,2(y ) . ( 1 0 )  

The real part 7' of the coupling constant determines 
the energy exchange, and the modulus I i7" _+ Y' ] the 
diffraction efficiency. Because of the nonlinearity of 
the coupling equations (4, 5) they can only be solved 
by numerical methods ~. 

3. Influence of geometry 

To discuss the dependence of the space charge field 
on the waveguide properties in a simple model, we 
consider a thin y-cut crystal of thickness 2d (fig. 1 ). 

#t An analytical solution for the diffraction efficiency, as de- 
scribed in ref. [5], is not exact. The amplitude of the diffrac- 
tion grating depends on the modulation m ffiW/-Z--~ITM/ 
(IrE +IrM) of the interacting modes, and the intensities I in 
the waveguide depend on the strength of energy exchange. 
Therefore the real part 7' (which has to be calculated numer- 
ically) influences the diffraction efficiency. 

J2(Y) ^ I 
m I i 

I I 
I I 

2d i i i 
c~-ystal ~, 

I I I 
- -  i i i 

IffiO 2 4 ~ . ~  ~ / 

Fig. 1. Thin birefringent ),-cut crystal of thickness 2d. Herej2(x) 
is the current density modulation in x-direction, and j2(y) in y- 
direction (for various indices l). The dashed lines separate op- 
positely directed current domains with period A =2o/] n=- no I. 
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The photovoltaic current distribution along the y-axis 
is given by 

j2(x, y) =Jo cos2 (fY) exp(iAkx), ( 11 ) 

where Jo is the current amplitude, Akf2n/A, and 
f =  ( l+ 1 ):t/2dwith 1=0, 2, 4, .... Instead of the com- 
plicated results in ref. [ 7 ], this model enables a sim- 
ple solution of eq. (9). With the boundary condi- 
tions E~.2(y= _+d)=0 one obtains 

2j°f2 (1 _2  cos2(fy) 
E=,2(x, y) = a [4 f 2+  (Ak)2] 

cosh (Aky ) ' ~  . . . . .  
~ )  cxp(uxKz) . (12) 

It should be noticed that the maximum of the field 
is always smaller than jo/a. 

The amplitude of the space charge field depends 
on the ratio of grating period A and crystal thickness 
2d. With decreasing thickness 2d, the amplitude in- 
creases and reaches constant values for A/2d~ 1. In 
the case of thick crystals, A/2d ,~  I, the space charge 
field vanishes. This is the reason why no coupling of 
colinearly propagating, orthogonally polarized waves 
in bulk crystals is observed [ 10 ], when the beamsize 
is much larger than the grating period A. Only if the 
two copropagating waves form an angle different 
from zero, they may be coupled. 

In y- and z-cut strip waveguides, and also in y-cut 
planar waveguides, the effective thickness of the 
waveguiding structure in the direction of the pho- 
tovoltaic current is comparable to the grating period, 
which is typically 5-10 ~tm in LiNbO3. This leads to 
a nonvanishing space charge field, and therefore to 
coupling of orthogonally polarized modes. In planar 
z-cut waveguides, the amplitude of the spac e charge 
field depends on the ratio of grating period A and 
beamsize (aperture) of the excited mode. Usually, 
the beamsize is much larger than the grating period, 
thus no or only small mode coupling is expected. 

In the case of counterpropagating orthogonally po- 
larized modes, the grating period A is of the order of 
some tens of nanometers (A =20/(no* + n:)  ). Now 
A is small compared to the thickness of the wave- 
guiding structures, and the space charge field van- 
ishes in strip waveguides and y-cut planar wave- 
guides, too. 

Figure 2 shows the spatial dependence of the space 

7~ o.,I-/ '" 1=2,,V., ~=4 .."~ ", 
: :  ') . " 't ~ :" ! ' .  : t:. I .:' 

li'. i ~.'x'x/ ~ i '  t 

a l ~ ~" I ~. " s,? - ..' : /  

I 'v .. 
t~ -0.8 l'l 

-d b 
Crys ta l  Dimension y 

/ 

Fig. 2. Spatial distr ibution of  the space charge field E~2(Y) 
for .4 = 2 d  and different current modulation frequencies fffi 
(l+ 1 )n/2d (he re /=0 ,  2 and 4).  

charge field for current distributions with different 
index l. Here the quotient A/2d= 1 and the ampli- 
tude J0 are kept constant. With increasing index l, 
there is a higher modulation frequency of the current 
along the y-axis. BecauSe of the second derivative in 
eq. (9), this leads to an increased space charge field. 
If the effective thicl~esses of coupled modes are 
similar, one expects strOnger coupling for modes with 
higher index. 

