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Abstract—A nondestructive technique for the reconstruction of number of the modes is low (e.g., single-mode waveguides) the
refractive index profiles in planar waveguides is presented and an- reconstruction, using effective indexes measurements, becomes
alyzed. The approach is based on the integral scattering equations, very difficult. In order to overcome this limitation, new tech-

which permit to relate the refractive index of an inhomogeneous . Ki f binati f the effective ind
layer to the reflected field intensity at different incidence angles. niques making use ot a combination ot the etieclive Indexes

From this formulation, an iterative algorithm is developed, suchas measured for both mode types [transverse electric (TE) and
at each iteration step the problem is formulated as the minimiza- transverse magnetic (TM)] and multiple wavelength methods,
tion of a functional representing the error between the measure- have been proposed; nevertheless, they have the disadvantage
ments and the model data. The recovered profile is then used to of requiring the knowledge of the dispersion properties of the

improve the validity of the approximation in performing the next . . . .
step. In this approach, the unknown index profile is represented waveguide substrate, as well as the dispersion properties of the

as the sum of a finite series of basis functions avoiding to seleat coupling prism used to measure of the effective indexes [5].
priori the particular functional form (e.g., Gaussian function, com- In this paper, a nondestructive technique for the reconstruc-
plementary error function, etc). The practical effectiveness of this tion of index profile in single- or multimode dielectric planar
approach is demonstrated by numerically simulating the measure- yayequides is presented and analyzed in detail. This technique
ments for different planar waveguides. The influence of measure- . L .
ment uncertainty and noise on the stability of the technique is also aHOWS. t_he reconstruction of the refraCt'Ve. index profile of
evaluated. nonguiding structures as well, so representing a powerful tool
in the characterization of the fabrication processes.

The approach is based on the scattering integral equations. In
particular we expand the scattered field intensity in a power se-
|. INTRODUCTION ries about the reference profile and stop the series to the first-

HE CHARACTERIZATION of the refractive index pro- order term. This perm_its to linearly relate_the field ir_1tensity re-

files of planar waveguides has a fundamental importan}gCteOI _by the wav_egwde to the refractive |_ndex proflle. S_tartmg
for the determination of their optical properties. In fact, fe rom th's_ formulation a Nevvtqn—Kantorowtch type iterative _al-
tures such as band-width, mode pattern and coupling efficier® ithm is developed [.10]2 D|ﬁgrently from the reconstrL_Jctmn
are related to the refractive index profile. Refractive index pr _ethgds u_sually used in diffraction tomogra_phy, as the distorted
filing also permits to study the “physics” of the waveguide orn iterative method (DBIM) [11], [12], which needs both the

fabrication process and to develop adequate analytical procgg%)oliIUde. an(ihphlilse Olf (tjhe refflte;t(?q If(;e'ldt, thi‘?’t nev¥| apip:jogch
models useful to relate the process itself to the optical paral Vly requires the knowledge ot he field intensily retiected by
eters. Several methods have been developed in order to de g_sample, immersed in a suitable matching liquid, at different

mine the waveguide refractive index: transmitted near-field iﬁl_ngles. At each iteration step the problem is formulated as the

tensity profiles [1]-[3], the measurements of effective indeX‘;J“ginimization of a quadratic functional representing the error be-

(“m-lines”) [4]-[7], interferometric methods [8]. Recently, theween the measurements and the model data, the recovered pro-

ellipsometry has also been successfully employed, howeveﬁjl(?aiS hence used to improve the validity of the approxi_m_at_ion

good agreement withv#i-lines” method has been found only atand to perform the next step. In order to carry out the minimiza-

depths above 0.5-0,6m [9] tion, the unknown refractive index profile is expressed as the
Among these, the most widely used are the effective indesadm of a finite number of polynomials. The choice of the above

measurements with different reconstruction algorithms: inverggproach has two advantages: first it does not require to fix in

