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Accurate Determination of the Ordinary Index Profile
of Proton-Exchanged Waveguides

M. Marangoni, R. Ramponi, R. Osellame, and V. Russo

Abstract—A new method for an accurate characterization of the
ordinary refractive index profile of proton-exchanged waveguides
is presented and discussed. The method is based on the measure-
ment of the power coupled into radiation modes of the waveguide
as a function of the corresponding effective indexes, and allows
the determination of the depth and of the film refractive index of
the ordinary profile by a least squares fitting of the experimental
points. The depth and the film refractive index have been exper-
imentally obtained with an accuracy of 0.005 m and 0.0001, re-
spectively.

Index Terms—Integrated optics, optical device fabrication, op-
tical planar waveguides, optical planar waveguide couplers, optical
propagation in anisotropic media, optical propagation in nonlinear
media, optical variables measurement, optical waveguide theory.

I. INTRODUCTION

I N THE last few years, proton-exchanged (PE) LiNbO
waveguides have attracted an increasing interest thanks

to their potentialities in different application domains, such
as integrated lasers [1] and optical frequency conversion
devices [2]. As it is well known, proton exchange increases the
extraordinary refractive index of LiNbOwhile it decreases
the ordinary one [3], thus allowing the propagation of only
guided extraordinary modes. Nevertheless, the knowledge of
the ordinary refractive index profile is of great importance to
determine different aspects of the modeling of PE waveguides,
such as the crystallographic phase of the exchanged layer [4],
the time evolution of the optical properties as a function of the
annealing time [5], and the propagation conditions of transverse
magnetic (TM)-polarized modes in-cut waveguides [6].

Owing to the negative ordinary refractive index change, and
thus to the lack of ordinary guided modes, conventional-lines
spectroscopy cannot be used for the determination of the ordi-
nary profile. To overcome this problem, three different methods
have been proposed in the literature, exploiting i) the realiza-
tion of a reverse PE layer [7], ii) the use of a spectrophotometer
for the determination of the transmission spectrum of the ex-
changed layer [5], and iii) the application of a dark-mode re-
flectivity technique [8], [9]. None of these methods allows the
determination of the ordinary film refractive index and of
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Fig. 1. (a) Dielectric structure of a prism-coupler when the ordinary refractive
index profile of a PE waveguide is taken into account. (b) Field profile of the
incoming beam (dashed line) and of the coupled radiation mode (continuous
line). Type I occurs forn < n < n , type II forn < n < n . S is the
air–gap spacing;w is the film depth.

the film depth with an accuracy better than 0.001 and 0.05
m, respectively.
In this paper, a new method is presented and discussed,

that allows the determination of both parameters with an
accuracy improved by an order of magnitude by exploiting
the Fabry–Perot effect in the waveguide film. The method
requires prism-coupling of the ordinary radiation modes of
the waveguide and the determination of the coupled power
behavior as a function of the effective refractive indexes of
the radiation modes themselves. The curve representing the
coupled power versus the effective indexes typically shows the
interference fringes given by the light reflected back and forth
in the waveguide film. The interference peaks are generally
not sharp, so that, if only the positions of maxima and minima
are considered for the ordinary index-profile reconstruction
[9], an accuracy better than 0.001 on and 0.05 m on
cannot be achieved. On the contrary, if the full behavior of the
coupled power is fitted with a theoretical curve, as calculated
by extending the classical theory of prism coupling [10] to
radiation modes, the accuracy of the reconstructed optical
parameters is greatly enhanced. Experimental confirmation of
the accuracy of the method proposed here has been obtained
by comparing the depth of the extraordinary index profile as
obtained by standard -lines spectroscopy, with the depth of
the ordinary index profile, both corresponding to the depth of
the waveguide film: an agreement within 0.005m has been
found.

