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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 coupling

is presented and discussed. The method is based on the measure- xt prism

ment of the power coupled into radiation modes of the waveguide n,

as a function of the corresponding effective indexes, and allows "l s T T air-gap
.8 gt N

the determination of the depth and of the film refractive index of H
the ordinary profile by a least squares fitting of the experimental " n,[ W % ! / film
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.

type | substrate
type Hl

Index Terms—integrated optics, optical device fabrication, op-
tical planar waveguides, optical planar waveguide couplers, optical
propagation in anisotropic media, optical propagation in nonlinear (a) (b)
media, optical variables measurement, optical waveguide theory. 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
I. INTRODUCTION line). Type | occurs fon,, < neg < ny,type llforn; < nog < n,. S is the

N THE last few years, proton-exchanged (PE) Lil\«j,boalr_gap spacingy s the film depth.
wa\./eguldes' he_lve attrapted an increasing interest tharﬂ!% film depth(w) with an accuracy better than 0.001 and 0.05
to their potentialities in different application domains, suc m, respectively

as integrated lasers [1] and optical frequency conversi(ibnIn this paper, a new method is presented and discussed
devices [2]. As it is well known, proton exchange increases t%e ' '

extraordinary refractive index of LiNbOwhile it decreases at allows the determination of both parameters with an
the ordinary one [3], thus allowing the propagation of Or”accuracy improved by an order of magnitude by exploiting

; . th Fabry—Perot effect in the waveguide film. The method
guided _extraordmar.y mOdeS' Neyer.theless, thg knowledger quires prism-coupling of the ordinary radiation modes of
the ord_mary_ refractive index profile is of_great importance tfhe waveguide and the determination of the coupled power
determine different aspects of the modeling of PE Wavegwd(E]s havior as a function of the effective refractive indexes of

SUCh. as the crystallographiq phase of t.he exchange(_j layer radiation modes themselves. The curve representing the
g]nengr;}%e\ﬂwu;g]] cgntgftht'r%alapr;fg:'ceosnzi.ir::r;?tt':)anngf(t;;%eoupled power versus the effective indexes typically shows the
maan Itig ':'M ’I iz dmpdp % ' { wav “id 6 Vel ¥terference fringes given by the light reflected back and forth

agnetic (TM)-polarized modes igi-cut waveguides [6]. in, the waveguide film. The interference peaks are generally

Owing to the negat_lve ordlr_1ary refractive index _change, ar}%t sharp, so that, if only the positions of maxima and minima
thus to the lack of ordinary guided modes,cor)ver?n@malnes re considered for the ordinary index-profile reconstruction
spectroscopy cannot be used for the determination of the or, [ an accuracy better than 0.001 o and 0.05:m on w
nary profile. To overcome thig problem, three.(':iiffe.rent methp %Hnot be achieved. On the coﬁtrary if the fuI.I behavior of the
have been proposed in the literature, exploiting i) the reallz("f‘c')upled power is fitted with a theoretical curve, as calculated

tion of a reverse PE layer [7], ii) the use ofaspectrophotometg}; extending the classical theory of prism coupling [10] to

for the determination of the transmission spectrum of the €Xdiation modes, the accuracy of the reconstructed optical

changed layer [5], and iii) the application of a dark-mode re- . . . .
2 . arameters is greatly enhanced. Experimental confirmation of

gifg:/rlr?ilnz(i:::Igfutze[sc]),r(g?r{élr\lofri]lfnc;];:‘tr]ae;i/(reniitgc,ds aallno(;/vsfth e accuracy of the method proposed here has been obtained
y eny) by comparing the depth of the extraordinary index profile as

obtained by standargh-lines spectroscopy, with the depth of
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Effective refractive index n