Wentzel—Kramers—Brillouin (IWKB) [4], [5], finite differences advance the analytical form (e.g., Gaussian function, error func-

methods [6], reflectivity methods [7]. However, when thdion, etc.) [13] of the refractive index profile and it can be done
’ ' without the need of a large number of unknowns, as usually hap-

pens when step functions are used (multilayer modeling) [12].
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Because the scattered field depends on the product between
the contrast functiory and the total fieldE' [see (3)], and the
latter depends also on the contrast [see (5)], the relation between
the contrast function and the scattered field is nonlinear and dif-
ficult to solve. However, ify(z) < nj}(z) (weak scattering ap-
proximation) it can be linearized by approximating the total in-
ternal field byE;, [14], so that (3) may be rewritten as

L
E,(70)= E,(z;0) = ké/o G(z,7;0)x(Z ) Eun(2';0)d.
(6)

v The last equation establishes alinear relationship between the
scattered field (in the so-called distorted Born approximation)
Fig. 1. Geometry of the problem. and the refractive index profile, and it has been widely used
[14] in order to reconstruct the refractive index starting from
Il. THE SCATTERING INTEGRAL EQUATIONS the knowledge ofF, at different wavelengths and/or different

The waveguide considered is depicted in Fig. 1. It is imdlrecuons of incident field. However, the weak scattering ap-

mersed in a matching liquid with a refractive index The sub- proximation poses limits both on the difference between the re-

. o fractive index profile and the reference profile and on its size
strate and waveguide refractive indexesarandn(z), respec- L . . .
. . , "=~ [15]. In order to overcome these limits, several linear iterative
tively. The waveguide is illuminated, from an andlearying in

T o . techniques have been developed in literature [11], [12]. In par-
the set® = [f.in, fimax], by @ plane waver; with the electric ticular, the distorted Born iterative method (DBIM), “equiva-

field vector perpendicular to the plane of incidence and WavEs i the Newton—Kantorovitch method [16], has been used
ler_ﬁfg )r\e(;rnag:i?/:iancﬁeuxm)r.ofile can be expressed as the su erf%r_the reconstruction of nonweak scattering profiles [12]. How-

. Pr P o P Bver, the reconstruction methods usually used in diffraction to-
§|t|on of areference proﬂleb(z), also called background_pro— mography (DBIM, etc.) [11], [12], [16] require the knowledge
gls’ and a perturbatiory; called "contrast function,” defined of the reflected fieldE,, this implies that both amplitude and

phase of the field must be measured. These requirements have
x(2) = n%(2) — n3(z). (1) Ii_mited the prqctical applica_tion ofdiffraction tomography atop-
tical frequencies. In fact, this requires methods quite complicate
The total electric fieldw, reflected at a fixed distancecan be from an experimental point of view [17], although the phase of
written as the sum of two contributions: the field reflected by thie scattered field at optical wavelength can be indirectly mea-
reference profilef, and the field reflected by the perturbationsured. In order to overcome these disadvantages we have devel-

z

called “scattered field’E, oped a new technique that requires only the knowledge of the
_ _ B B reflected field intensity.
E.(z,0) = Ey(z;0) + E;(z;0) z<0. )
Using the integral formulation of the scattering, can be ex- Ill. RECONSTRUCTIONMETHOD
pressed as [14]: Let us consider the total intensity reflected by the sample

E.(%6) = k2 /L Gz, 0)x(E(Z;0)dr @)  10)=|E.(0)]* = B, (0) + E,(0)
0 = [Ey(0)] + 2 Re{ E,(0) 5 (0) E; ()} + | Eo()

wherek, = 27 /X is the wavenumber of the vacuui(z, z’; 6) )

is the Green'’s function, that is the solution of following equation

[14]: whereRe{-} denotes the real part of the corresponding complex
92, ' 6) argument.

952 +n2(2)k2G(2,7:0) = =6(z— 7)) (4) If x() < nj(z), whichimplies to assume that the waveguide
% is a weak perturbation with respect to the reference profile, we
andE is the total field inside the waveguide and the substratean approximaté’, with the scattered field,; in the distorted
depending upon the contragtaccording to the equation [14] Born approximation given by (6). Substitutidgy = E.; in (7)
, , and neglecting the second-order term [the third term of left-hand
E(20) = En(<:0) side of (7)] we obtain

L
+k§/ G, 2" 0)x(z"YE(Z";0) dz"
0
0<2<L (5

1(0) = |[Ey(0)]? + 2Re{E,(0)E; (6)}. (8)