For refractive index profiles of metal-indiffused 
waveguides (nearly ganssian refractive index pro- 
files), the situation is more complicated. The electric 
fields of the waveguide modes have to be recon- 
structed by numerical methods, and no analytical so- 
lution of eq. (9) is possible. The photovoltaic tensor 
elements fl are proportional to the concentration of 
photorefractive filled ~raps, e.g. Fe 2+ or Cu +, and 
often these concentrations are not homogeneous over 
the waveguide depth, in non-step refractive index 
profiles, the effective thickness of the excited modes 
increases with increasing mode index. This leads to 
a reduced space charge field. On the other hand, the 
higher current modulation frequency for higher 
modes gives a higher amplitude of the space charge 
field. One can expect a partial compensation of the 
two effects described above, when considering the 
dependence of the space charged field on mode index. 

In summary we conclude that there is no or only 
small mode interaction! for counterpropagating light 
waves. The same is trUe for colinearly propagating 
waves in z-cut waveguides. In y-cut waveguides, 
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however, we expect coupling effects for colinearly 
propagating waves, but no significant dependence of 
the coupling strength on mode index. 

4. Experimental arrangement 

Our waveguides are prepared by titanium-indif- 
fusion (60-160 nm Ti films, annealed 20-80 h at 
1000 °C) in nominally pure y- and z-cut lithium 
niobate crystals. To reach higher photorefractive 
sensitivity, iron films (50-80 rim) are indiffused ad- 
ditionally in the same manner as titanium. For com- 
parison, wavegnides with copper doping are fabri- 
cated, too. The content of iron and copper, respec- 
tively, at the surface of the waveguiding layer is mea- 
sured by X-ray photoelectron spectroscopy (XPS) 
to be of the order of several promille. Due to these 
large concentrations the waveguides exhibit high dark 
conductivity which considerably exceeds photocon- 
ductivity. 

The experimental setup is shown in fig. 3. Light of 
the green line (514.5 rim) of an Ar + ion laser is cou- 
pled into two polarization conserving monomode fi- 
bers. Two computer controlled rotary states allow the 
excitation of TE and TM modes independent of each 
other. Rutil prisms are used to couple radiation into 
and out of the waveguide with an efficiency of nearly 
seventy percent. 

5. Results and discussion 

At first we consider holographic scattering effects, 
which provide information on coupling direction and 

spatial dependence of coupling constants; of special 
interest are the values for copropagating waves. When 
cxciting ordinarily polarized modes in y- and z-cut 
wavcguides, light scattered into extraordinarily po- 
larized modes is amplified. The spatial distribution 
of the amplified light is different for the two cuts. 

For y-cut wavegnidcs, the maximum of TE-polar- 
izcd light is in the direction of the excited TM mode 
(fig. 4 ), indicating strong coupling of copropagating 
waves. In z-cut waveguides, wc observe two maxima 
of TM-polarized amplified light at symmetric angles 
0 (measured in the wavcguiding layer relative to the 
propagation direction of the incoupled TE light), 
while in propagation direction the intensity of the 
amplified scattered light and therefore coupling is 
small (fig. 4). The distributions are determined by 
the initial straylight, which is strongest in the prop- 
agation direction of the excited mode, and by an an- 
gle dependent amplification factor. The results for z- 
cut wavcgnides are analogous to those of wide angles 
anisotropic scattering in volume crystals [ I 1 ], where 
the amplification factor is zero for copropagating 
waves and increases with growing scattering angle to 
a broad maximum at 0~ 15 ° [12]. For these large 
scattering angles, however, the initial straylight is 
small. Furthermore, the measured distribution of 
amplified light is limited because of the small area 
between prism and wavcgnide which allows tunnel- 
ing of light (a typical diameter of this area is 1 mm). 
This explains qualitatively the position of the max- 
ima at the angles 9~ _+ 2.5 °. 

The results of holographic scattering are consistent 
with those of mode coupling experiments, where 
both, ordinarily and extraordinarily polarized modes, 
arc excited cxtcrnally. Wc do not observe any cou- 

Ar~-Laser 

Fig. 3. Experimental arrangement for coupling measurements of orthogonaUy polarized waveguide modes. BS: polarizing beamsplitter, 
A/2: 2/2-plate, L: microscope lens, OF: optical fiber, S: shutter, RS: rotary stage and PD: photodetector. 
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Fig. 4. Spatial distribution of the extraordinary straylight in y-cut 
and z-cut waveguides for excitation with ordinary light. The an- 
gle 0 is measured in the waveguide layer relative to the propaga- 
tion direction of the excited beam. 

piing of colinearly propagating modes with orthog- 
onal polarization in z-cut waveguides for beam dia- 
meters up to 0.3 mm. In y-cut waveguides, however, 
strong coupling with nearly full energy transfer for a 
few millimeters of  propagation length is obtained. 
Furthermore, no energy exchange between orthog- 
onally polarized counterpropagating beams in y- and 
z-cut waveguides is measured. 

Figure 5 shows the coupling and diffraction char- 
acteristics of the interaction of the TEs and TM5 
mode copropagating in an iron-doped y-cut wave- 
guide. We observe similar effects for other modes, as 
the overlap factor ~/is nearly the same for all mode 
combinations. At the moment the two beams are 
switched on (t = 0), energy is transferred from the 
TM to the TE mode. After sufficient time the out- 
coupled power of the two modes reaches stationary 
values, and at t=60  s one of the beams is switched 
off. Light is now diffracted, and the written grating 
decays. While the power of the light transferred from 
the TE to the TM mode decreases to zero, there re- 
mains always some power in the TE mode when the 

.o t 30 . .  