II. OPERATING PRINCIPLE

The ordinary refractive index profile of a PE planar wave-
guide can be well approximated by a step-index profile [11] as
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Fig. 2. Optical powers involved in the radiation modes prism-coupling.L =

length of the coupling region.

shown in Fig. 1(a), where the film ordinary refractive index
is lower than the substrate ordinary index. Such a dielectric
structure does not support any guided mode and thus cannot be
characterized through conventional-lines spectroscopy. How-
ever, an accurate characterization is still possible by exploiting
the radiation modes of the structure. Since , two types
of radiation modes are supported according to the value of the
effective refractive index (defined as the ratio between the
propagation constantof the mode and the wavenumber): i)
if , the radiation mode field profile is oscillating in the
film and in the substrate, and is evanescent in the cover [12]; ii)
if , the field is oscillating in the substrate, and
evanescent both in the cover and in the film. We will hereafter
refer to these modes respectively as type I and type II radiation
modes, as shown in Fig. 1(b).

If a prism is used to couple light into the radiation modes of
the dielectric structure (carrying a power), the corresponding
output power , i.e., the power carried by the radiation modes
after being refracted in air (see Fig. 2), turns out to depend
strongly on the of the radiation modes themselves. The
curve relating to can be calculated according to a
modeling of the prism-coupling process of radiation modes into
planar dielectric structures. Through a least squares fitting of
the experimental points to this curve, the optical parameters of
the ordinary refractive index profile are then determined. The
modeling proposed for the coupling process is an extension of
that adopted by Tien and Ulrich for guided modes [10], and is
summarized in the Appendix.

The result of the modeling is a quite complex function which
relates to the and to the other quantities involved in
the coupling process: the waveguide depthand the film re-
fractive index , which are the parameters to be determined by
means of the least squares fitting procedure;and , which
are the prism refractive index and the substrate ordinary index,
that are supposed to be known [13], [14]; , which
are, respectively, the air-gap spacing, the length, and the width
of the coupling region, the power incident on the coupling re-
gion (see Fig. 2), that are nota priori known. To determine the
unknown parameters, , , and , the following consider-
ations have been taken into account. The air spacingaffects
both real and imaginary parts of the reflection and transmission
coefficients at the film–gap and prism–gap interfaces, and thus

Fig. 3. Theoretical curves relating the powerP coupled into ordinary
radiation modes of a 1�m (dashed line) and 2�m (solid line) deep PE
waveguide as a function of the correspondingn . Filled circles indicate the
film and the substrate refractive indexesn andn .

significantly contributes to the behavior of the curve versus
. can thus be obtained, asand , from the least squares

fitting of the experimental points with the theoretical curve
versus . As to the length of the coupling region, it has to
be compared with the distance over which light rays reflecting
back and forth in the film attenuate. If is shorter than this
distance, the interference effects tend to be smoothed, and the
curve versus turns out to be strongly affected by.
Actually, in practical cases, is one order of magnitude greater
than the above attenuation distance, thus concurring only to the
magnitude of the coupled power without affecting the shape of
the curve versus . Since and also affect only the
magnitude of , it is possible to include the effects of, ,
and in a single scaling factor of the curve. The least squares
fitting procedure is then performed on four parameters:, ,

, and the scaling factor.
To obtain a physical insight into the process of prism-cou-

pling of ordinary radiation modes into PE waveguides, typical
curves relating to are reported in Fig. 3, as calculated
for two different film depths, 1 m and 2 m, and
assuming typical values for the other quantities involved. The
behavior of the curves can be explained taking into account that
the key factor in the coupling efficiency is the overlap between
the radiation mode field profile and the evanescent field tail
generated below the prism by total internal reflection of the in-
coming beam. Hence, when , type II radiation modes
are coupled, which are evanescent both in the film and in the air
gap below the prism, and is low owing to the poor fields
overlap. When the approaches , grows rapidly since
the radiation mode field profile significantly extends also in the
film region, thus increasing the fields overlap. The oscillating
behavior of the coupled power when is due to the in-
terference between the light transmitted from the prism into the
film through the air gap and the light already coupled into the
film, reflecting back and forth inside the film itself, according to
the Fabry–Perot behavior. The visibility of the fringes depends
on the reflectivity at the film–substrate interface, which is re-
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Fig. 4. Experimental setup. LS: laser, BS: beam splitter, PD1: photodetector,
D: diaphragm, WG: waveguide, P: prism, R-T: motor-driven rotator and
translation stages, PD2: photodetector.