This expression represents a linear approximation of the re-
E;, being the field inside the structure when only the referendlected field intensity and can also be obtained by a direct lin-
profile exists. earization of the operator (7) through its expansion in a power
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series about the reference profile and stopping the series to At each step, we have to find the solution of a linear system
the first-order term. of equations
Equation (8) permits to linearly relate the refractive index u
rofile to the reflected intensity and can be used in order to 9 .
rpeconstruct the refractive indexyprofile from the knowledge of L = [Ey(#:)] + 2Re{ Z Y (6:) By (ei)} (12)
the reflected intensity. However, the weak perturbation poses
limits on the reconstructable profiles similar to the ones pos@dere
by the distorted Born approximation. So a method just based d 7 —df2
on the solution of (8) is not reasonable for dielectric waveguidey,, (6;) = k%/ G(z,2';0,)Ein(#;6;) P, <—) dz
characterization. 0 d/2
Starting from these considerations a Newton—Kantorovitch (13)

type algorithm has been developed. The iterative algorit%ereh being the field intensity samples, takenfétdifferent
starts from an initial reference profile and solve (8), the SOIUtioéthesﬂ inthe Se® = [Bin, Bmax], With N > M. The number

fpund_is then used to imprave the reference profile for the ney independent measuremeti¥s useful for the reconstruction,
linearization and so on. can be estimated following the analysis performed in [22].

'390&“39 n@ priori assumpt|o_ns are made on t_he unknown The solution of the system (12) is searched, in a least-squares
profile, we can choose, as starting reference profile, the refr%%—nse as the minimum of the following functional:
tive index profile existing before the waveguide fabrication ’ '

m=0

N
B (Fi(a) — I;)?
ng 2<0 e= Z I (14)
mo(z) =< ns 0<2z< L. 9) =1
ny z>1L wherea = (ag,a1,...,ap) and

However, it must be underlined that in practical cases the sub- ) M .
strate thickness falls usually in the millimeter range and the two £#(@) = [Es(6:)|” + 2Re Z @Y (0:) By (6:) 0 - (15)
substrate surfaces are not perfectly parallel to each other [18]. m=0
This means that, unless time consuming and complicate fabrigae functionakb represents the “distance” between the field in-
tion procedure are followed, the substrate cannot be regardedassity samples and the calculated one for an estimated contrast
a Fabry—Perot interferometer. In the above situation, the infiniggofile .
series of reflections coming from the backside of the substrateThe recovered contrast profilg is used to update the refer-
does not emerge at the same angle as the reflection coming fremge profile
the front surface [19]. A suitable detection apparatus (see Fig. 4)
can easily filter out tho_s_e §tr_ay beams, so that the substrate can ne1(2) = A/n25(2) + x1(2). (16)
be regarded as a semi-infinite.
The hypothesis of a semi-infinite substrate leads to assuifige updated reference profile is used to perform a new lineariza-
the following reference profile: tion of the operator (7) and calculate the Green’s function and
internal total field to be used in the next step [see (6)]. The pro-
n 2<0 cedure stops when the difference between two successive recov-
npo(z) = {n 2>0 " (10)  ered profiles is negligible. The flowchart of the reconstruction
T algorithm is illustrated in Fig. 2.
In this case, both the Green’s function and internal total field The advantage of this technique is that the expansion of the
have an analytical closed form [22]. unknown profile in basis functions allows to face the problem
The unknown refractive index profile is expressed as a sup#fithout fixing the shape of the doping profile itself. A polyno-
position of a finite numbef of basis functions, defined in the Mial base has been chosen in order to avoid the need of a large

regionD = [0, d] (d < L) where significant variation occurs number of unknowns as usually happens when pulse functions
are used (multilayer modeling) [12]. Furthermore, the method