_Shown in Fig. 1(a), where the ﬁ_lm oerinary refraCtive_ mde?_( Fig. 3. Theoretical curves relating the powEy,. coupled into ordinary
is lower than the substrate ordinary index Such a dielectric radiation modes of a m (dashed line) and Zm (solid line) deep PE
structure does not support any guided mode and thus cannoypeeguide as a function of the corresponding:. Filled circles indicate the
characterized through conventiomallines spectroscopy. How- "M @nd the substrate refractive indexes andn...
ever, an accurate characterization is still possible by exploiting
the radiation modes of the structure. Singe< n,, two types significantly contributes to the behavior of the cuig, versus
of radiation modes are supported according to the value of thg;. S can thus be obtained, asandr ;, from the least squares
effective refractive index.q (defined as the ratio between thefitting of the experimental points with the theoretical cuRg;
propagation constayt of the mode and the wavenumbig): i)  versusn.g. As to the length of the coupling regidn it has to
if ne < ny, the radiation mode field profile is oscillating in thebe compared with the distance over which light rays reflecting
film and in the substrate, and is evanescent in the cover [12];liick and forth in the film attenuate. I is shorter than this
if ny < neg < m,, the field is oscillating in the substrate, andlistance, the interference effects tend to be smoothed, and the
evanescent both in the cover and in the film. We will hereafteurve P,,,; versusn.g turns out to be strongly affected .
refer to these modes respectively as type | and type Il radiatigitually, in practical cased, is one order of magnitude greater
modes, as shown in Fig. 1(b). than the above attenuation distance, thus concurring only to the
If a prism is used to couple light into the radiation modes ahagnitude of the coupled power without affecting the shape of
the dielectric structure (carrying a pow&y), the corresponding the curveF,,;, versusn.;. SinceP, andD also affect only the
output powelF,,, i.€., the power carried by the radiation modemagnitude ofP,;, it is possible to include the effects &f D,
after being refracted in air (see Fig. 2), turns out to depemghd F, in a single scaling factor of the curve. The least squares
strongly on then.y of the radiation modes themselves. Théitting procedure is then performed on four parametersa ;,
curve relatingFPo,; t0 ne can be calculated according to aS, and the scaling factor.
modeling of the prism-coupling process of radiation modes into To obtain a physical insight into the process of prism-cou-
planar dielectric structures. Through a least squares fitting gifng of ordinary radiation modes into PE waveguides, typical
the experimental points to this curve, the optical parametersafrves relating’,.; to n.¢ are reported in Fig. 3, as calculated
the ordinary refractive index profile are then determined. THer two different film depthsw = 1 pm andw = 2 um, and
modeling proposed for the coupling process is an extensionadsuming typical values for the other quantities involved. The
that adopted by Tien and Ulrich for guided modes [10], and ksehavior of the curves can be explained taking into account that
summarized in the Appendix. the key factor in the coupling efficiency is the overlap between
The result of the modeling is a quite complex function whicthe radiation mode field profile and the evanescent field tail
relatesP,,; to then.r and to the other quantities involved ingenerated below the prism by total internal reflection of the in-
the coupling process: the waveguide deptland the film re- coming beam. Hence, wheng > ny, type Il radiation modes
fractive indexn ¢, which are the parameters to be determined @re coupled, which are evanescent both in the film and in the air
means of the least squares fitting procedurgandn;, which  gap below the prism, an#,,; is low owing to the poor fields
are the prism refractive index and the substrate ordinary indexerlap. When the.g approaches s, P, grows rapidly since
that are supposed to be known [13], [14]; L, D, P,, which the radiation mode field profile significantly extends also in the
are, respectively, the air-gap spacing, the length, and the widitm region, thus increasing the fields overlap. The oscillating
of the coupling region, the power incident on the coupling résehavior of the coupled power whegg < 7 is due to the in-
gion (see Fig. 2), that are natpriori known. To determine the terference between the light transmitted from the prism into the
unknown parameterS, L, D, and F,, the following consider- film through the air gap and the light already coupled into the
ations have been taken into account. The air spaSiadffects film, reflecting back and forth inside the film itself, according to
both real and imaginary parts of the reflection and transmissitre Fabry—Perot behavior. The visibility of the fringes depends
coefficients at the film—gap and prism—gap interfaces, and thois 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 3 20
translation stages, PD2: photodetector. g
lated to the index chang&n = n s —n,, while the distance be- 0 , | ) I
tween the different peaks is a function of the optical path length 2.16 2.20 2.24 2.28
of the light reflecting back and forth in the film, and depends Effective refractive index n