lated to the index change , while the distance be-
tween the different peaks is a function of the optical path length
of the light reflecting back and forth in the film, and depends
on the optical depth , thus resulting in a higher number of
peaks for the deeper waveguide. Moreover, it can be observed
that the slope of the curve when approaches is steeper
for the deeper waveguide.

Before going into the details of the experimental results, it
is worth pointing out that the accuracy of the method relies
upon the fact that the fitting is performed on the whole curve

versus , so as to take into account also the steep re-
gion occurring for , which is strongly affected by the
ordinary refractive index change. Otherwise, if only the posi-
tions of maxima and minima are considered for the optical pa-
rameters reconstruction [8], [9], all the information included in
this region are lost, and the accuracy in the determination of

becomes strongly dependent on the fringes sharpness, which
cannot be resolved experimentally with sufficient precision.

III. M EASUREMENTMETHOD AND EXPERIMENTAL RESULTS

The experimental setup closely resembles that normally used
for -lines spectroscopy, and is shown in Fig. 4. The prism
is firmly pressed onto the waveguide which is mounted on a
motor-driven stage allowing both translation and rotation. The
beam splitter and photodetector 1 are used to find the orthog-
onality condition between the laser beam and the prism input
face, which is the reference condition for the following rota-
tions. Once this condition is found, the prism–waveguide en-
semble is rotated as long as the laser beam impinges on the
prism at an angle such that , which corresponds to the
cutoff condition for radiation modes. The prism is then rotated
step by step and the power coupled into radiation modes exiting
the substrate is collected by photodetector 2. At each step, the
prism–waveguide ensemble is translated until the best coupling
efficiency is achieved, so as to keep the coupling conditions op-
timized during the angular scanning. To maximize the amplitude
of the scanning and thus to obtain a significant number of exper-
imental points for the index profile reconstruction, it is neces-
sary to place the prism very close to the output face of the wave-
guide, thus avoiding unwanted reflection of radiation modes on
the lower edge of the output face.

The method has been applied to the determination of the or-
dinary index profile of a PE waveguide, which, as previously
stated, is assumed to be step-like. The experimental curve at

0.633 m of the power coupled into radiation modes as

Fig. 5. Filled circles: experimental values of the power coupled into radiation
modes and exiting the substrate as a function of the correspondingn .
Continuous line: fitting curve calculated according to the theory reported in the
Appendix. (� = 0.633�m).

a function of the corresponding is reported in Fig. 5 to-
gether with the best fitting curve obtained by the modeling de-
scribed in the Appendix. The theoretical curve closely follows
the experimental points in the region of maximum slope, which
is mostly responsible for the reconstructed value, and also
predicts very well the spacing between the interference peaks,
mainly due to the optical depth of the light inside the film.
On the contrary, the amplitude of the interference peaks is not
so well fitted, very likely owing to some disagreement with the
real index profile shape, less sharp than the step-like assumed
one.

The values of the best fitting parameters are the following:

m m.

By repeating the measurement with different coupling con-
ditions, the above values are found to be reproducible within
0.005 m for and 0.0001 for . The main reason for this
uncertainty in the reconstructed optical parameters is likely to
come from the experimental error on the power measurements.
To verify this assumption, standard statistical techniques were
applied. The nonlinear relation giving the transmitted power

, at each , for any set of parameters and
has been linearized by performing a Taylor expansion in
correspondence of the best fitting parameters reported above.
If a 5% uncertainty in the power measurements is assumed,
which is a slight overestimate of our actual experimental error,
an accuracy of 0.005 m on and 0.0001 on is found.
Actually, the discrepancy between the experimental points and
the best fitting curve in Fig. 5 is in some regions greater than the
claimed uncertainty in the power measurements; this is mainly
due to the assumption of a step-index ordinary profile, which
is indeed an approximation of the real index profile. Thus the
reported accuracy does not include the error due to the slightly
different index-profile shape, but refers to the reconstruction of
the parameters of the best suited step-index profile, this being,
however, the generally accepted approximation, sufficient in
most of the applications discussed in Section I.