o /4 is not rest_rictgd to Wave_guides, it a_IIqws the reconstruction of
x(2') = Z an P <z —d/ ) JeD (11) the refracpve index profile of _nongwdlng stru<_:tur_es as well, so
d/2 representing a powerful tool in the characterization of the fab-
rication processes.
P,, being the Legendre polynomial of order[20]. The number  Even if this approach permits to improve the reconstruction
M of the Legendre polynomials and the extensibrused in quality as compared to the Born methods [21], it presents some
the reconstruction procedure, can be “guessed” relying on timaits that are strictly related to the initial linear approximation.
a priori information about the technological process employdd fact, if the refractive index profile represents a too strong per-
to realize the profile under analysis [13]. Anyway, in order tturbation with respect to the starting reference profile, the algo-
take into account the unavoidable differences between the exam could not converge, as for the DBIM [12]. The validity of
pected profile and the actual one, the “step-by-step” proceduhe linear assumption can be improved by increasing the wave-
illustrated in [21] can be used. length (leading to a decrease of the spatial resolution) or by a

m=0
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Fig. 3. Refraction effect at the interface between the substrate and the
surrounding medium.

n,, (z)=n’ @)+, (z) of the linear approximation depends not only on the product of
the waveguide size and the refractive index difference between
the waveguide itself and the reference profile (as it occurs in
the Born approximation), but also on the refractive index dif-

Calculate G and E. ference between the substrate and the surrounding media [22].
alculate Ly and Li This can be explained by taking into account for the refraction
effect at the interface between the two media. In fact, in order to
well reconstruct an index profile, it is necessary that the angle
. of view © approaches ta /2, however the refraction at the in-
Minimize ® . . . ) -
terface can induce a drastic reduction of the “effective” angle of
view inside the substrate (see Fig. 3) [22]. The use of a matching
liquid permits to overcome this problem and a suitable choice
of it can also simplify the measurements. In fact, if the refrac-
tive index of the liquid is greater than the refractive index of the
waveguide, the “effective” angle of view approaches f@ for
Err minimized ? No © < =/2. This allows to avoid the measurements at grazing

incidence, which are difficult to perform. We would like to un-
derline that measurements with matching fluids are often per-
formed in the characterization of optoelectronic materials (see
f.i.[8], [17], [23], [24]). Regarding our propose, a practical way
to set up the experiment is shown in Fig. 4. This arrangement
allows the rotation of the sample without the realignment of the
detector, soitis particularly suitable for variable angle measure-
ments. The optical system placed in front of the detector, made
up by a couple of lenses and a field stop, guarantees an excellent
off-axis rejection, so filtering out the spurious reflections from
the backside of the substrate.

Yes

Fig. 2. Flow chart of the reconstruction algorithm.

: . _ P IV. NUMERICAL RESULTS
suitable choice of the starting reference profilegipriori in-

formation on the unknown profile are available). In this work The effectiveness of the proposed approach has been veri-
we have chosen to test the methods in the worst case assumiied, performing several reconstructions starting from synthetic
as starting reference profile, the refractive index profile existingeasurements for different waveguides, with or without noise.
before the waveguide fabrication. We suppose that the waveguide analyzed was obtained by an
Before proceeding any further, let us briefly discuss the nen-exchange process in a soda-lime glass substrate with a re-
cessity of a matching liquid. Usually, in the literature, the urfractive indexn, = 1.5115. The wavelength of the incident
known profile is supposed to be embedded in a homogenediesd is A = 0.6328 xm and the incident anglé varies in the
space (Born approximation). This means that in order to repet©® = [15°,71°]. The range of the incident angles and the
duce the above condition a suitable matching fluid, whose neamber of the sample¥ are estimated by the refraction index
fractive index is as close as possible to the one of the substrat¢éhe substrate, the refraction index of the matching liquid and
ng, IS needed [17], [23]. If we assume as the reference profilee thickness of the reconstruction regibrA detailed analysis
a nhonhomogenous space near to the true profile, the matchamgthe choice of the measurements angles and on the samples
liquid seems to be no longer necessary. However, the validitymber useful for the reconstruction is performed in [22]. As a
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Fig. 4. Proposed experimental setup.

matching liquid a mixture of bromonaphtalene and ethanol [20] In this case we chooskl = 8 andd = 2 pzm. The result of
with a refractive index; = 1.5969 is considered. the reconstruction process is depicted in Fig. 8.