"5 ~ o % T£ Mode off / 

 .2o o . ,  / 4 
/ TM Mode off / 

~'0 10  TM s . o d .  ~ l l -  

0 0 I I I I I r 
0 20  40  60 80 100 

T ime [s ]  

Fig. 5. Output power of  TE ( O )  and TM mode ( • )  in a typical 
coupling measurement.  Up  to t =  60 s power is transferred from 
the TM mode to the TE mode. At t = 6 0  s one mode is switched 
off, and power is diffracted io the orthogonally polarized mode. 
The dashed lines represent the power in the two modes without 
energy exchange. 

TM mode is diffracted. This is due to coupling of the 
excited TM mode and TE-polarized straylight, where 
the straylight is amplified. 

When reading the diffraction grating continu- 
ously, the decay of the grating is caused by charge 
redistribution due to dark- and photoconductivity. If  
TE-polarized read-out light is used, this TE mode and 
the TM mode, generated by diffraction, write a new 
grating which is shifted by ~t with respect to the al- 
ready recorded grating [ 13 ]. For this reason we ob- 
serve enhanced erasure: If we use TM-polarized light 
for read-out, the TM mode and the generated TE 
mode write a grating which is in phase with the ex- 
isting one. In this case we observe an increased era- 
sure time. 

By inserting the experimental data (A (x =  0), n*, 
h, a, coupling length X=Xo, ~r and ~/) into eqs. (4),  
(5) and fitting 7' to the measured values of energy 
exchange, we obtain results for the photovoltaic ten- 
sor element fl~2. Here the imaginary part 7" of the 
coupling constant has no influence. 

Now the diffraction grating is assumed to be sta- 
tionary. To obtain liT" -+ 7' I, the x-dependent terms 
A~-EATM and A~-MATE in eqs. (4), (5) are kept con- 
stant. The start values O f these terms are taken from 
the last fit of7' .  Then tl~e imaginary part 7" is varied, 
and the equations are inow fitted to the measured 
values of diffraction efficiency, with either Aa~ ( x = 0 ) 
OrATM(X=0) equal to Zero. Then 7" is inserted again 
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in eqs. (4),  (5)  to obtain new values for the func- 
tions A~'EATM and A~MATE. After iteration a self- 
consistent solution is found yielding I i7" + 7' [. From 
the relation I ]/~']2 ] ~ 17" I and with the known value 
o f  7' we finally determine []/~']2 I. 

In fig. 6 the results for a y-cut waveguide are shown 
as a function of  effective depth. The effective depth 
is given by the center of  the overlap integral t?. The 
values of  P]~2 are o f  the same order o f  magnitude as 
those o f  heavily doped bulk crystals [ 12 ]. However, 
while in iron-doped bulk crystals the symmetric ten- 
sor component  is one order lower than the antisym- 
metric one, in our waveguides [ ]/$]21 is only slightly 
smaller than the absolute value o f  ,,1 P232. 

The values for both l]/~21 and ]/]~2 are reduced 
for lower modes propagating near the surface o f  the 
waveguiding layer. Because the concentration o f  Fe 2 + 
is highest at the surface, one should expect the largest 
values o f  photovoltaic tensor elements for the lowest 
modes. For this reason we deduce from the experi- 
mental results that the photovoltaic tensor elements 
]~[,~x are diminished due to the influence o f  the high 
ti tanium concentration at the surface. 

In the investigated copper-doped waveguides, the 
direction of  coupling between TE- and TM-polar- 
ized light is the same as for iron doping, i.e. the ex- 
traordinarily polarized light is amplified. For  this 
reason the sign o f  the tensor component  ]/~2 is op- 
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Fig. 6. Experimental values of linear (Ip~I2l) and circular 
(fl~.I 2) photovoltaic constants as a function of waveguide depth 
measured with different mode combinations. This waveguide is 
fabricated by vacuum deposition of 160 nm Ti, annealing 52 h at 
1000 °C in wet argon gas, then deposition of 60 nm Fe, and an- 
nealing additionally 32 h in wet oxygen. 

posite to that of  bulk crystals [ 14 ]. This is another 
evidence for the influence o f  t i tanium on the non- 
diagonal elements o f  the photovoltaic tensor. 

In summary we have shown that the conclusions 
derived from our model concerning the influence o f  
the geometric wavegnide properties on polarisation 
conversion, can be verified very well experimentally. 
Furthermore, the described method for the deter- 
mination of  the non-diagonal elements of  the pho- 
tovoltaic tensor elucidates differences o f  the mate- 
rial properties o f  bulk crystals and doped waveguides, 
e.g. the influence of  t i tanium on the photovoltaic 
constants. 
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