on the optical deptly - n 7, thus resulting in a higher number of
peaks for the deeper waveguide. Moreover, it can be obsenVég 5. Filled cjr_cles: experimental values of the power coupled into rgdiation
that the slope of the curve wh approaches s is steeper mode_zs and exiting the substrate as a funct!on of the corresponcmg_

p ey app f p Continuous line: fitting curve calculated according to the theory reported in the
for the deeper waveguide. Appendix. @ = 0.633um).

Before going into the details of the experimental results, it

is worth pointing out that the accuracy of the method religg fynction of the corresponding.g is reported in Fig. 5 to-
upon the fact that the fitting is performed on the whole curvgether with the best fitting curve obtained by the modeling de-
Fouy Versusneg, so as to take into account also the steep rgeriped in the Appendix. The theoretical curve closely follows
gion occurring fom.q = n s, which is strongly affected by the the experimental points in the region of maximum slope, which
ordinary refractive index change. Otherwise, if only the posjs mostly responsible for the reconstructeg value, and also
tions of maxima and minima are considered for the optical Pgredicts very well the spacing between the interference peaks,
rameters reconstruction [8], [9], all the information included i?nainly due to the optical depth-7  of the light inside the film.
this region are lost, and the accuracy in the determination ©f, the contrary, the amplitude of the interference peaks is not
ns becomes strongly dependent on the fringes sharpness, whighyel| fitted, very likely owing to some disagreement with the
cannot be resolved experimentally with sufficient precision. rea| index profile shape, less sharp than the step-like assumed
one.
IIl. M EASUREMENTMETHOD AND EXPERIMENTAL RESULTS The values of the best fitting parameters are the following:

The gxperimental setup close_ly resemb_les t_hat normally gsed w = 1.446 um ny = 2.2549 S =0.028 um.
for m-lines spectroscopy, and is shown in Fig. 4. The prism
is firmly pressed onto the waveguide which is mounted onBy repeating the measurement with different coupling con-
motor-driven stage allowing both translation and rotation. Thdétions, the above values are found to be reproducible within
beam splitter and photodetector 1 are used to find the orth@&yo05 ;m for w and 0.0001 fom ;. The main reason for this
onality condition between the laser beam and the prism inpuicertainty in the reconstructed optical parameters is likely to
face, which is the reference condition for the following rotacome from the experimental error on the power measurements.
tions. Once this condition is found, the prism—waveguide efieo verify this assumption, standard statistical techniques were
semble is rotated as long as the laser beam impinges on &pplied. The nonlinear relation giving the transmitted power
prism at an angle such thafy = n,, which corresponds to the £, at eachn.g, for any set of parameters, n;, and S,
cutoff condition for radiation modes. The prism is then rotatdths been linearized by performing a Taylor expansion in
step by step and the power coupled into radiation modes exitiogrrespondence of the best fitting parameters reported above.
the substrate is collected by photodetector 2. At each step, tha 5% uncertainty in the power measurements is assumed,
prism—waveguide ensemble is translated until the best coupliwgich is a slight overestimate of our actual experimental error,
efficiency is achieved, so as to keep the coupling conditions cgr accuracy of 0.00xm onw and 0.0001 om; is found.
timized during the angular scanning. To maximize the amplitudetually, the discrepancy between the experimental points and
of the scanning and thus to obtain a significant number of expdine best fitting curve in Fig. 5 is in some regions greater than the
imental points for the index profile reconstruction, it is neceglaimed uncertainty in the power measurements; this is mainly
sary to place the prism very close to the output face of the wawdie to the assumption of a step-index ordinary profile, which
guide, thus avoiding unwanted reflection of radiation modes @indeed an approximation of the real index profile. Thus the
the lower edge of the output face. reported accuracy does not include the error due to the slightly