In the reconstruction procedure the numbér of the Le- Successively, we apply the technique to arefractive index pro-
gendre polynomials and the extensibof the region where sig- file obtained by a K/Nat ion exchange. The analyzed profile
nificant variation occurs have been “guessed” relying onahejs
priori information about technological process employed so that )
the estimated profile can be represented by means of the polyno- n(z) = 1.5115 + 0.0084 exp<_ (i) )
mials expansion with a rms error lower than 0.01%. This allows o
to avoid the necessity of a “step-by-step” procedure [21], SO re-
ducing the computational burden. In the case of ion—exchan\efgh 7= 1'63_“m' . )
processM andd can be easily estimated from the exchange At the f:onS|dered wayelength this profile supports only one
time [13]. propagation modg. In this cask{ = 8 andd = 4 um have

The waveguides considered are chosen in order to test fgeN used (see Fig. 9 curyel).

reconstruction algorithm with different index changes and dif- N Order to show the capability of the technique in the fabri-
ferent depths, so various doping ions tC&g™, K*) are em- cation process monitoring, we consider the same ion exchange
ployed. process as above, but now the depth of the refractive index pro-

In the first example, a G¥Nat ion exchange is considered € is smaller ¢ = 0.9 um), as a consequence of a shorter

In this case complementary error function profiles are obtain§§change time. In this case we have that the profile obtained is

[13], in particular we assume as refractive index profile a nonguiding structure so it cannot be characterized with other
' 282 classical methods. The result of the reconstruction wifh= 8
n(z) = 1.5115+ 0.03 erfc<— (_) )

andd = 2.5 um, is shown in Fig. 9 curvét2. Furthermore, the
. . influence of the refractive index variation on the reflected in-
with ¢ = 1.2 um.

The result of the reconstruction process, with = 7 and tensity is also shown in Fig. 9 where, in the inset, we report the

d = 3 um, is depicted in Fig. 5. As it can be seen, the recoIiptensity profiles as function of incidence angle corresponding

structed profile agrees well with the exact one. In order to anig-P0th the analyzed refractive index profiles.

lyze the convergence characteristics of the results we have alsbinally, we analyze the influence of the measurements uncer-
performed the reconstruction changing the numb&from 3 tainty, which can limit the accuracy of the method. The prin-
up to 9. The results with/ = 3 andM = 4 are depicted in Cipal limiting factors are the knowledge of the matching liquid
Fig. 6. In Fig. 7 the mean square error versus the numbef and substrate refractive indexes, as well as the unavoidable mea-
the Legendre polynomials used in the reconstruction procedstgement noise on the reflected intensity.
is plotted. As far as the knowledge of the matching liquid refractive
In the second case, a A¢Nat ion exchange with a Gaussianindex is concerned, it is possible to measure its value, by means
profile is considered [13]. The assumed refractive index profilf commercially available high resolution refractometers, with
is an accuracy oft 2 - 1072, We have verified that this error does
22 not affect the reconstruction.
n(z) = 1.5115 + 0.085 exp <— (—) ) The problem of the substrate refractive index is slightly more
g complicate. In fact, the accuracy in the measurements of its re-
with o = 0.7 um. fractive index achievable by standard techniques is abhaut

g
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Fig. 6. Actual profile (solid line), reconstructed profile with/ = 3
polynomials (dashed line) and reconstructed profile with= 4 polynomials
(dash dotted line) for the G¢Nat waveguide.

dex

+10—*[8]. This can affect the profile reconstruction, as show2
in Fig. 10, even if its influence is not serious and the algorithr§
is stable also when the uncertainty is greater ttat.

The stability of the reconstruction algorithm against nois
presence has been verified by performing several reconstrt
tions with uniform white noise added to the simulated measur
ments. A noise level of one or two percent is reasonable f
this kind of measurements. Other authors have successfully p
formed measurements with about 2% of noise level [23]. Fu
thermore, we believe that a synchronous detection, as sugges
in the experimental configuration of Fig. 4, is able to signifi-
cantly improve the signal-to-noise ratio (SNR). In Fig. 11, the
results of the reconstructions, for the lNa™ waveguide, with
0.5%, 1%, and 2% of noise are reported.

