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Beam propagation in Cu*-Na* ion exchange channel waveguides
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We employ the fast Fourier transform beam propagation method to simulate the propagation of light in graded index channel waveguides,
these have been obtained by solid state diffusion of copper ions in soda-lime glass substrates. Longitudinal propagation has been simulated,
the input light beam has a gaussian profile. Two cases have been analyzed, in the first, the Gaussian beam is colinear center to center with
respect to waveguide; in the second, a small lateral offsct and angular tilt have been introduced. Modal beating and bending effects have been
founded. We have proven the validity of our numerical results in detailed comparison with experimental data.
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Se ha empleado el método de propagacién de haces por la transformada rdpida de Fouricr para simular la propagacién de la luz en guias de
onda de indice de gradiente. Estas han sido fabricadas por difusién de ioncs de cobre en estado s6lido en substratos de vidrios sédico-célcicos.
Se han simulado dos casos; el primero, el perfil de luz de entrada, que es gaussiano, es colineal centro a centro respecto al centro de la gufa
de ondas: el segundo, se ha dado un pequefio corrimiento lateral y una inclinacién angular. Como consecuencia de los casos anteriores se ha

observado efectos de batimiento modal. Los resultados de 1a simulacién se han validado con resultados experimentales.

Descriptores: fndice de gradiente; gufas de onda angostas; FFT-BPM: método de propagacion de haces

PACS: 42.82.E; 42.79.Ry; 43.82.Et; 42.82.Cr; 07.05.Tp

1. Introduction

Ion exchanged glass waveguides play an important role in de-
velopment of passive integrated optical components for fiber-
optic communications and optical sensors [1, 2]. It is of great
importance to have powerful and flexible tools of analysis
to design, simulate and optimize dielectric structures. Nume-
rical techniques must generally be employed to investigate
light propagation in such devices. The most popular appro-
ach is a spectral procedure known as the beam propagation
method (BPM) [3].

Optical waveguide problems are typically divided into
two distinct classes. For waveguides, whose cross sectional
dimensions and index profiles do not vary along the direction
of propagation, called z-invariant waveguides, optical propa-
gation can be described in terms of normal optical modes.
The simplest method for these waveguides is the so-called ef-
fective index method [4]. For waveguides geometries varying
along the propagation direction, called z-variant waveguides
structures, general modeling tools are BPMs [5].

The BPM is now widely accepted as one of the most po-
werful methods for analyzing waveguides, because the cal-
culation of optical fields using the BPM is almost always
successful and for certain problems it is the only way to ob-
tain the results [6, 7]. The BPM is a stepwise algorithm, con-
sisting essentially of replacing the optical propagation in an
inhomogeneous and/or nonlinear medium by a beam propa-
gation through a sequence of homogeneous thin layers with
phase/polarization correction after each layer. These correc-

tions introduce the entire information about optical nonuni-
formity and nonlinearity of a layer by a single phase and
polarization correction. The first BPM includes essentially
the fast Fourier transform to convert the optical field from
the coordinate to space frequencies domain and back. Nowa-
days this version is known as FFT-BPM. Afterwards, anot-
her BPMs, such as finite difference (FD-BPM) and finite ele-
ments (FE-BPM) were developed [8, 9]. In the past BPM has
limited to solving the scalar wave equation, but it was exten-
ded recently to solve the vector wave equation that allows the
analysis of the polarization evolution in linear and nonlinear
medium [10-12].

A lot of works on modeling rib waveguides have been re-
alized, which are based on FE-BPM ([13-15] and FD-BPM
algorithms [3,4,9, 13, 16-24], and yet are continuously in-
novated. However, much less work has been done on gradient
index waveguides and, in particular, it has not been made a
comparison between experimental and modeling results. In
this paper, we present the results on a numerical simulation of
the light propagation in a single-mode and multi-mode chan-
nel graded index waveguides. We compare this results with
the results of our experiments. The paper is organized in three
main parts (following the introduction): in Sec. 2, the emplo-
yed numerical method is discussed. In Sec. 3 the ion diffu-
sion process involved in waveguide fabrication is described.
Section 4 includes a comparison between our numerical and
experimental results. Finally, we present the conclusions for
our work in Sec. 5.
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2. Numerical method

In this paper we take forward light propagation through a gra-
ded index channel waveguide, they were fabricated in glass
substrates by thermal diffusion assisted by electric field [25].
These are weakly guided waveguides and can be properly
described by two-dimensional BPM algorithm [7, 26]. More-
over, recent studies on rib waveguides show that, for practi-
cal purpose, the scalar solutions with polarization corrections
are just as accurate as the vectorial solutions obtained from
the finite element and finite difference methods. That is why
the scalar analysis, with polarization correction if necessary,
turns out to be the most economical approach to meet most
of needs in modeling passive integrated optics [6].