MARANGONI et al.: ACCURATE DETERMINATION OF THE ORDINARY INDEX PROFILE OF PROTON-EXCHANGED WAVEGUIDES 1253

It is worth noting that the accuracy of the method is not sig-
nificantly affected by an imprecise knowledge of the substrate
refractive index . Indeed, comes into play in the Fresnel co-
efficients at the film–substrate and air–substrate interfaces, and
contributes only to the fringes visibility. Thus an imprecision
on the value of the order of 0.0002 [14], which is our case,
results in negligible variations of the reconstructed optical pa-
rameters. On the contrary, when the ordinary refractive index
change is determined, the accuracy on the
value has to be considered and the resulting accuracy ofis
0.00022. In the end, when evaluating for the above wave-
guide, a value of 0.0314 is found, equal to 0.29 times the ex-
traordinary refractive index change, which is in good agreement
with the typical factor of about one third given in the literature
[11].

Further confirmation of the accuracy of the method proposed
can be obtained by means of an independent measurement
of the film depth. To this end, the extraordinary index profile
has been characterized by standard-lines spectroscopy at
different wavelengths. Starting form the experimental values of
the of the extraordinary guided modes, the optical parame-
ters of the extraordinary index profile at different wavelengths
have been determined, and a mean value of the depth has been
calculated, equal to 1.442m, which is in agreement with
the above reported value obtained starting from the ordinary
refractive index profile within the experimental errors.

It is worth pointing out that the overall accuracy of the method
further increases for deeper waveguides, while it gets lower in
the case of thinner waveguides. In fact, when coupling light in
deeper waveguides, the overlap between the evanescent field
generated below the prism by total internal reflection and the
evanescent field tail of type II radiation modes is appreciably
lower, so that a steeper transition region between the two types
of radiation modes occurs, as evidenced in Fig. 3, and a better
discrimination of is achieved. Furthermore, owing to the
higher depth, the optical path length of the light inside the film
is increased, and the curve versus exhibits many more
interference peaks (see again Fig. 3), that concur to a more ac-
curate determination of . On the contrary, if the waveguide
is very thin, the transition between type I and type II radiation
modes becomes smooth, and the interference peaks disappear.
In this case, to obtain a fast and reliable convergence of the least
squares fitting procedure, it is necessary to limit the fitting to
three parameters only, i.e.,, , and the scaling factor, by as-
suming a reasonable value for. This simplification results in a
lower accuracy, but, as it will be described in a future paper [15],
still sufficient for a satisfactory characterization of a waveguide
single mode down to the ultraviolet (UV) spectral range.

IV. CONCLUSIONS

A method for the accurate determination of the optical param-
eters of the ordinary refractive index profile of PE waveguides
is presented and discussed. The method exploits the dependence
of the behavior of the power coupled into the radiation modes,
and thus of the power exiting the substrate, on the effective
indices of the radiation modes themselves. The curve relating

to exhibits i) a sharp slope change when the effective

Fig. 6. Rays scheme of electromagnetic fields in a prism-coupling system in
the case of an incident plane wave.

Fig. 7. Fields amplitudes involved in the calculation of (a)t = A =A
andt = A =A and (b)r = A =B .

index of the coupled radiation mode approaches the film
refractive index ( ) and ii) an oscillatory behavior when the
effective index is lower than . Both features are strongly de-
pendent on the optical parameters of the waveguide film, so that,
by means of a least squares fitting of the expected curve to the
experimental points, an accuracy of 0.0001 in the determination
of the ordinary film refractive index and of 0.005m in the de-
termination of the index profile depth can be achieved.