Refract
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Actual (solid line) and reconstructed (dotted line) refractive

3 profiles for the Ag-/Nat waveguide.
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Fig. 9. Actual (solid line) and reconstructed (dotted line) refractive index
profiles for the K-/Nat waveguide (curve#1) and reconstructed profiles for
the nonguiding structure (cur#?2).
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Fig. 10. Actual profile and reconstructed profiles with a substrate refractive
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waveguide (curvetl).
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Fig. 11. Actual profile (solid line), reconstructed profile with 0, 5% noise
(dashed line), reconstructed profile with 1% noise (dash dotted line), andLél
reconstructed profile with 2% noise (dotted line) for the/Kla* waveguide.
[17]
V. CONCLUSION

A new method useful for the characterization of planar[ig]
waveguides and their fabrication processes is presented and
analyzed. The approach is based on a Newton—Kantorovitch
type iterative algorithm and requires only the knowledge ofi19]
the field intensity reflected by the sample at different angles
The method permits to reconstruct the refractive index profil
also of mono-modal waveguides and nonguiding structuregi]
without the a priori knowledge of its analytical expression.
The numerical results show that the proposed approach '[§2]
able to retrieve the refractive index profile with relatively high
accuracy and that it is stable in presence of noise.

However, the waveguides that can be analyzed with thiEB]
method should not represent a too strong perturbation wit
respect to the starting reference profile. If large waveguide
must be characterized a suitable choice of starting referen
profile is required.

20]

24
24

735

REFERENCES

D. Brooks and S. Ruschin, “Improved near-field method for refractive
index measurements of optical waveguidds’ightwave Technqlvol.

8, pp. 254-256, 1996.

M. L. von Bibra and A. Roberts, “Refractive index reconstruction of
graded-index buried channel waveguides from their mode intensities,”
J. Lightwave Technalvol. 15, pp. 1695-1699, 1997.

F. Caccavale, F. Segato, |I. Mansour, and M. Gianesin, “A finite
differences methods for the reconstruction of refractive index profile
from near-filed measurements). Lightwave Technqgl.vol. 16, pp.
1348-1353, 1998.

K. S. Chiang, “Construction of refractive-index profiles of planar di-
electric waveguide from distribution of effective indexe, Lightwave
Technol, vol. 14, pp. 385-391, 1985.

K. S. Chiang, C. L. Wong, H. P. Chan, and Y. T. Chow, “Refractive index
profiling of graded-index planar waveguide from effective indexes mea-
sured for both mode types and at different wavelengthsl'ightwave
Technol, vol. 14, pp. 827-832, 1996.

F. Caccavale, F. Gonella, G. Caneva, and |. Mansour, “Iterative simplex-
finite difference methods for characterization of optical waveguide,”
Lightwave Technalvol. 14, pp. 1825-1831, 1996.

P. Mathey, P. Jullien, and J. L. Bolzinger, “Refractive-index profile re-
constructions in planar waveguides by the WKB inverse method and
reflectivity calculations,”J. Opt. Soc. Am. Bvol. 12, pp. 1663-1670,
1995.

W. A. Ramadan, E. Fazio, and M. Bertolotti, “Measurements of the
refractive-index profile of planar waveguides by the use of a double
Lloyd’s interferometer,’Appl. Opt, vol. 35, pp. 6173-6178, 1996.

D. Tonova, A. Paneva, and B. Pantchev, “Determination of refractive
index profiles of gradient optical waveguides by ellipsomet®pt.
Commun,.vol. 150, pp. 121-125, 1998.

J. M. Ortega and W. C. Rheiboldterative Solution of Nonlinear Equa-
tions in Several Variables San Diego, CA: Academic Press, 1970, ch.
7.

W. C. Chew and Y. M. Wang, “Reconstruction of two-dimensional per-
mittivity distribution using the distorted Born iterative methotEEE
Trans. Med. Imagwvol. 9, pp. 218-225, 1990.

0. S. Haddin and E. S. Ebbini, “Imaging strongly scattering media using
a multiple frequency distorted Born iterative methodEEE Trans. Ul-
trason. Ferroelect. Freq. Conjwol. 45, pp. 1485-1496, 1998.

R. V. Ramaswamy and R. Srivastava, “lon-exchanged glass waveguides:
A review,” J. Lightwave Technalvol. 6, pp. 984-1001, 1988.