The calculation starts with the definition of the input wa-
ve distribution, E(z,0), in a plane at the device input facet,
given as field values in discrete grid points. The coordinate
system is defined such that z is the light propagation direc-
tion, i.e. the longitudinal direction, and z is the transverse
direction. Then the kernel of FFT-BPM is executed including
the following steps:

a) The angular spectra is multiplied by propagator P, that
corresponds to the wave propagation on half of the in-
terval, Az /2.

b) The angular spectra is transformed back into position
space.

c) The phase is corrected by multiplied on a coordinate
space operator ®.

d) The optical field is transformed into angular spectra.

¢) The angular spectra is propagated by second half step,
Az/2, the calculation is repeated stepwise.

An expression that relates the optical fields at two planes
separated by the distance Az, can be written in an operatorial
form as

E(z,z + Az) = F"'PF®F~'PFE(z,z), ¢))]

where E(z, z) represents the electric field in cartesian spatial
coordinates; F and F~! are, respectively, the operators of di-
rect and inverse fast Fourier transform. Operator P allows to
calculate the effect of the light propagation through the uni-
form media with a constant refractive index n,. This opera-
tor becomes a simple phase factor in the domain of the spatial
frequencies. The operator ¢ is to introduce a phase correction
taking into account the variation of the refractive index. It ta-
kes a form of phase factor in the coordinate domain [7,27].
Both operators are defined as follows:
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where dn denotes the variation of the refractive index, n, is
the reference refractive index, k = 2mng,/A is the wavenum-
ber and k, is the length of the transverse component of the
wavevector.

Because inherent nature of FFT algorithm, in order to
avoid that the optical field that reaches the edge of the com-
putational window in transverse direction be folded back to
the opposite edge of the window, causing high-frequency nu-
merical instabilities, we have used the method of a smooth
absorber function at each propagation step [28].

3. Waveguide fabrication

The waveguides were fabricated by an electric-field assisted
Cut-Na't ion exchange in soda-lime glass substrate. Cor-
ning 2947 glass substrates was selected because they have
an elevated percentage of sodium (~15% wt.), which fa-
cilitate Cut-Na* ion exchange. In this process, both ca-
tions that exchange each other are network modifiers. The
ionic radius for Cut is 0.96 A which is similar to the Na*
of 0.95 A [29]. As a result, the basic glass structure almost
does not suffer a perturbation due to ion exchange, while the
glass refractive index is modified. The change in refractive
index is taken to be proportional to the Cu™t concentration
induced into the glass, which in turn is proportional to the
initial condition of Na*.

Such as mentioned above, the refraction index maximum
increment should be much small to substrate refractive index,
that is the weakly guiding condition, which is important for
an implementation of BPM. Mathematically is described as
follows:
ng — n?

)
L)

<L (4)

Glass substrates used in our experiment have a refractive
index of ny = 1.514, and the maximum increment in the wa-
veguide is An = 0.052 [30], then the maximum waveguide
refractive index reaches a value of n, = 1.566, substituting
these values in Eq. (4) a value of 6.98 x 10~Z is obtained,
which it is clearly much smaller than 1, and therefore the we-
akly guided condition is fulfilled [31].

A standard photolithographic technique was used to ma-
ke the mask openings in a titanium layer on the glass substra-
te. The mask contains 4 cm long and 4 pm wide lines, with
separation between adjacent lines of 100 pm. Details about
diffusion technique can be found in Ref. 30.

A copper film with thickness of approximately 1 um was
deposited on the 1 mm thick glass substrate as Cu* ion sour-
ce. To assist the diffusion an electric field of 30 V/mm was ap-
plied to the substrate during 1 hr at 623 K. After the diffusion
procedure, the end faces of the substrate were polished. Fi-
gure 1 shows a typical microphotograph of the end face with
the waveguide. The substrate was illuminated by the tungsten
lamp through the opposite end face of the substrate.

Simulation results of the copper ions diffusion process in
a glass substrate is shown in Fig. 2. This simulation [32] is
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FIGURE 1. Microphotograh of the waveguide. Its dimensions are
about 10 um width and 4 pm depth.
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FIGURE 2. Distrbution of the copper in the substrate. Contours co-
rresponds to the constant ion concentration with 100% increment.

based in following equation:

8 __ DVC
ot  C(M-1)+1

D(M-1)(VC)*+M J, VC
[C(M-1)+1]2 '

(5)

which represents a change of concentration with time in the
electric field assisted diffusion process. Here M is the ratio
of the self diffusion constant from the exchange ions, D is the
diffusion coefficient of incoming ions, C is the relative con-
centration, and J;, is the electric current density. Our principal
simulation values are D = 5.39 x 107! m%/s; M = 0.19;
C =0.89; 7(; = 100 pA/cm?; 4 pm ion source strip width
by 1 um thickness. Diffused channel waveguide and calcula-
ted contours concentration profiles are shown in Figs. 1 and 2
respectively, have good agreement in dimensions, both are
about 10 um wide by 4 um depth.