APPENDIX

To determine the relationship versus , we first de-
termine versus by making use of the well-known Tien
and Ulrich [10] prism-coupling theory, here extended, for the
first time to our knowledge, to radiation modes, and then relate

to through the Fresnel coefficients. To this aim, the di-
electric structure of the prism-coupling system is considered as
a four layers structure like that reported in Fig. 6. The different
layers correspond to prism, gap, film and substrate, hereafter de-
noted by , , , and subscripts respectively. When coupling
ordinary light in PE films, the refractive indices of the layers are
such that .
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Fig. 8. Scheme of the different contributions to the substrate fieldA when the overall coupling region length is considered.

A plane wave impinging on the prism–gap interface at an
angle , being partially reflected and partially transmitted
through the air gap, gives rise to waves propagating in the film
and in the substrate. For transverse electric (TE) polarization,
which is the case of the measurements here reported, the
complex electric field in the -layer is [12]

(1)
where is the reference axes reported in Fig. 6;is tem-
poral frequency; are amplitudes of downward and up-
ward propagating plane waves respectively (with );

is the propagation constant of the coupled mode;
and is the transverse wave-vector com-
ponent (with free-space wave-number and ).
The choice of the angle fixes both and , and hence also
the field shapes in the different layers. Whenis such that type
I radiation modes are coupled ( imaginary and real),
the electric field profile is evanescent in the gap and oscillatory
in the film and in the substrate, while when type II radiation
modes are coupled ( imaginary and real), the electric
field is oscillatory only in the substrate region.

To determine the coupling efficiency of type I and type II
radiation modes, the calculation of as a function of is
needed. The latter is related to the power incident on the
coupling region by the well-known relationship

where and are length and width of the coupling region,
respectively, and and are vacuum dielectric permittivity and
light speed. For the calculation of as a function of it is
necessary to analyze separately the two types of radiation mode.

Type I Radiation Modes: with reference to Fig. 7(a) and (b),
is given by the sum of , due to the field incident at the

prism–gap interface and transmitted through the air gap toward
the substrate, and , due to the field already coupled into
the film and reflected at the film–gap interface back into the sub-
strate. and are the fields responsible of the interference

effects described in Section II. These two fields are determined
by applying the boundary conditions for both electric and mag-
netic fields and at the different interfaces

(2)

with , in accordance with Maxwell
equations since the-dependence is negligible in planar waveg-
uides. By solving (2) with respect to , taking into account
the fields of the configuration of Fig. 7(a), the transmission co-
efficients and are obtained.
Likewise, if the fields of the configuration of Fig. 7 (b) are
considered, the solution of (2) gives the reflection coefficient

. These coefficients are needed to calculate the
coupled power inside the substrate. To this end, the coupling
region is divided into intervals having length equal to the pe-
riod of the zig-zag path of light reflecting back and forth inside
the film (see Fig. 8). By denoting with the angle between the
ray propagation direction and the-axis, results equal to
with , and . The field ampli-
tude in the th interval can then be related to the incident field

and to the field of the th interval by means of the
equations

with

(3)
which can be recursively solved by imposing the initial condi-
tion . Once the substrate field amplitudes are
determined in all the intervals, the coupled power is calculated
as the sum of the powers carried by each field

(4)
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where is the width of the coupling region and is the angle
formed by the ray propagation direction in the substrate with
respect to the -axis ( ).

Type II Radiation Modes: the determination of is more
straightforward owing to the lack of multiple reflections of the
light inside the film. It is sufficient to solve (2) with reference to
the Fig. 7(a) configuration of fields, taking into account that
is no longer real but is imaginary. In this case, only one trans-
mission coefficient is determined, , giving the
relationship between the substrate field and the incident field,
so that results to be

(5)

with depending on the of the coupled radia-
tion mode.

By using (4) and (5), respectively, for type I and type II radi-
ation modes, and, as already stated, by taking into account the
Fresnel coefficient relating to , the full behavior of
versus is determined.
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