The method has been applied to the determination of the different index-profile shape, but refers to the reconstruction of
dinary index profile of a PE waveguide, which, as previouslhe parameters of the best suited step-index profile, this being,
stated, is assumed to be step-like. The experimental curvenatvever, the generally accepted approximation, sufficient in
A = 0.633um of the power coupled into radiation modes amost of the applications discussed in Section I.
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It is worth noting that the accuracy of the method is not sig- A, B
nificantly affected by an imprecise knowledge of the substrate 9
refractive index: ;. Indeedyn , comes into play in the Fresnel co-
efficients at the film—substrate and air—substrate interfaces, and S A,B, gap
contributes only to the fringes visibility. Thus an imprecision XL

w

b prism

on then, value of the order of 0.0002 [14], which is our case, 9, B film
results in negligible variations of the reconstructed optical pa-
rameters. On the contrary, when the ordinary refractive index y z %\ sub.

changeAn = ny — n, is determined, the accuracy on thg \a,

value has to be considered and th? resulting accuragynos Fig. 6. Rays scheme of electromagnetic fields in a prism-coupling system in
0.00022. In the end, when evaluatidg. for the above wave- the case of an incident plane wave.

guide, a value 0f-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 standatelines spectroscopy at
different wavelengths. Starting form the experimental values of
then.g of the extraordinary guided modes, the optical parame- \\
ters of the extraordinary index profile at different wavelengths (@) A
have been determined, and a mean value of the depth has been \
calculated, equal to 1.442m, which is in agreement with B,
the above reported value obtained starting from the ordinary
refractive index profile within the experimental errors.

Itis worth pointing out that the overall accuracy of the method
further increases for deeper waveguides, while it gets lower in B, "
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 Il radiation modes is appreciably .

lower, so that a steeper transition region between the two types (b)

grslg'?r!riﬂggorzogfe; Oiicggsl’],i:\?ezw?:eLJ?tcheeC:‘rlr?OIr:ég.O?/;iindta R? E%r 7. Fields amplitudes involved i’n the calculation of {g) , = A’ /A,
. £ " . ore, owing 10 &gy, = 47/4; and (b)r,_; = A%/B;.

higher depth, the optical path length of the light inside the film

is increased, and the cur¥g,,; versusn.g exhibits many more . L )

interference peaks (see again Fig. 3), that concur to a more |ggl_ex (_)f th_e coupled radlf';_\tlon mo@.ﬁeﬂ) approac_hes the film

curate determination aof». On the contrary, if the waveguiderefrac_t'vg |nde>§ %) and i) an oscillatory behavior when the

is very thin, the transition between type | and type Il radiatioﬁﬁect've index is Iqwer than,;. Both features are_stro.ngly de-

modes becomes smooth, and the interference peaks disapﬁeﬂgenton the optical parame.te.rs of the waveguide film, so that,

In this case, to obtain a fast and reliable convergence of the le {neans of a least squares fitting of the expected curve to the

squares fitting procedure, it is necessary to limit the fitting tgxperlmental points, an accuracy of 0.0001 in the determination

three parameters only, i.ev, n ¢, and the scaling factor, by as-of th_e or_dinary film_ refractive_ index and of 0.0(/)5n_ in the de-
suming a reasonable value f8r This simplification results in a termination of the index profile depth can be achieved.
lower accuracy, but, as it will be described in a future paper [15],
still sufficient for a satisfactory characterization of a waveguide APPENDIX
single mode down to the ultraviolet (UV) spectral range. To determine the relationship,.; versusn.g, we first de-
termine P, versusn.g 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
A method for the accurate determination of the optical parani,; to P, through the Fresnel coefficients. To this aim, the di-
eters of the ordinary refractive index profile of PE waveguidedectric structure of the prism-coupling system is considered as
is presented and discussed. The method exploits the dependanfoeir layers structure like that reported in Fig. 6. The different
of the behavior of the power coupled into the radiation moddayers correspond to prism, gap, film and substrate, hereafter de-
and thus of the poweF,,; exiting the substrate, on the effectivenoted byp, g, f, ands subscripts respectively. When coupling
indices of the radiation modes themselves. The curve relatiaglinary light in PE films, the refractive indices of the layers are
P,y t0 neg exhibits i) a sharp slope change when the effectivaich thatr, > ns, > ny > ng.