Figure 2 shows the copper concentration as a function of
the waveguide width and depth. The variation of the refrac-
tive index is proportional to the copper concentration, thus
the index variation are similar to the presented in Fig. 3. One
can see that waveguide depth is smaller than its width of ap-
proximately 2.5 times. Figure 4 shows the distribution of the
refractive index in the width direction.

4. Numerical and experimental results

In this section we present the results of an analysis of light
propagation in straight graded index channel waveguides. We
discuss three different cases. The first one is related with pro-
pagation of light in the glass substrate with two parallel chan-
nel waveguides when the whole input face of the substrate is
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FIGURE 3. Normalized ion concentration profiles in width and
depth directions.
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FIGURE 4. Refractive index variation in the width direction close
to the substrate surface.

o

FIGURE 5. Experimental setup: a) optical fiber, b) channel wave-
guide, ¢) microscopes, d) CCD camera, and e) photographic came-
ra.

illuminated by a plane wave. The second and third are dedica-
ted to analyze the light coupling and discuss the peculiarities
of the light propagation in the waveguide associated with a
mutual lateral shift and angular tilt between the coupled be-
am and channel waveguide. All three cases was numerically
realized by FFT-BPM and compared with experimental re-
sults.

Our experimental setup is shown in Fig. 5. Light of a
He-Ne laser (632.8 nm) was coupled to our waveguides
through a monomodal optical fiber. Sample and optical fiber
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FIGURE 6. White arrows indicate the emergent guided light in two
graded index channel waveguide separated 100 j«m center to center.

FIGURE 7. Image result of the simulation of light propagation in
a substrate containing two graded index channel waveguides. The
light is a plane monochromatic wavefront. Light propagates from
left to right.

were aligned using a micromechanical mount to obtain effi-
cient coupling. A microscope located above the sample was
guide. The same microscope allowed us to take the photo-
graphs of the top surface of the substrate. Another micros-
cope was used to record the images of the substrate using a
CCD camera.

Figure 6 shows a photograph of the end face of the subs-
trate, that was taken when the whole oppositc end face was
illuminated by a He-Ne laser beam. The white arrows show
the locations of the waveguide outputs, where one can sce
a bright spot formed by the guided light. Each waveguide is
surrounded by a dark area, which allows easily locating the
waveguide output.

Figure 7 presents the calculation of two-dimensional dis-
tribution of the light intensity in the xz plane. It shows how
propagating light should be seen through the top facet of the
substrate, which is illuminated by a plane monochromatic
wavefront at 632.8 nm wavelength. Propagation goes from
left to right. The substrate has two channel waveguides sepa-
rated 100 pm. Each channel waveguide has the same refracti-
ve index profile as shown in Fig. 4 and dimensions as showed
in experimental case (Fig. 6). At the beginning of the left si-
de it is possible to appreciate the diffraction light effects of
the light coupling into the channel waveguide. The light from
diffracted waves induce interference effects with light that
propagates straightforward along the substrate. In addition,
the diffracted waves suffer multiple reflections on the wave-
guides flanks, also light waves reflected in waveguides suffer
transmission of light through them and the light get out of the
image by the flanks. One can remark that waveguides can be
identified observing both horizontal thin straight lines, close
around the waveguides there are dark zones. In Fig. 7 one can

FIGURE 8. Photograph of the graded index channel waveguide.
Ligth is launched through a single mode optical fiber, which is alig-
ned for best coupling efficiency. Light propagates from right to left.

FIGURE 9. Result of the FFF-BMP simulation of light propagation
with the same of figurc conditions as in case showed in Fig. 8

see the complicated pattern of fringes because of the diffrac-
tion, multiple reflection and interference of light in the subs-
trate. In accordance with the experimental image (Fig. 6), nu-
merical simulation predicts the dark areas, which surround
each waveguide, also at waveguides flanks predicts large
stains of light.

Below we show the peculiarities of the light propagation
in the channel waveguide associated with the coupling misa-
lignment such as lateral offset and angular tilt between the
waveguide and the coupled beam.