A. G. Tijhuis, Electromagnetic Inverse Profiling: Theory and Numerical
implementation Utrecht, The Netherlands: VNU Science, 1987, pp.
108-114.

M. Slaney, A. C. Kak, and L. E. Larsen, “Limitations of imaging with
first order diffraction tomography,TEEE Trans. Microwaves Theory
Tech, vol. 32, pp. 860-874, 1984.

A. Franchois and C. Pichot, “Microwave imaging complex permittivity
reconstruction with a Leveberg-Marquardt methodEEE Trans. An-
tennas Propagatvol. 45, pp. 203-215, 1997.

W. Singer, B. Dobler, H. Schreiber, K. Brenner, and B. Messerdchmidt,
“Refractive index measurements of gradient-index microlenses by
diffraction tomography,’Appl. Opt, vol. 35, pp. 2167-2171, 1996.

M. Kildemo, R. Ossikovski, and M. Stchakovsky, “Measurements of
the absorption edge of thick transparent substrates using the incoherent
reflection model and spectroscopic UV-visible-near IR ellipsometry,”
Thin Solid Films vol. 313-314, pp. 108-113, 1998.

A. H. Cook, Interference of Electromagnetic Wave®xford, U.K.:
Clarendon, 1971.

I. S. Gradshteyn and I. M. RyzhiKable of Integrals, Series, and Prod-
ucts New York: Academic, 1994.

L. Zeni, R. Bernini, and R. Pierri, “Reconstruction of doping profiles in
semiconductor materials using optical tomograpi8glid-State Elec-
tron., vol. 43, pp. 761-769, 1999.

R. Pierri, R. Persico, and R. Bernini, “Information content of Born field
scattered by an embedded slab: Multifrequency, multiview, and multifre-
guency-multiview cases,J. Opt. Soc. Amer. Avol. 16, pp. 2392—-2399,
1999.

T. C. Wedberg and J. J. Stamnes, “Experimental examination of the
quantitative imaging properties of optical diffraction tomography,”
Opt. Soc. Amer. Avol. 12, pp. 493-500, 1995.

M. H. Maleki, A. J. Devaney, and A. Schatzberg, “Tomographic recon-
struction from optical scattered intensitied,”Opt. Soc. Amer. Avol.

9, pp. 1356-1363, 1992.



736 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 5, MAY 2000

Romeo Bernini was born in 1968. He received the
degree (summa cum laude) in electronic engineerin
from the University of Naples Federico I, Italy, in
1995 and the Ph.D. degree from the Second Unive
sity of Naples, Italy, in 1999.

He is presently Research Fellow at the Secon
University of Naples. In 1999, he worked at
DIMES (Delft Institute of Microelectronics and
Submicrontechnology) Technical University of

Luigi Zeni (M’'98) was born in 1962. He received the
degree (summa cum laude) in electronic engineering
at the University of Naples, Italy, in 1988 and the
Ph.D. degree in electronics and computer science in
1992.

From 1993 to 1998 he has been research associate
at the University of Naples “Federico 11.” In 1994, he
has worked at DIMES (Delft Institute of Microelec-
tronics and Submicrontechnology) Technical Univer-
Delft, The Netherlands. His main fields of interest sity of Delft, The Netherlands, as a Visiting Scientist.
include optoelectronic devices and sensors and He has been Professor in charge of Electronics at the
nondestructive characterization of semiconductor and dielectric materials. Second University of Naples. Since 1998, he has been an Associate Professor
of Electronics at the Second University of Naples. His main fields of interest
are characterization of semiconductor materials, optoelectronic sensors and de-
vices, optical switching of power devices, and characterization of ultrashort laser
pulses.

Rocco Pierri (SM'99) is Professor at the Department
of Information Engineering of Second University
of Naples, Italy. Prior he was with the University of
Naples “Federico II.” He has been visiting scholar
in the United States at the University of lllinois
at Urbana, Harvard University, Cambridge, MA,
Northeastern University, Boston, MA, as well as
Supelec, Paris, France, and the University of Leeds,
U.K. He also lectured extensively abroad at many
universities and research centers. His scientific inter-
ests include antennas, near-field techniques, phase
retrieval, inverse scattering, subsurface sensing, electromagnetic diagnostics,
and tomography.