IV. CONCLUSIONS
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Fig. 8. Scheme of the different contributions to the substrate fieldvhen the overall coupling region length is considered.

A plane wave impinging on the prism—gap interface at agffects described in Section Il. These two fields are determined
angle 6,,, being partially reflected and partially transmittedy applying the boundary conditions for both electric and mag-
through the air gap, gives rise to waves propagating in the filnetic fieldsZ, and 4 at the different interfaces
and in the substrate. For transverse electric (TE) polarization,

which is the case of the measurements here reported, the Eyple =w+S5) =Ey 4(z=w+5)
complex electric field in then-layer(m = p, g, f, s)is [12] H, (z=w+8)=H, ;(t=w+15)
. . . Ey o(x = w) =Ey ¢(z = w)
Ey m = [Am exp(i9mx) + By, exp(—iymx)] exp ('L(wt—ﬁz()]?) H. j(z =w)=H. j(z =)
wherez, z is the reference axes reported in Fig6is tem- E, f(x=0)=E, ;(x=0)
poral frequency,.., B,, are amplitudes of downward and up- H. fj(x=0)=H. .(r=0) 2

ward propagating plane waves respectively (wWith= 0); 5 = _ ) . .
kon, sin 6, is the propagation constant of the coupled modith Hz, 1 = (1/wp)(9E,,1/0x), in accordance with Maxwell
andv,, = koy/n2, — nZ, is the transverse wave-vector com&duations since the-dependence is negligible in planar waveg-
ponent (withky = free-eépace wave-number angd; = 3/ko). u|de§. By solving (2.) W'th. respegt tds, taking into apcqunt
The choice of the anglé, fixes bothy3 and~,., and hence also the fields of the configuration of Fig. 7(a), the transmission co-
o P _ ! _ ! ! H
the field shapes in the different layers. Whégris such that type efficients, ; = _Af/AP andt;_, = A.S/Af are obtained.
| radiation modes are coupled(imaginary andy;, . real), Likewise, if the fields of the configuration of Fig. 7 (b) are

the electric field profile is evanescent in the gap and oscillatoanS'd_eiZ?'éhe _?r(])lutmn O];f.(z.) gives the rzﬂzctlon Toelfflme;:t
in the film and in the substrate, while when type Il radiatioh/—/ = “7/B- These coefficients are needed to calculate the

modes are coupledy{, ; imaginary andy, real), the electric coupled power inside the substrdtg To this end, the coupling
field is oscillatory onI;/ in the substrate resgiOn ’ region is divided inte intervals having length equal to the pe-
To determine the coupling efficiency of type | and type I[iod pf the zig-_zag path of Iight reflgcting back and forth inside
radiation modes, the calculation df, as a function of4,, is the film (see Flg. S)' BY denoting W”fﬁf the angle between the
needed. The latter is related to the powgrincident on the ray propagation direction and theaxis, n results equal td./d

coupling reaion by the well-known relationshi with d = 2w - tan 8, andtan 8; = 3/+v;. The A, field ampli-
upling regi y w W I 'P tude in theith interval can then be related to the incident field