Figure 8 is a photograph of the top surface of the subs-
trate with a straight graded index channel waveguide. Light
from a He-Ne laser was launched into the channel wavegui-

.de with the aid of a single mode fiber, which is butted to the

waveguide. Waveguide and optical fiber were aligned for the
most efficient coupling for to have almost none lateral shifts
and angular tilt.

Figure 9 shows the result of FFT-BPM simulation of the
light propagation in a channel waveguide with the same re-
fractive index profile as we had in our experimental samples.
In the input plane of the waveguide, light had a Gaussian pro-
file with a waist diameter of 8 ym, and neither lateral off-
set and angular tilt. Experimental and numerical simulation
shown the periodical intensity variation along the waveguide
that should be explained as a mode beating effect: the pe-
riodical variation in transverse intensity distribution caused
by phase shift between the propagating modes. When two
mode propagates in the waveguide, the spatial period of in-
tensity variation, the mode beat length b, equals to the dis-
tance where these modes accumulate the 27-phase shift, and
b= 2m/(k, —k,), where k, and k, are the propagation cons-
tants. An unevenness or roughness in the waveguide can le-
ad to optical losses due to scattering. In good quality optical
material, such scattering centers are usually only found at the
boundaries of the waveguide. At an uneven waveguide edge,
the optical field will see irregular changes in refractive index
and thus have a portion of the mode scattered out of the wa-
veguide [33]. This allows to assume that the Fig. 8 shows the
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FIGURE 10. Photograph of the graded index channel waveguide
propagating light at 632.8 nm. At left it is posible to sce a optical
fiber that has a lateral offsct with respect to channel waveguide.

FIGURE 11. Results of the FFT-BMP simulation of light propaga-
tion with same figure conditions as in case showed in Fig. 11.

beating of the low-order modes HEy, and HE,;. Experi-
ment shows that the beat length is b = 36 pm that gives
Ak = k; — ky = 174.5 mm~!. The data of Ref. 30 sup-
port our assumption that Fig. 8 shows the beating between the
lowest index modes. In this work the propagation constants
have been measured at same wavelength and for the channel
waveguides fabricated with the same technique as we used
for our experimental samples. According to this work the beat
length for lowest modes is 27.5 um, whereas the beat length
is 13 um for the beating of the HE, and HE,; modes.

Figure 10 ghows a photograph of the top surface pro-
pagation through a channel waveguide, it was taken when
light was launched into waveguide with a lateral offset
of ~1-2 um. On the left side of the photograph, it is pos-
sible to observe the substrate end surface and the output end
of the optical fiber butted to the substrate.

Figure 11 presents the results of the FFT-BPM simulation
similar to Fig. 9 but for 1 um lateral offset and 1° angular tilt
of the gaussian beam witch is coupled to the waveguide. The
main difference between Figs. 10 and 11, and the previously
discussed (Figs. 8 and 9), is a sinusoidal bending of the light
trajectory in the waveguide. This effect should be attributed
to the modal beating but in this case to the beating between
EH,, and EH,; modes whereas the periodical variation of the
intensity of scattered light has been attributed to the beating
of EHy, and EH,, modes. The measurement of the bending
period gives the beat length of approximately 120 um, which
corresponds to Ak = 53 mm~!.

Our experiments show that our graded index waveguides
support a multimode propagation at A = 632.8 nm. The re-
sults of the numerical FFT-BPM simulation for longer wave-
lengths are shown in Fig. 12. One can see that the modal beat

FIGURE 12. Results of the numerical simulation of the light pro-
pagation at the following wavelights: a) 850 nm, b) 1300 nm, and
¢) 1550 nm.

length increases with wavelength, thus Ak decreases as it is
predicted by theory [34]. The mode beating is not observed at
A = 1550 nm. Therefore the waveguide supports the single
mode propagation at that wavelength.

5. Conclusions

We have presented the results of the experimental and nume-
rical investigation of the light propagation in the graded index
channel waveguides. The samples for our experiments were
fabricated by solid state diffusion of copper in glass substra-
tes. The waveguides’ index profile was calculated by solving
numerically the equation for the ion exchange. These data ha-
ve been used in numerical simulation of the light propagation
by FFT-BPM. Our numerical results are in concordance with
the experimental data and have allowed the analysis of the
light propagation in the glass substrate with the waveguides
as well as mode beating effects in the waveguides. We have
observed experimentally the mode beating effects in the wa-
veguides. We have observed experimentally the mode beating
as periodical variation of the intensity scattered in the wave-
guide and as a spatial bending of the light trajectory. We used
the numerical simulation to study the transition between the
multimode and single mode operation of the waveguide with
the wavelength increase. We have shown that waveguides are
single mode at A = 1550 nm.
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