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Ion-exchanged Mach-Zehnder interferometers are pro
duced in glass. The effect offabrication parameters on their
optical response in relation to their constituent components
is investigated.
Mach-Zehnder interferometers have important applica
tions in integrated optical circuits in glass.1,2 A MachZehnder interferometer is composed of different waveguide
components: Y branches, S shapes, and straight channel
waveguides. Below we refer to these waveguides as the
building components of the interferometers.
Table I.

The overall optical response of a Mach-Zehnder interfer
ometer depends on the optical characteristics of its compo
nents. In turn, the optical properties of these components
are governed by their fabrication parameters. Hence an
accurate knowledge of the behavior of these components is
essential for making an interferometer with a desired
optical specification. Here we produce Mach-Zehnder inter
ferometers by an ion exchange in a glass substrate. Their
components are also individually fabricated. The transmis
sion properties of the interferometers and their compo
nents are thoroughly studied.
A potassium ion-exchange process in a Corning 0211
glass substrate was employed to produce the interferome
ters and the components. Ion exchange was carried out
through the openings in an aluminum mask. Table I
summarizes the fabrication parameters. For transmission
spectra measurements, light from a tungsten-halogen lamp
was coupled into the interferometers and components, and
the output was measured by a spectrometer. A He-Ne
(0.6328-μm) laser and a Nd:YAG (1.06-μm) laser were used
to determine the number of modes and losses.
Figures 1 and 2 depict typical examples of transmission
spectra of some of the fabricated interferometers and com
ponents. A study of these spectra reveals that: 1, cutoff
wavelengths (which are defined as the wavelengths that
transmission decreases by 3 dB) for the interferometers and
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by a microscope objective to ensure excitation of all the
modes. The diffraction of the lights by the grating in the
input waveguide indicated that the straight waveguide had
two modes at both 0.6328 μm and 1.06 μm (the higherorder mode is weakly guided at 1.06 μm). In samples SI, S2,
and S3, both modes were guided in the curved part of the
sample and both exited from the output waveguide. How
ever, in sample S4, the higher-order mode disappeared in
the curved part and only one mode (fundamental) was
observed at the end. In another set of experiments, only the
fundamental mode of the input waveguides was excited by
using an optical fiber. It was observed that light was guided
throughout the component by the fundamental mode and
there was no coupling of light to the higher-order modes.
Oscillations of ~ 100-nm period are evident in the spectra
of the interferometers, along with the smaller, less identifi
Fig. 1. Transmission spectra of two Mach-Zehnder interferome
ters, a Y branch, and a straight waveguide. See Table I for fabrica able perturbations. It is worth emphasizing that the inter
tion parameters.Y1is from one of the output ports of the Y branch. ferometers were designed to be balanced, i.e., with equal
Rel. Norm. Trans. Int., the relative normalized transmission intensity. optical paths in the two arms and exact 3-dB splitting in the
Y branches. Therefore their transmission should be wave
length independent. However, if the interferometer is not
the components with curved waveguides are lower than
operated in the single-mode regime, the balance may be
those of straight waveguides; and 2, oscillations in the
lost. It has been observed before that oscillations appear in
shorter wavelengths in the spectra of the interferometers
the splitting ratios of Y branches when the wavelength
exist.
reaches the cutoff of high-order modes.4 This is due to modal
Table I summarizes the cutoff wavelengths in the interfer
interference at the junction, which leads to unequal excita
ometers and the components. The decrease in the cutoff
tion of the two arms. Another possible cause of the oscilla
wavelength is mainly due to long wavelength losses in the
tions may be a slight imbalance of the optical pathlengths.
S-shaped waveguides. To investigate this matter further,
A path difference of a few tens of nanometers can result in
propagation losses in the straight and S-shaped waveguides
such oscillations. However, the oscillations seem to stop at
were measured, and the excess losses (which are the
wavelengths longer than those of the first spectrum peak,
propagation losses in the S-shaped waveguides minus the
which indicates that the interferometer is operating in an
propagation losses in the straight waveguides) were deter
equivalent-to-single mode regime beyond that point.
mined at 1.06 μm. Propagation losses in a straight
To study further the effect of Y branch, we made two
waveguide were ~ 0.2 dB/cm. The results, which are given
supplementary samples Y2 and Y3 (see Table I). To isolate
in Fig. 2, show that the excess losses in the S-shaped
the effect of the Y branch, S-shaped waveguides were not
waveguides increase drastically by reducing the bend radii.
utilized. To ensure a single-mode operation along these
At this wavelength the input (straight) waveguides have
devices a smaller mask width (5 μm) and a shorter iontwo modes. For a better understanding of the behavior of
exchange time were employed. Different branching angles
these components, the evolution of the modes along the
(0.5° and 2.5° respectively) were used. Figure 3 compares
components was studied. Submicrometer-etched gratings3
transmission spectra of the Y branches. The oscillations are
were made in the input and output (both straight)
due to modal interference in the branching area. In the
waveguides as well as in the curved waveguides. These
single-mode regime (equivalent single-mode regime for Y1)
gratings diffract (in the air) some of the light at each guided
the input waveguide ofY1has two modes while those of Y2
mode, which can be observed easily with an infrared camera
and Y3 have only one mode. This results in an unequal
(for 1.06 μm) or on a screen (for 0.6328 μm). Lights at
0.6328 μm and 1.06 μm were coupled into the components

Fig. 2. Transmission spectra of S-shaped waveguides with dif
ferent curvatures. See Table I for fabrication parameters. The
number beside each curve is the excess loss of the S-shaped
waveguide with respect to a similar channel waveguide at 1.06 μm.
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Fig. 3. Transmission spectra of three Y-branch waveguides with
out S-shaped waveguides. See Table I for fabrication parameters.
P1 and P2 are power outputs from the two branches. The deviation
from 3-dB splitting ratio for Y3 is similar to Y2.

excitation of the modes in the branching point and leads to
a larger deviation in the splitting ratio. Deviation should
decrease if only the fundamental mode in the input waveguide is excited, for example, by using a tapered waveguide.
In summary, we have identified and studied the different
contributions of a Mach-Zehnder integrated optical interferometer in glass to wavelength response. It was shown that
the oscillations in the spectral response of these interferometers are due to the Y branches used in their construction.
The concept of an equivalent single-mode regime wavelength range was introduced to describe the differences in
the modal cutoff behavior of these devices relative to the
straight channels from which they are constructed.
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