A, and to theB; field of the (i — 1)th interval by means of the
equations

Ay = /2P, /eqen, L cos 6,D

where L and D are length and width of the coupling region, (As)" =7;_§(Bs) " +t,_;A,

respectively, andy andc are vacuum dielectric permittivity and (Ag) =t o(Af)

light speed. For the calculation of, as a function of4,, it is 3

necessary to analyze separately the two types of radiation maggich can be recursively solved by imposing the initial condi-
Type | Radiation Modeswith reference to Fig. 7(a) and (b),tion (B,)° = 0. Once the substrate field amplitudes, )’ are

A, is given by the sum oft’, due to the field4,, incident at the determined in all the intervals, the coupled power is calculated

prism—gap interface and transmitted through the air gap towaslthe sum of the powers carried by eéeh)’ field

the substrate, and’, due to the fieldB, already coupled into "

the film and reflected at the film—gap interface back into the sub- P, = (Ddcos#,) - Z {%Eocns [(4.)] 2} 4)

strate.A, and A’ are the fields responsible of the interference r]

with i=1,2,...,(n+1)
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whereD is the width of the coupling region arfd is the angle  [6] L. W. Walpita, “Solution for planar optical waveguide equations by se-
formed by the ray propagation direction in the substrate with lecting zero elements in a characteristic matrik,Opt. Soc. Amewol.

2, pp. 595-602, 1985.

respect to the-axis (an 6, = B/v.). _ [7] K. EI Hadi, P. Baldi, M. P. De Micheli, D. B. Ostrowsky, Y. N. Kork-
Type Il Radiation Modesthe determination of’, is more ishko, V. A. Fedorov, and A. V. Kondrat'ev, “Ordinary and extraordi-

straightforward owing to the lack of multiple reflections of the ~ nary waveguides realized by reverse proton exchange on LiTa0pt.

light inside the film. It is sufficient to solve (2) with reference to 8

Commun,.vol. 140, pp. 23-26, 1997.
] P. J. Chandler, F. Lama, P. D. Townsend, and L. Zhang, “Analysis of

the Fig. 7(a) configuration of fields, taking into account that doped layer step waveguides using dark moddsEE J. Lightwave
is no longer real but is imaginary. In this case, only one trans-__ Technol. vol. 8, pp. 917-920, 1990.

mission coefficient is determined,_, = A,/A,, giving the

9] J. Olivares, M. A. Diaz-Garcia, and J. M. Cabrera, “Direct measurement
of ordinary refractive index of proton exchanged LiNb®aveguides,”

relationship between the substrate field and the incident field,  Opt. Commun.vol. 92, pp. 40-44, 1992.
so thatP, results to be [10] P. K. Tien and R. Ulrich, “Theory of prism-film coupler and thin-film

with A; = ¢,_;A4, depending on the.g of the coupled radia- [12]

light guides,”J. Opt. Soc. Amenvol. 60, pp. 1325-1337, 1970.
[11] J. F. Offersgaard, T. Veng, and T. Skettrup, “Accurate method for de-
P, =(DLcosby) - %EocnS(AS)2 (5) termining the refractive-index profiles of planar waveguides in uniaxial
media with the optical axis normal to the surfacagpl. Opt, vol. 35,
pp. 2602—-2609, 1996.
D. Marcuse;Theory of Dielectric Optical WaveguidesNew York and

tion mode. London: Academic, 1974, pp. 19-30. _
By using (4) and (5), respectively, for type | and type Il radi- [13] R. Ramponi, M. Marangoni, R. Osellame, and V. Russo, “Use of radia-

ation modes, and, as already stated, by taking into account the

tion and hybrid modes to increase the accuracy in the determination of
the refractive indices of rutile Appl. Opt, vol. 39, pp. 1-6, 2000.

Fresnel coefficient relatingy, to P, the full behavior off,; [14] G.J. Edwards and M. Lawrence, “A temperature-dependent dispersion
Versusn.g is determined. equation for congruently grown lithium niobatedpt. Quantum Elec-

(1]

(2]

tron., vol. 16, pp. 373-374, 1984.
[15] R.Ramponi, M. Marangoni, R. Osellame, and V. Russo, to be published.
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